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Abstract

Endotoxemia stimulates many physiologic responses including
disturbances in lipid metabolism. Wehypothesized that this
lipemia may be part of a defensive mechanism by which the
body combats the toxic effects of circulating endotoxin. We
tested the effects of mixtures of endotoxin, lipoproteins, and
lipoprotein-free plasma and determined the ability of varying
concentrations of human very low density lipoproteins (VLDL)
and chylomicrons, as well as low density lipoproteins (LDL)
and high density lipoproteins (HDL), and of the synthetic lipid
emulsion SOYACALto prevent endotoxin-induced death in
mice. This study demonstrates that the triglyceride-rich
VLDL and chylomicrons, as well as cholesterol-rich LDL and
HDL, and cholesterol-free SOYACALcan protect against en-
dotoxin-induced death. Protection required small amounts of
lipoprotein-free plasma, and depended on the incubation time
and the concentration of lipoprotein lipid. Despite stringent
techniques to prevent exogenous endotoxin contamination
eight of ten duplicate VLDL preparations contained endotoxin
(5,755±3,514 ng endotoxin/mg triglyceride, mean±SEM)
making the isolation of endotoxin-free VLDL difficult. In con-
trast, simultaneous preparations of LDL and HDLwere rela-
tively free of endotoxin contamination (3±3 and 320±319
ng/mg total cholesterol, respectively), suggesting that the con-
tamination of VLDLoccurs in vivo and not during the isolation
procedure. These observations suggest a possible role for in-
creased triglyceride-rich lipoproteins in the host's defense
against endotoxemia and infection. (J. Clin. Invest. 1990.
86:696-702.) Key words: detoxification * endotoxemia- lipo-
proteins * triglycerides

Introduction

Endotoxemia can stimulate a variety of physiologic responses
including fever (1), leukocytosis (1), hypotension (2), induc-
tion of acute-phase reaction proteins (3), and disturbances in
glucose and lipid metabolism (4-7). One of the earliest meta-
bolic responses is an increase in plasma very low density lipo-
protein (VLDL) levels (8-10), which has been proposed to
represent the mobilization of peripheral energy stores to fuel
the body's response to the infectious challenge (1 1, 12). How-
ever, lipoproteins may function in roles other than the trans-
port of lipid during periods of physiological stress. Some au-
thors have suggested that lipoproteins are directly involved in
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the host response to infection and tissue destruction (7). It is
possible that the endotoxin-induced hyperlipoproteinemia
may represent a physiological defense mechanism wherein the
body attempts to combat the toxic effects of circulating endo-
toxin.

Endotoxin has been shown to interact with cholesterol
ester-rich lipoproteins. Ulevitch et al. (13-16) have elegantly
demonstrated the ability of high density lipoproteins (HDL) to
bind endotoxin as part of a two-step process requiring serum.
Initially serum appears to disaggregate macromolecules of en-
dotoxin. Subsequently, the disaggregated endotoxin binds to
HDLas evidenced by a decrease in endotoxin's buoyant den-
sity when ultracentrifuged in a CsCl gradient. Once endotoxin
is bound to HDL its ability to induce fever, leukocytosis, and
hypotension are dramatically reduced (13, 14). The binding of
endotoxin to HDLalso prevents endotoxin-induced death in
sensitized (adrenalectomized) mice but not in rabbits (13, 17).
Whereas Ulevitch and co-workers primarily focused on the
interaction between HDLand endotoxin, Van Lenten et al.
(18), using New Zealand White rabbits, demonstrated that
LDL can also bind endotoxin in much the same way. Endo-
toxin bound to LDL showed less toxicity to endothelial cells,
although it was capable of initiating some components of the
inflammatory response (19).

If endotoxin-induced lipemia, which usually begins with
an increase in VLDL, is part of a host defensive response, then
the binding of endotoxin by triglyceride (TG)'-rich lipopro-
teins may be of central importance. Previous studies that have
examined this issue showed that the TG-rich VLDLhad much
less ability to interact and form complexes with endotoxin
than did the cholesterol-rich lipoproteins LDL and HDL(14,
18). One study suggested that the reason for this difference
may be that a lipoprotein's ability to interact with endotoxin is
directly proportional to its cholesterol content (18). This study
demonstrated that endotoxin binding was substantially in-
creased in the ,B-VLDL-enriched VLDL fraction from Wa-
tanabe heritable hyperlipidemic and cholesterol-fed rabbits
over controls (18). The interaction of chylomicrons with en-
dotoxin has not been examined.

