
INFECrION AND IMMUNITY, Aug. 1993, p. 3209-3215
0019-9567/93/083209-07$02.00/0
Copyright © 1993, American Society for Microbiology

Vol. 61, No. 8

Distribution of Bacterial Endotoxin in Human and Rabbit
Blood and Effects of Stroma-Free Hemoglobin

ROBERT I. ROTH,12* FRANCINE C. LEVIN,' AND JACK LEVIN'2
Department ofLaboratory Medicine, University of California School of Medicine,' and the

Veterans Administration Medical Center, San Francisco, California 94121

Received 29 December 1992/Accepted 3 May 1993

Bacterial endotoxin (lipopolysaccharide [LPSJ) is known to interact with numerous components of blood,
including erythrocytes, mononuclear cells, platelets, neutrophils, lipoproteins, and plasma proteins. The
relative affinities of LPS for these elements, and the distribution of LPS between them, are unknown.
Cross-linked stroma-free hemoglobin (SFH), a potential substitute for erythrocyte transfusion, produces in
vivo toxicity in animals consistent with significant LPS contamination. Therefore, we studied the distribution
of LPS in human and rabbit blood and examined whether the presence of SFH altered LPS distribution. In
either the presence or absence of SFH, LPS was associated predominantly with high-density lipoproteins and
apoproteins. There was lesser binding to low- and very-low-density lipoproteins. Examination of the apoprotein
pool by column chromatography and density centrifugation demonstrated that LPS in this fraction was
predominantly protein bound. Binding of LPS to SFH resulted in dissociation of a portion of the LPS into
low-molecular-weight complexes. Cell-bound LPS was only 2 to 16% of the total and was unaffected by SFH. The
distribution among blood cells demonstrated predominant binding to platelets in human blood but predominant
binding to erythrocytes in rabbit blood. Cellular distribution was not significantly altered by SFH.

Bacterial endotoxin (lipopolysaccharide [LPS]) is the cell
wall component of gram-negative bacteria responsible for
initiation of fever, cardiovascular shock, and disseminated
intravascular coagulation during septicemia. Endotoxin can
enter the peripheral circulation at sites of wounds or the
portal circulation by absorption and/or translocation from
the gastrointestinal tract (30). When endotoxin is adminis-
tered parenterally to animals, much of the injected LPS is
initially found in the cell-free fraction of plasma, with special
affinity for high-density lipoproteins (HDL) (12). Prominent
binding to HDL has been shown in vitro (28, 46). LPS
association with protein also has clearly been demonstrated
(41, 50). Nevertheless, it has been known for several de-
cades that LPS, when introduced into the blood of experi-
mental animals, is rapidly cleared from the circulation (19,
23, 25).

Interactions between LPS and circulating blood cells are
of great interest since many of the deleterious effects of LPS
during septicemia are the result of mediators released from
inflammatory cells. LPS causes the release of a wide range of
cell-derived substances, including cytokines (e.g., tumor
necrosis factor [1, 7, 26, 43], interleukin-1 [36, 48, 49], and
interleukin-6 [36, 48, 49]), eicosanoids (22), and procoagu-
lants (e.g., tissue factor [34]). However, animal studies have
resulted in substantially discordant descriptions of the dis-
tribution of LPS among the various types of circulating
blood cells. Injected LPS has been reported to associate
preferentially with buffy coat cells (3), platelets (19), plate-
lets, monocytes, and polymorphonuclear leukocytes (4), and
monocytes and polymorphonuclear leukocytes (23) or to be
uniformly distributed between all cellular elements (24). LPS
interaction with erythrocytes has been clearly demonstrated
in vitro (38-40), although most in vivo animal studies of LPS
distribution in blood have failed to demonstrate binding to
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erythrocytes. The quantitative distribution of LPS in human
blood has not been reported.
There is experimental evidence that plasma proteins may