The purpose of this study was to determine whether
human VLDL and chylomicrons can protect mice against en-
dotoxin-induced death, and to determine whether a lipid par-
ticle containing no cholesterol can also be protective. To ad-
dress this question we measured survival in mice injected with
a mixture containing a lethal dose of endotoxin, lipoprotein-
free plasma, and either triglyceride-rich lipoproteins or
SOYACAL, an emulsion of large particles containing neutral
triglycerides and no cholesterol. Special precautions were

taken to avoid introducing exogenous endotoxin into the lipo-

1. Abbreviations used in this paper: TC, total cholesterol; TG, triglycer-
ide.
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protein preparations. Wealso looked for evidence that VLDL
can have a role in defending humans against endotoxemia by
determining whether human VLDL is frequently contami-
nated with endogenously acquired endotoxin.

Methods

Reagents and solutions. American Chemical Society (ACS) chloro-
form; reagent grade ortho-phosphoric acid, KBr, glacial acetic acid
(Fisher Scientific Co., Fairlawn, NJ) and NaOH(J. T. Baker Chemical
Co., Phillipsburg, NJ); apyrogenic, preservative-free 0.9% NaCl (Ken-
dall McGraw Labs, Inc., Irvine, CA) and H20 (Elkins-Sinn, Inc.,
Cherry Hill, NJ); 3% H202 (Cumberland Co., Smyrna, TN); D-galac-
tosamine hydrochloride (Sigma Chemical Co., St. Louis, MO);
SOYACAL20% intravenous lipid emulsion containing 20% soybean
oil (triglycerides), 1.2% egg yolk phospholipid, and 2.21% glycerin,
(Alpha Therapeutic Corp., Los Angeles, CA) were used as specified.
The KBr and PBSused in all experiments were tested and found free of
detectable endotoxin.

Escherichia coli, strain 055:B5 endotoxin (Difco Laboratories, De-
troit, MI) was reconstituted with sterile, apyrogenic H20 to a concen-
tration of 1 ug/ml, and stored in 3-ml aliquots at -70'C. This prepara-
tion of endotoxin was isolated via the phenol extraction technique of
Westphal et al. (20) and had a specific activity of 15 endotoxin units
(EU)/ng (U. S. Pharmicopeia reference endotoxin).

Depyrogenation. To avoid contamination with exogenously de-
rived endotoxin, all heat-stable materials used in the isolation, process-
ing, and assay of solutions to be injected into the mice, including test
tubes, stoppers, beakers, pipettes, ultracentrifuge tubes, and O-rings,
were rendered sterile and free of detectable endotoxin (<5-10 pg/ml)
by a combination of steam autoclaving followed by dry heating at
180°C for a minimum of 4 h (21, 22). All lipoproteins were isolated
using depyrogenated stainless steel ultracentrifuge tubes (Beckman In-
struments, Palo Alto, CA) with custom-crafted silicone O-rings. To
remove any adherent endotoxin, the dialysis tubing (Spectrapor 3,
Spectrum Medical Industries, Inc., Los Angeles, CA) was autoclaved in
3%H202 and then stored in apyrogenic saline at 4°C (23).

Plasma. Humanvenous blood was collected from alcohol-cleansed
antecubital fossae of 16 healthy volunteers into sterile plastic syringes
containing endotoxin-free heparin (Sigma Chemical Co.), producing a
final concentration of 10 IU/ml and immediately placed on ice.
Plasma was expeditiously separated by centrifugation at 2,000 g for 20
min at 25°C, and was then stored in depyrogenated glass tubes at 4°C
until further processing or analysis. Plasma samples were processed
within 48 h of their collection.

Lipoproteins were isolated from the plasma of healthy, normolipi-
demic volunteers after at least a 12-h fast using the method of Havel et
al. (24) with a few modifications. Briefly, VLDLwas isolated by ultra-
centrifugation at plasma density (d = 1.006 g/cm3), at 100,000 g for 18
h, at 12°C in a ultracentrifuge (L5-50, Beckman Instruments, Inc.,
Fullerton, CA) using a 40.3 or a Sorval 50.38 Ti rotor (Beckman
Instruments, Inc., and DuPont Co., Wilmington, DE, respectively).
LDL was isolated as the d = 1.006-1.063 g/cm3 fraction after adjust-
ment of the density with solid, endotoxin-free KBr. HDLwas isolated
as the d = 1.063-1.21 g/cm3 fraction. Chylomicrons were isolated from
postprandial plasma by ultracentrifugation at plasma density, at
28,000 g for 30 min, at 12°C. The chylomicron fraction was washed by
floatation through 1-2 vol of 50 mMPBS(pH = 7.4) in a 40.3 rotor at
28,000 g for 30 min, at 12°C. Lipoproteins were exhaustively dialyzed
against 0.9% NaCl where appropriate. Lipoprotein fractions were used
within 7 d of their isolation. Endotoxin-free PBSwas used when dilut-
ing lipoproteins.

Lipoprotein-free plasma was isolated from a d = 1.21 g/cm3 spin of
pooled normal human plasma, reconstituted with endotoxin-free PBS
to its original volume.

The TG and cholesterol content of lipoproteins was determined
using standard enzymatic assays (Sigma Chemical Co. and Wako
Chemicals USA, Inc., Dallas, TX).

Assays for endotoxin. All solutions that did not contain plasma or
lipoproteins were assayed for the presence of endotoxin by a chromo-
genic modification of the Limulus test. Solutions containing plasma or
lipoproteins underwent chloroform extraction prior to chromogenic
Limulus testing.

For the chromogenic Limulus assay, test solutions (0.1 ml) were
added to 0.1 ml Limulus lysate (Sigma Chemical Co.) reconstituted to
20-fold less than the manufacturer's recommended concentration with
endotoxin-free H20 and then incubated in a water bath at 370C for 60
min. Next, 0.4 ml of 0.5 mMchromogenic substrate S-2222 (Helena
Laboratories, Beaumont, TX), reconstituted using endotoxin-free
PBS, was added, and the mixture was incubated at 370C for an addi-
tional 30 min before the reaction was quenched by the addition of 0.4
ml 60% glacial acetic acid. Absorption of the final mixture was mea-
sured at 405 nm using a spectrophotometer (Cary model 219, Varian
Instrument Co., Sugar Land, TX) with distilled H20 as a zero. The
assay was linear over a range of 10-100 pg endotoxin/ml.

Because of the poorly defined interaction between plasma and the
Limulus enzymes, the assay of endotoxin in samples containing or
derived from plasma has quantitative inaccuracies (21, 25, 26). To
avoid these inaccuracies, we extracted the lipoprotein preparations
with chloroform before chromogenic Limulus testing. The chloroform
extraction technique (21) is an accepted method for removing the
inhibitory property of plasma, and thereby allowing detection of con-
tained endotoxin by the Limulus test. Unlike techniques which rely on
a combination of heating and dilution to remove the inhibitory prop-
erty of plasma, the chloroform extraction technique separates the lipid
and protein constituents of plasma from contained endotoxin and
allows analysis of a more concentrated sample.

Chloroform extraction of samples was performed by the method of
Levin et al. (21) with a few modifications. Briefly, the plasma- or
lipoprotein-containing solution was mixed in a ratio of 4:1 (vol/vol)
with chloroform and vortexed vigorously for 5 min at 250C. The
resultant emulsion was then incubated at 370C for 180 min in a water
bath during which time it was vortexed hourly. Then the emulsion was
separated by centrifugation at 2,000 g for 20 min into a top aqueous
layer, a middle protein layer, and a bottom chloroform layer. The top
aqueous layer was recovered and assayed for endotoxin.

As presented in detail in the results, a standard curve utilizing
known quantities of endotoxin mixed with lipoprotein solutions and
then extracted is used to calculate endotoxin concentrations. This pro-
cedure is necessary because even though chloroform extraction of
plasma samples improves the detection of endotoxin by the Limulus
test, this technique does not give linear quantification of endotoxin at
low concentrations.