influence the binding of LPS to other elements in blood,
possibly by disaggregation of LPS (46) and/or by enhance-
ment of the ability of LPS to bind to HDL (42). Alteration of
LPS by protein binding could potentially affect the clearance
of LPS and/or the ability of LPS to stimulate the release of
effector molecules from circulating blood cells (37, 47).
Cross-linked stroma-free hemoglobin (SFH) (defined in Ad-
dendum in Proof) is an oxygen-carrying protein being devel-
oped as an erythrocyte substitute for which endotoxin bind-
ing and a resultant synergistic toxicity are major concerns
(51, 52). When used as a resuscitation fluid after trauma, 100
g or more of SFH would potentially be infused into a patient.
Endotoxin is likely to be present in the circulation during
resuscitation after trauma because of skin and gut wounds
and/or ischemia of the gastrointestinal tract. In addition, the
infused SFH may have been contaminated by LPS during its
production (10). Therefore, the effect of SFH on the distri-
bution of LPS in blood is an unknown but important variable
during resuscitation therapy and of potentially great clinical
relevance. The current study was undertaken to quantify the
distribution of LPS in human blood and to determine if the
distribution was altered by the presence of SFH.

MATERIALS AND METHODS

Reagents and labware. Percoll (adjusted to d = 1.07 or d =
1.09 g/ml) and Ficoll (adjusted to d = 1.07 g/ml) were
purchased from Pharmacia LKB (Alameda, Calif.), and
Mono-poly resolving medium was from Flow Laboratories
(ICN Biomedicals, Inc., Costa Mesa, Calif.). Citrated blood
tubes and Falcon centrifuge tubes (sterile, 15 ml) were
obtained from Becton Dickinson (Mountain View, Calif.),
and sterile phosphate-buffered saline (PBS) was from
GIBCO Laboratories (Grand Island, N.Y.).
LPSs. '4C-LPS [Salmonella typhimurium PR122(Rc),
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1 ,uCi/mg] was purchased from List Biologicals, Inc. (Cam-
pbell, Calif.). 1 5I-LPS (1 ,uCi/,g) was prepared from Esch-
erichia coli 055:B5 LPS B as described previously (44).
Gamma counting was performed in an automatic gamma
counter (LKB Instruments, Inc., Gaithersburg, Md.), and
14C scintillation counting was performed, after samples were
diluted 10-fold in fluor (formula A-989; NEN Research
Products, Boston, Mass.), in an analytic liquid scintillation
system (Tracor Analytic, Elk Grove Village, Ill.). 14C was
detected at 1.72 x 106 counts per minute (cpm) of 14C per
,Ci by this instrument.
SFH. Human cross-linked SFH, prepared as described

previously (53), was provided by collaborators at the Blood
Research Division of the Letterman Army Institute of Re-
search, San Francisco, Calif. Cross-linking between the
alpha chains was produced by derivatization with bis-(3,5-
dibromosalicyl)fumarate. The SFH (7-g/dl stock solution)
used in these experiments was at a final concentration of 1.2
g/dl and contained less than 10 pg of endotoxin per ml
(referenced to E. coli 055:B5 LPS B) as determined by the
Limulus amebocyte lysate test (21).

Animals. Two- to three-kilogram New Zealand White
female rabbits were purchased from Western Oregon Rabbit
Co. (Philomath, Oreg.). C57BL mice (25 g) were purchased
from Simonsen Laboratories, Inc. (Gilroy, Calif.).

Radiolabeled plasma protein preparation. Mice were in-
jected intraperitoneally with 90 ,Ci of [35S]methionine
(NEN Research Products). Cell-free mouse plasma was
obtained by centrifugation of anticoagulant-treated blood
samples (3,000 x g for 20 min) obtained 16 h after injection.
The resulting plasma contained 8.6 x 105 cpm/ml. By
utilizing this protocol, radioactivity has been shown previ-
ously to be associated with plasma proteins (9).