Lethality studies. Six-wk-old male C57BL/6J mice (I15-18 g) were
obtained from Bantin and Kingman, Fremont, CA. To prepare endo-
toxin-lipoprotein complexes, lipoproteins in endotoxin-free PBS were
incubated with a final concentration of 400 ng/ml of endotoxin and
0-50% lipoprotein-free plasma. This mixture was incubated at 37°C
for up to 6 h with hourly vortexing. The final volume of the endo-
toxin-lipoprotein complexes administered to each mouse was 0.5 ml.

Each experimental group contained at least five mice. To sensitize
the mice to the toxic effects of endotoxin each mouse received an
intraperitoneal injection of 18 mgD-galactosamine hydrochloride (27)
immediately before the endotoxin-lipoprotein mixture. After the in-
jection the mice were maintained in standard mice cages with food and
water ad libitum for 24 h at which time the number of surviving mice
was determined.

Statistical analysis. Statistical significance for Figs. 1-3 was deter-
mined by chi square (x2) analysis. Data in Table I are presented as the
mean±SEMwith statistical significance determined by the Mann-
Whitney sum rank test.

Results

Effect of VLDL and chylomicrons on endotoxin-induced death.
Control animals injected with endotoxin (200 ng/0.5 ml) in
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50%lipoprotein-free plasma had a survival rate of 27% (Fig. 1).
Mice injected with endotoxin in PBS had a survival rate of
only 7% (Fig. 1). When the same dose of endotoxin was incu-
bated with increasing concentrations of VLDL or chylomi-
crons before injection, mice were increasingly protected from
endotoxin-induced death (Fig. 1). The mice had a survival rate
of 100% when the incubation mixture contained at least 10.0
mg of VLDL TG/ml (P < 0.001) or 3.0 mg of chylomicron
TG/ml (P < 0.001). Complete protection was also observed
when adequate concentrations of LDL (0.5 mgof total choles-
terol [TC]/ml, P < 0.001) or HDL (0.05 mg of TC/ml, P
< 0.001) were included in the endotoxin-lipoprotein mixture
(Fig. 1).

The finding that TG-rich as well as cholesterol-rich lipo-
proteins could protect against endotoxin-induced death led us
to test whether a nonlipoprotein lipid particle, SOYACAL,
could also protect under these conditions. SOYACALis a lipid
emulsion that contains neutral TGs and no cholesterol. The
survival rate of mice injected with endotoxin mixtures con-
taining SOYACALincreased with increasing amounts of
SOYACALTG (Fig. 1), reaching 100% at a concentration of
5.0 mgSOYACALTG/ml (P . 0.001).

Effect of manipulating the in vitro incubation variables on
endotoxin-induced death. Mouse survival increased in parallel
with increasing concentrations of lipoprotein-free plasma in
the endotoxin-lipoprotein mixture containing SOYACALor
LDL. As the concentration of lipoprotein-free plasma in-
creased from 0 to 2 10%, the survival rate increased from 7%
to 100% (Fig. 2).

Mouse survival increased in parallel with the length of time
the endotoxin-lipoprotein mixture was incubated in 50% li-
poprotein-free plasma before intraperitoneal injection (Fig. 3).
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Figure 1. Increasing survival of endotoxin-treated mice after increas-
ing concentrations of various lipoproteins or the TG-rich lipid emul-
sion Soyacal were incubated with E. coli 055:B5 endotoxin (400
ng/ml) and 50% lipoprotein-free plasma for 6 h at 370C before injec-
tion. The Control columns represent the injection of endotoxin incu-
bated in saline (S; n = 15) or lipoprotein-free plasma (P; n = 124).
The concentrations of VLDL, chylomicrons (CM), and Soyacal in
the endotoxin-lipoprotein mixtures were quantified by their TGcon-
tent. The following concentrations of TG-rich particles were tested;
VLDL: 1.0, 3.0, 5.0, and 10.0 mgTG/ml, (n = 10, 12, 12, and 12,
respectively); chylomicrons: 0.5, 1.0, and 3.0 mgTG/ml, (n = 10, 10,
and 11); Soyacal: 1.0, 2.5, and 5.0 mgTG/ml, (n = 5, 5, and 11).
The concentrations of LDL and HDL in the endotoxin-lipoprotein
mixtures were quantified by their total cholesterol content. The fol-
lowing concentrations of cholesterol-rich particles were tested; LDL:
0.25, 0.5, and 1.0 mgTC/ml (n = 6, 12, and 12); HDL: 0.01, 0.05,
and 0.17 mgTC/ml (n = 6, 6, and 18). Statistical significance was
determined using the plasma control. *Significantly different from
control, *P < 0.001.
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Figure 2. Effect of increasing concentrations of lipoprotein-free
plasma on the survival of endotoxin-treated mice given (A) the TG-
rich lipid emulsion Soyacal or (B) LDL. Experiments were done
using 5.0 mgof Soyacal TG/ml or 1.0 mgof LDL TC/ml incubated
with E. coli 055:B5 endotoxin (400 ng/ml) for 6 h at 37°C before in-
jection. Soyacal or LDL containing no lipoprotein-free plasma
served as a control. *Significantly different from control, *P < 0.001.
The number inside each bar represents the total number of mice in
that group.

Combining the results from both SOYACALand LDL, the
survival rate of the mice was 50% (P = 0.23) when the mixture
was injected immediately after mixing, with no incubation
time. The survival rate increased to 70% (P < 0.02) after an
incubation time of 1 h, and to 100% at 3 h (P < 0.001).

Endogenous contamination of native VLDL. Wethen ex-
amined whether lipoproteins collected under conditions care-
fully designed to prevent exogenous endotoxin contamination
contained detectable quantities of endotoxin. To determine
the sensitivity of the chloroform extraction technique, we first
generated standard curves comparing the detection of endo-
toxin added to LDL or SOYACALsolutions versus endotoxin
added to saline (Fig. 4). To estimate the sensitivity of the chlo-
roform extraction technique in our study we incubated LDL
([TC] = 1.0 mg/ml) or SOYACAL([TG] = 5.0 mg/ml), as
representative cholesterol-rich and TG-rich lipoprotein parti-
cles that had no endotoxin detectable by the extraction tech-
nique, with increasing concentrations of endotoxin for 3 h at
37°C before chloroform extraction. Identical concentrations
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Figure 3. Effect of incu-
bation time of the en-
dotoxin-lipoprotein
mixture on the survival
of endotoxin-treated
mice. The results from
experiments performed
using 1.0 mgof LDL
TC/ml and 5.0 mgof
SOYACALTG/ml
were pooled. Lipid par-
ticles were incubated
with E. coli 055:B5 en-

dotoxin (400 ng/ml) and 50% lipoprotein-free plasma at 37°C.
*,**significantly different from control; *P < 0.02, **P < 0.001. The
number inside each bar represents the total number of mice in that
group.
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Figure 4. Ability of the chloroform extraction technique to detect en-
dotoxin bound to LDL or SOYACAL. Increasing concentrations of
E. coli 055:B5 endotoxin were incubated with 50% lipoprotein-free
plasma and 1.0 mgof LDL TC/ml or 5.0 mgof Soyacal TG/ml for 3
h at 370C before chloroform extraction and chromogenic Limulus
testing. Extraction of endotoxin incubated with saline served as a
control. The data are the mean±SDof at least three determinations,
presented as a semilog plot. The SD is omitted when it is smaller
than the data point. A binomial equation is generated which best de-
scribes each set of data points. LDL: Y = 0.16 - 0.04X + 0.03X2, r
= 0.99; SOYACAL: Y = 0.16 - 0.06X + 0.03X2, r = 0.84; Saline: Y
= 0.16 + 0.58X, r = 0.92.

of endotoxin in sterile, apyrogenic saline were incubated and
then extracted as a control. Comparison of the LDL or
SOYACALdata with the saline control provided us with an
estimate of how effectively the chloroform extraction tech-
nique detects endotoxin in solutions containing lipoproteins.
The chloroform extraction technique was unable to reliably
detect endotoxin in LDL or SOYACALsolutions when the
concentration of added endotoxin was . 1 ng/mg lipoprotein
lipid. However, when the added endotoxin concentration was
> 1 ng/mg lipoprotein lipid the chloroform extraction tech-
nique was reliable but insensitive, detecting up to 100,000-fold
less endotoxin in the LDL or SOYACALsamples as compared
to the saline solution. Thus, although the chloroform extrac-
tion technique can detect endotoxin contamination of lipo-
proteins, it significantly underestimates the quantity of endo-
toxin present. Therefore, the quantity of endotoxin in the li-
poprotein samples was estimated using a standard curve of
extracted lipoprotein samples (see equations, Fig. 4) and a
daily standard curve of endotoxin in saline.