Leukocyte and platelet counts. Leukocyte and platelet
counts were determined with blood cell counters (Coulter
Electronics, Inc., Hialeah, Fla.). Leukocyte differentials in
human blood samples were obtained with an Hi particle
counter (Technicon Instrument Corporation, Tarrytown,
N.Y.). Leukocyte differentials in rabbit blood smears were
determined by 500-cell manual counts of Wright-Giemsa-
stained blood smears.

Fractionation of whole blood. The following procedure for
the separation of the various types of blood cells was
developed experimentally to provide concomitant (i) maxi-
mum recovery of platelets, mononuclear cells, polymorpho-
nuclear cells, and erythrocytes, (ii) maximum purity of each
cell preparation, and (iii) minimal cell damage. Unless oth-
erwise stated, procedures for fractionation of human and
rabbit blood were identical.
Blood samples were obtained after the subjects had fasted

overnight. Five-milliliter samples of citrated blood were
incubated with 0.6 ml of SFH or NaCl at room temperature
for 10 min. Final SFH concentrations were 1.2 g/dl. These
blood samples were then incubated with 25 ,u of radiola-
beled LPS (approximately 105 cpm) for an additional 15 min
at room temperature and centrifuged in an Accuspin centri-
fuge (Beckman Instruments, Inc., Irvine, Calif.), with an
AH-4 swinging-bucket rotor, at 600 x g for 3 min, to obtain
platelet-rich plasma and a cell pellet. The plasma was then
centrifuged at 1,300 x g for 20 min to obtain platelets, and
the platelet pellet was washed three times with 5 ml of PBS
at 600 x g for 3 min. The cell pellet from the initial
whole-blood centrifugation was resuspended in PBS to 8 ml,
layered over 3 ml of Ficoll (d = 1.070 g/ml), and centrifuged
at 400 x g for 40 min. Mononuclear cells (monocytes and
lymphocytes) were present in a band at the interface be-

tween the PBS (top) and the Ficoll (bottom) and were
collected and washed once with 5 ml of PBS (250 x g) for 10
min. The pellet beneath the Ficoll (polymorphonuclear leu-
kocytes and erythrocytes) was fractionated by either of the
following procedures, with comparable results for recovery
and purity. The Ficoll pellet was resuspended in an equal
volume of platelet-free plasma and then layered on 3 ml of
Mono-poly resolving medium (d = 1.140 g/ml) and centri-
fuged at 400 x g for 40 min. Polymorphonuclear leukocytes
were present at the interface, and erythrocytes were present
in the pellet at the bottom of the tube. The leukocyte band
was washed with 5 ml of PBS (250 x g for 10 min) and then
recentrifuged on 2 ml of Mono-poly resolving medium to
further remove erythrocytes. Because of the subsequent
unavailability of Flow Mono-poly resolving medium, a
Percoll separation of the Ficoll pellet was also established.
Human Ficoll pellet cells (see above) were layered on 3 ml of
Percoll (d = 1.090 g/ml) and centrifuged at 400 x g for 15
min. Rabbit Ficoll pellet cells were layered on 3 ml of Percoll
(d = 1.070 g/ml) and centrifuged at 400 x g for 15 min.
Polymorphonuclear leukocytes, present at the plasma-
Percoll interface, and erythrocytes in the pellet were washed
once with 8 ml of PBS (250 x g for 10 min).

Erythrocyte-containing fractions exhibited quenching of
both 125I and 14C cpm. Therefore, 0.1-ml aliquots of eryth-
rocyte fractions were diluted 10-fold in water (final volume,
1 ml), and 1.0 ml of Solvable (NEN Research Products) was
added. These mixtures were incubated at 60°C for 1 h, and
then 0.3 ml of 25% H202 was added. After 30 min of
additional incubation at room temperature, samples were
pale yellow in color and could be analyzed for radioactivity.
Recovery of a spiked radioisotope in preliminary experi-
ments demonstrated >98% detection of the previously
added radioactivity.