Of the 10 VLDL preparations, 8 were contaminated by
endotoxin in both duplicate tubes (Table I). The mean con-
centration of endotoxin in VLDLwas 5,755±3,514 ng/mg TG
(mean±SEM). In contrast, LDL and HDL isolated sequen-
tially by further ultracentrifugation steps from the same
plasma rarely had detectable endotoxin, even though these
lipoproteins underwent more extensive handling and process-
ing during their isolation than did VLDL. Of the 10 LDL
preparations, 3 had low levels of endotoxin, but only in one of
the duplicate tubes. Of the eight HDLpreparations isolated in
duplicate, only two preparations contained detectable endo-
toxin, again only in one duplicate tube. The mean detectable
concentration of endotoxin in VLDL was significantly higher
than that found in LDL or HDL(both P < 0.001).

Discussion

Early studies examining the effect of serum on endotoxin were
directed at understanding the mechanism by which serum re-
duced the toxicity of endotoxin (28, 29). From these studies
Skarnes et al. (30) suggested that endotoxin might interact with
#- and al-lipoproteins with a resultant modification of endo-
toxin's physical and immunochemical properties. Subse-
quently, Ulevitch and Johnston (13) demonstrated that the
incubation of endotoxin with serum, both in vitro and in vivo,
reduced its buoyant density and subsequent toxicity. It has
been proposed that after incubation with serum, endotoxin is
first disaggregated and then binds to HDL to form a stable
lipoprotein-endotoxin complex (14). This process is time-,
temperature-, and plasma-dependent (16, 29, 31). Whereas
these studies of the interaction between lipoproteins and en-
dotoxin have primarily focused on HDL, a recent study has
suggested that VLDL, fl-VLDL, LDL, as well as HDLcan bind
endotoxin in direct proportion to their plasma cholesterol
content ( 18). Although the focus of this study was the interac-
tion of endotoxin with LDL, since this lipoprotein contains the
predominant amount of plasma cholesterol in most animal
species, the data also show that VLDL from New Zealand
White, cholesterol-fed New Zealand White, and Watanabe
heritable hyperlipidemic rabbits bound 9%, 35%, and 27% of
radiolabeled endotoxin in vitro, respectively. A higher percent-
age was found bound to the d < 1.006 g/cm3 fraction of plasma
after injection of endotoxin in vivo ( 18).

Interestingly, most studies that have previously examined
the ability of VLDL to interact with endotoxin concluded that
these TG-rich lipoproteins had minimal endotoxin binding

Table I. Endotoxin Contamination of Ultracentrifugally Isolated Lipoproteins

Endotoxin (ng/mg lipoprotein lipid)

Lipoprotein (A) (B) (C) (D) (E) (F) (G) (H) (I) () x SEM

VLDL#1 42,835 162 <1 <1 40 8,314 114 113 125 496 5,755 3,514
VLDL#2 58,700 584 <1 < 1 2,000 370 794 132 284 36
LDL #1 <1 <1 <1 I ND <1 <1 <1 <1 <1 3 3
LDL #2 <1 <1 <1 <1 49 2 <1 <1 <1 <1
HDL#1 ND <1 5,112 ND <1 <1 <1 <1 <1 <1 320 319
HDL#2 ND <1 <1 ND 2 <1 <1 <1 <1 <3I

Lipoprotein samples were isolated in duplicate from the plasma of ten healthy volunteers (A-J) by an ultracentrifugation procedure modified to
avoid contamination of samples by exogenous endotoxin. Samples were assayed for endotoxin content by chloroform extraction followed by
chromogenic Limulus testing. VLDL vs. LDL or HDL, P < 0.00 1; LDL vs. HDL, P > 0.87. ND, no data; samples lost during isolation.
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capacity as compared to LDL or HDL. In contrast, our results
demonstrate that incubation of the triglyceride-rich VLDL or
chylomicrons with endotoxin can effectively protect mice
against endotoxin-induced death. Wehave also shown that the
TG-rich lipid emulsion SOYACALcan protect mice from en-
dotoxin-induced death. Since all of these particles are large and
rich in triglyceride, and contain little or in the case of SOYA-
CALcontain no cholesterol, these results show that cholesterol
is not essential or necessary for the interaction between endo-
toxin and lipoproteins to take place. Furthermore, the protec-
tive ability of all lipoproteins tested, including LDL and HDL,
was directly dependent on the concentration of lipoprotein
lipid present in the endotoxin-lipoprotein mixtures. Specifi-
cally, injection of 3.0 mg of chylomicron TG/ml, 10.0 mg
VLDL TG/ml, 0.5 mgLDL TC/ml, 0.05 mgHDLTC/ml, or
5.0 mg SOYACALTG/ml incubated with 50% lipoprotein-
free plasma and a lethal dose of E. coli endotoxin resulted in a
mouse survival rate of 100%. Since the lethal effect of endo-
toxin can be prevented by lipid particles enriched in either
triglyceride or cholesterol, as well as phospholipid, we presume
that a lipid-glycolipid interaction must be at least partially
responsible for this phenomenon. Given the data that phos-
pholipids can not only interact directly with endotoxin (32),
but potentially play a critical role in the interaction of endo-
toxins with cell membranes (33) and liposomes (34), the bind-
ing of endotoxin to lipoproteins may be dependent on a phos-
pholipid-glycolipid interaction (35, 36).

Manipulation of the in vitro incubation variables showed
that neutralization of endotoxin by lipoproteins or SOYACAL
was directly dependent on the quantity of lipoprotein-free
plasma present in the endotoxin-lipoprotein mixtures and the
length of time the mixtures were incubated together before
their injection. As in previous studies, lipoprotein-free plasma
was required for all lipoproteins to prevent endotoxin-induced
death, and a concentration of as low as 10% proved effective.
The shortest incubation time that resulted in 100% survival
was 3 h. However, there was an increased survival rate after 1 h
and a trend towards an increase in the survival rate when there
was no incubation time as compared to the control, but this
difference failed to reach statistical significance.

Our data also demonstrate that VLDL is frequently con-
taminated by endotoxin. This finding raises the possibility that
previous studies which reported no significant interaction be-
tween VLDL and endotoxin may have used VLDL that was
contaminated with endotoxin (14, 18). These studies did not
detail extensive methods to prevent exogenous endotoxin con-
tamination. Also, their lipoprotein preparations were not as-
sayed for the presence of endotoxin before use. In contrast, in
this study we strictly adhered to apyrogenic technique, which
required the steam sterilization and dry heating of all materials
used, including stainless steel tubes with custom-crafted sili-
cone O-rings for the isolation of lipoproteins by sequential
ultracentrifugation. Because routine steps in the sequential
isolation of lipoproteins, including the recovery of superna-
tants, adjustment of densities, saline dialysis, and storage, rep-
resent opportunities for significant exogenous endotoxin con-
tamination, the isolation of endotoxin-free lipoproteins, espe-
cially VLDL, required careful attention to detail and
technique. Therefore plasma samples were routinely processed
in duplicate to assist in identifying potential breaks in apyro-
genic technique. Despite these precautions we still found that
80% of the VLDL isolated from 10 healthy volunteers con-
tained detectable levels of endotoxin, averaging 5,755 ng/mg

lipoprotein lipid. In contrast, LDL and HDLisolated sequen-
tially from the same plasma samples were almost always free of
endotoxin. Theoretically, the detected endotoxin could have
been of exogenous origin in spite of our attempts to limit
exogenous contamination. But, as illustrated in Table I, when
VLDL contained endotoxin, it was uniformly detected in both
duplicate samples which is consistent with the endogenous
sequestration of endotoxin in vivo. This is in contrast to the
pattern of contamination detected in the LDL and HDLsam-
ples, where four samples contained endotoxin detectable in
only one of the two duplicate tubes. A fifth sample also con-
tained endotoxin but was assayed in a single tube. This pattern
of LDL and HDL contamination is compatible with the de-
tection of exogenous endotoxin introduced during the isola-
tion procedure. However, the low levels of contamination in
four of the five tubes were so near the assay's level of sensitivity
as to allow the possibility that the uncontaminated duplicate
tubes actually were contaminated but at a level that could not
be detected.

The data reveal that there is a wide variation in the con-
centrations of detectable endotoxin in the VLDL samples. The
variation between samples may be a reflection of the interac-
tion between VLDL and endotoxin in vivo. The contamina-
tion of VLDL with endotoxin is presumably the result of inci-
dental endotoxemias which are spontaneous events that could
vary in their magnitude.