All cell preparations were cytocentrifuged (Shandon
Southern Instrument Co., Sewickley, Pa.), and 200 to 500
cell differentials were performed to determine purity.

Separation of lipoproteins from cell-free plasma. Separation
of platelets from human or rabbit plasma, as described
above, yielded cell-free plasma which contained less than
0.1% of starting platelets and undetectable numbers of
leukocytes or erythrocytes (determined by Coulter counter
analysis and examination of Wright-Giemsa-stained smears).
The cell-free plasma was subjected to sequential ultracen-
trifugation (35) at 4°C at plasma density (d = 1.006 g/ml), at
a density of 1.063 gIml (with KBr), and at a density of 1.21
gIml (with KBr) for isolation of very-low-density lipopro-
teins (VLDL), low-density lipoproteins (LDL), and HDL,
respectively, and for isolation of apoproteins (i.e., plasma
proteins remaining after sequential removal of all lipopro-
teins; d > 1.21 g/ml).

Fractionation of plasma apoproteins. Cell-free, lipoprotein-
free proteins (d > 1.21 g/ml; see above) were dialyzed and
concentrated in a concentration cell (Amicon Division, W.
R. Grace & Co., Danvers, Mass.) with a 12-kDa-cutoff
membrane for gel filtration chromatography on Sephadex
G-150 (100 by 2.6 cm). Chromatography was performed in
PBS at room temperature.

Fractionation of endotoxin complexes. Unbound LPS was
separated from protein-LPS complexes (and free protein) by
centrifugation through a cushion of 20% sucrose. A 1- to
3-ml sample was layered over 4 ml of 20% sucrose and
centrifuged at 25,000 x g for 1 h at 20°C in a Sorvall RC-5
centrifuge (Du Pont Instruments, Wilmington, Del.). Un-
bound LPS predominantly sedimented to the bottom of the
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TABLE 1. Distribution of endotoxin in whole blooda

Endotoxin distribution

WB and endotoxin type % Total cpm % cpm in cellular compartment nb

Plasma Cells PLTS MNC PMN RBC

Human WB
"2514E. coli 055:B5 98 1 2 ± 1 77 ± 15 10 ± 10 3 2 10 ± 10 9
14C_S. typhimurium 96 5 4 ± 5 55 ± 24 23 ± 5 14 25 8 ± 6 5
14C-S. typhimurium + SFH (1.2 g/dl) 96 ± 4 4 ± 4 37 ± 20 36 ± 14 15 + 23 12 ± 10 9

Rabbit WB
14C-S. typhimurium 84 16 16 ± 15 3 ± 3 15 ± 14 4 3 78 ± 15 14
SFH (1.2 g/dl) 90 10 10 ± 11 5 5 23 ± 31 4 ± 4 68 ± 29 10

% Recovery of cells 49 21 14 ± 10 62 ± 30 >99

a Radiolabeled endotoxin was added to whole blood (WB), and the blood was then fractionated into cell-free plasma, platelets (PLTS), mononuclear cells
(MNC), polymorphonuclear leukocytes (PMN), and erythrocytes (RBC). Endotoxin distributions are expressed as means ± SD. Recovery of added cpm was 98%
(mean value).

b n, number of independent experiments.

tube under these conditions, whereas protein-LPS com-
plexes remained above the sucrose layer.