Because of the frequency with which we found VLDL con-
tamination, it is difficult to accurately estimate how much of
this lipoprotein is required to detoxify equivalent amounts of
endotoxin. Although numerous VLDL samples were ob-
tained, only those which contained low levels of detectable
endotoxin by chloroform extraction (< 100 ng of endotoxin/
mg of VLDL TG) were used to determine VLDL's protective
ability. Each mouse received 200 ng of endotoxin. Since the
VLDL preparations used in the survival data reported here did
contain some detectable endotoxin, we presume that the con-
centration of VLDL TG required for 100% mouse survival is
artifactually increased.

Our ability to quantitate the contamination of lipoprotein
preparations by endotoxin is insensitive. Despite application
of the chloroform extraction technique we show that extrac-
tion of either cholesterol-rich (LDL) or TG-rich (SOYACAL)
particles does not reliably detect endotoxin concentrations < 1
ng/mg lipoprotein lipid. Although we cannot conclusively
demonstrate that isolated samples of LDL and HDL do not
contain any endotoxin it would appear that these lipoproteins
contain much less endotoxin than does VLDL. It is unlikely
that the difference in detectable endotoxin content between
the TG-rich VLDL and the cholesterol-rich LDL and HDL
reflects a difference in the chloroform extraction properties of
these two classes of lipoprotein because we extracted samples
containing LDL and samples containing SOYACAL, and ob-
served no difference in the assay's efficiency in detecting en-
dotoxin contamination of these two compositionally distinct
particles. Difficulty isolating VLDL samples free of endotoxin
prevented us from using this particular lipoprotein to deter-
mine the sensitivity of the chloroform extraction technique for
detecting endotoxin contamination of lipoprotein samples.

The E. coli (055:B5) endotoxin used in this study was de-
rived from a commonly employed, readily available strain of
bacteria (37-39). Since the endotoxin was isolated via the
phenol extraction technique of Westphal et al. (20), it may
have contained some lipid A-associated protein (40), a poten-
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tially biologically active substance. Although we did not assay
for the presence of lipid A-associated protein in our endotoxin
preparation, it is possible that endotoxin preparations free of
this protein could prove even less toxic than we have demon-
strated here. The ability of TG-rich lipid particles to decrease
the toxicity of other serotypes and strains of endotoxin war-
rants further investigation.

The observations that human VLDL and chylomicrons
can interact in vitro with endotoxin to prevent its lethal effect
in mice, and that human VLDL is frequently contaminated
with endotoxin, whereas LDL and HDL are not, may have
many potential implications. VLDL, in addition to their role
in triglyceride transport, may also function as part of a defen-
sive mechanism to combat the serious pathophysiologic se-
quellae of endotoxemia. In addition to our results, this theory
is supported by the finding that when animals or humans are
challenged with infectious agents or endotoxin there are signif-
icant changes in the distribution of circulating lipoproteins
(4-10, 41, 42). A consistent early finding is an increase in the
concentration of circulating VLDL (8-10). This increase in
VLDL is now known to be mediated by cytokines, in particu-
lar, tumor necrosis factor (43-45). The increase in VLDL
could be an attempt by the body to bind and neutralize the
toxic effects of any circulating endotoxin. If VLDL functions
as part of a defensive mechanism, then the neutralization of
endotoxin by circulating TG-rich lipoproteins could help ex-
plain why transient endotoxemias, despite their frequency, re-
main asymptomatic. Daily activities in healthy people, such as
tooth brushing and defecating, often introduce endotoxin into
the circulation.

In summary, this study shows that VLDL, chylomicrons,
and SOYACALcan protect mice against endotoxin-induced
death. Since there is little or no cholesterol in these lipid parti-
cles, the interaction between endotoxin and lipoproteins does
not appear to be determined solely by the lipoproteins' choles-
terol content. We, as have others, further show that the inter-
action between endotoxin and lipoproteins is dependent on a
number of in vitro incubation variables. Lastly, the fact that
human VLDL is frequently contaminated with endotoxin of
probable endogenous origin raises the possibility that in-
creased triglyceride-rich lipoproteins play a role in the host's
defense against endotoxemia and infection.
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