RESULTS

Distribution of endotoxin in human blood. The in vitro
distribution of endotoxin in human blood was studied, in the
presence or absence of SFH (defined in Addendum in Proof),
by using radiolabeled E. coli 055:B5 LPS B or S. typhimu-
rium LPS. In the absence of SFH, almost all of either of the
radiolabeled endotoxins (96 to 98%) was associated with
cell-free plasma (Table 1). Because of the predominance of
plasma-associated counts, it was necessary to develop a
procedure for isolating blood cells free of plasma to accu-
rately determine cell-bound LPS. The procedure for cell
isolation described in Materials and Methods was tested with
whole blood to which 35S-labeled mouse plasma proteins
(0.08 mCi; see Materials and Methods) had been added.
Blood cells were isolated (see Materials and Methods) and
35S cpm were measured to determine the percentage of
plasma contamination in each cell pool. Platelets were
shown to be associated with only 0.015% of the total plasma
cpm initially added; mononuclear cells were associated with
0.008%; polymorphonuclear leukocytes were associated
with 0.008%; and erythrocytes were associated with 0.001%.
This level of plasma contamination was equivalent to only 1
to 3% of the cpm detected in the samples of isolated blood
cells, thus ensuring that the endotoxin detected with cells
was actually cell bound and did not represent contamination
by plasma endotoxin. This extremely low level of plasma
contamination of blood cell samples was accomplished by
the extensive washing steps described in Materials and
Methods; consequently, recoveries of cells were diminished
because of the multiple wash steps. Recoveries of cells, from
a total of 47 individual experiments (23 human and 24 rabbit),
were as follows: platelets, 49% + 21%; mononuclear cells,
14% + 10%; polymorphonuclear leukocytes, 62% + 30%;
and erythrocytes, >99%.

In human blood, with both LPSs, 2 to 4% of the counts
were cell associated (Table 1). In all experiments (n = 23),
the majority of the cell-associated endotoxin cpm was found
in the platelet pool. Distribution among the remaining cell
types was quite variable between experiments. Blood from
five normal human volunteers was utilized, and no reproduc-
ible differences in endotoxin distribution among the types of
blood cells were detected between individuals. In addition,

LPS distributions were the same in heparinized and citrate-
treated blood samples from the same individual. Because of
the predominance of platelet-associated cpm blood cell
differentials were determined to ensure that cpm in the
leukocyte and erythrocyte samples did not represent platelet
contamination. Mononuclear cell preparations contained
76% + 15% lymphocytes and monocytes, 1% + 1% poly-
morphonuclear leukocytes, 17% + 13% erythrocytes, and
6% + 13% platelets (means + standard deviations [SD], 15
experiments). Polymorphonuclear leukocyte preparations
contained 65% + 17% polymorphonuclear leukocytes, 34%
+ 19% erythrocytes, 2% + 7% platelets, and 0.1% ± 0.2%
mononuclear cells (means ± SD, 15 experiments). The
erythrocyte preparations contained greater than 99% eryth-
rocytes, with less than 0.01% contamination with platelets.
The low frequencies of platelets in the mononuclear leuko-
cyte, polymorphonuclear leukocyte, and erythrocyte sam-
ples thus ensured that platelet-LPS contamination did not
contribute to the presence of endotoxin in the preparations
of the other types of circulating blood cells. Platelet-associ-
ated cpm contributed only 0.1% of the cpm in mononuclear
cell preparations and 0.05% of the cpm in polymorphonu-
clear leukocyte preparations. Platelet preparations con-
tained 99% ± 1% platelets (mean ± SD, 14 independent
experiments).
The distribution of S. typhimurium endotoxin in human

blood also was investigated in the presence of SFH. Almost
all cpm (96%) were detected in cell-free plasma (Table 1),
similar to the distribution observed in the absence of SFH.
The distribution of endotoxin among the various types of
blood cells (Table 1) demonstrated prominent binding to
both platelets and mononuclear cells. In six of the nine
experiments, most of the cell-associated cpm were again
detected in the platelet pool. SFH appeared to produce an
increase in the fraction of cell-bound LPS associated with
mononuclear cells; however, because of the considerable
variation of cellular distributions of endotoxin, differences
between distributions in the presence and absence of SFH
were not statistically significant.

Distribution of endotoxin in rabbit blood. The distribution
of 14C-labeled S. typhimunum endotoxin in rabbit blood, in
the presence and absence of SFH, was determined in vitro.
Almost all cpm were associated with the cell-free plasma
(Table 1), similar to the distribution observed in human
blood, although the total cell-associated endotoxin cpm were
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TABLE 2. Endotoxin distribution in cell-free plasmaa

Endotoxin distribution (% total cpm)
Plasmaandb

endotoxin type VLDL LDL HDL Apoproteins n
(lipoprotein-free pool)

Human plasma
S. typhimunium 2 ± 1 7 ± 1 68 ± 9 23 ± 7 4
S. typhimunium 2 ± 1 9 ± 7 67 ± 8 22 ± 3 4
+ SFH (1.2 g/dl)

Rabbit plasma
S. typhimurium 3 ± 2 11 ± 11 50 ± 25 36 ± 3 4
S. typhimunium 2 ± 2 4 ± 4 53 ± 14 41 ± 14 4
+ SFH1 (1.2 g/dl)

a Radiolabeled endotoxin was added to whole blood in the presence or absence of SFH. Cell-free plasma was then prepared and fractionated by sequential
ultracentrifugation steps into VLDL (d < 1.006 g/ml), LDL (d = 1.006 to 1.063 g/ml), HDL (d = 1.063 to 1.21 g/ml), and apoproteins (d > 1.21 g/ml; plasma
proteins remaining after sequential removal of lipoproteins). Recovery of added cpm from the cell-free plasma was 85% (mean value). Endotoxin distributions
are expressed as means + SD.

b n, number of independent experiments.

in general greater in rabbit blood than in human blood.
Sixteen percent of the total cpm was cell associated in the
absence of hemoglobin (n = 14), and 10% was cell associated
in the presence of hemoglobin (n = 10). However, this
difference was not significant. The distribution among cells
demonstrated that 78% of the endotoxin cpm in the absence
of SFH (n = 14) and 68% of the endotoxin cpm in the
presence of SFH (n = 10) were associated with the erythro-
cytes, a distinct difference from the predominance of plate-
let-associated endotoxin among the cells in human blood.
The few erythrocytes that contaminated mononuclear cell
preparations (17% of cells) and polymorphonuclear leuko-
cyte preparations (34% of cells) contributed only 0.01 and
0.03% of the cpm in these cell preparations, respectively.
Cell-associated endotoxin distributions in the presence and
absence of SFH were not significantly different.

Distribution of endotoidn among the components of cell-free
plasma. Cell-free plasma was fractionated by sequential
ultracentrifugation steps, as described in Materials and
Methods, into VLDL, LDL, HDL, and apoproteins (d >
1.21 g/ml). The distributions of 14C-labeled S. typhimurium
endotoxin among these components in both human and
rabbit plasma samples and in the presence and absence of
SFH are shown in Table 2. In both species, the relative
magnitude of the distributions of endotoxin was HDL >
apoproteins > LDL > VLDL.
Apoprotein fractions (d > 1.21 g/ml) from rabbit plasma

samples containing "4C-labeled S. typhimurium endotoxin
were then fractionated by G-150 gel permeation chromatog-
raphy. In the absence of SFH, all radioactivity eluted in the
void volume (molecular mass, >200 kDa; Fig. 1). This
pattern was detected in each of five independent samples
chromatographed. Considerable A280 also was present in the
void volume, and numerous protein bands were detected in
this material by polyacrylamide gel electrophoresis in so-
dium dodecyl sulfate (data not shown). In four apoprotein
samples containing SFH, the majority of the cpm similarly
was present in the void volume, although small amounts of
radioactivity (5 to 24%) also were detected in the included
volume (Fig. 2). SFH, as measured by A570, was detected
primarily in the included volume, although a small absor-
bance peak also was detected in the void volume. The
retained peak of 14C-endotoxin coeluted with the peak of
SFH (Fig. 2). In contrast, 14C-endotoxin alone eluted exclu-
sively in the void volume (four experiments, data not

shown). Thus, the endotoxin, which eluted in the included
volume derived from samples containing SFH, was partially
disaggregated.

Since the majority of cpm in the fraction of plasma with a
density greater than 1.21 g/ml (i.e., which contained apopro-
teins) eluted in the void volume of Sephadex G-150, as did
endotoxin alone, it was unclear whether endotoxin in this
plasma fraction was protein bound. To distinguish unbound
from bound endotoxin, sedimentation through sucrose was
performed. Preliminary experiments demonstrated that un-
bound endotoxin sedimented through 20% sucrose (Table 3),
under the conditions described in Materials and Methods,
whereas plasma proteins or free SFH was predominantly
less dense than the sucrose solution and, after centrifuga-
tion, remained in the aqueous layer above the sucrose
cushion. Void volume fractions, from two samples to which
SFH had not been added and two which contained SFH,
were centrifuged over 20% sucrose. Endotoxin cpm in each
of the four Sephadex G-150 void volume fractions remained
predominantly in the layer above the sucrose, indicating that
the endotoxin was comigrating with the proteins both in the
presence and absence of SFH (Table 3). Endotoxin cpm
from the included volume peak of a sample containing SFH
similarly demonstrated that the endotoxin was primarily
comigrating with protein in the layer above the sucrose
(presumably SFH; compare Fig. 1 and 2).
To confirm the observation that endotoxin in the fraction

of plasma with a density greater than 1.21 g/ml was protein
bound, 11 additional apoprotein samples (5 without SFH and
6 with SFH) containing "'C-LPS were generated. These
fractions were then subjected to sedimentation through 20%
sucrose without prior chromatography. Each of these sam-
ples demonstrated that the majority of endotoxin cpm was
present in the aqueous phase above the sucrose cushion
(Table 3). Most of the plasma proteins, as estimated byA280,
also were present in this top zone. These observations were
consistent with a major decrease in density of endotoxin in
the presence of plasma proteins, most likely due to a
disaggregation of high-molecular-mass endotoxin macromol-
ecules (typically greater than 1,000 kDa in the absence of
protein) secondary to protein binding.

Since endotoxin was detected in the included volume of
Sephadex G-150 chromatography in the presence of SFH
(Fig. 2), it seemed likely that endotoxin had formed a specific
complex with SFH. Therefore, we examined whether endo-
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FIG. 1. Gel permeation chromatography of plasma apoproteins
in absence of SFH. Plasma apoproteins (fraction with d of >1.21
g/ml from sequential density centrifugations of cell-free rabbit
plasma) were chromatographed in the absence of SFH on Sephadex
G-150. Proteins were monitored at A2w (closed squares), and
endotoxin was monitored by determination of 14C cpm (open
circles). The void volume (VO) is indicated.

toxin and SFH could form a stable complex in the absence of
any other blood components. "4C-labeled S. typhimurium
LPS (6.8 x 104 cpm) was incubated with 0.5 ml of SFH (1.2
g/dl) at room temperature for 15 min. The mixture was then
layered above 20% sucrose and centrifuged as described in
Materials and Methods. Ninety-eight percent of the endo-
toxin cpm was detected in the SFH layer above the sucrose,
1.9% of the cpm was in the top three-fourths of the sucrose

layer, and only 0.1% of the cpm was at the bottom of the
sucrose layer. In contrast, a control tube of endotoxin in
PBS demonstrated 97% of the endotoxin in the bottom
fraction.

DISCUSSION
The relative affinities of LPS for specific cellular, lipopro-

tein, and apoprotein components of whole blood have not
been described previously. Therefore, we performed in vitro
studies of the distribution of endotoxin in samples of whole
blood by using two purified, commonly studied enteric
LPSs. In both human and rabbit blood, endotoxin associated
primarily with the noncellular components of blood. Binding
to HDL was greatest, followed by binding to apoproteins.
Appreciable, although lesser, amounts of binding to LDL
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FIG. 2. Gel permeation chromatography of plasma apoproteins
in the presence of SFH. Plasma apoproteins (fraction with d of

>1.21 g/ml from sequential density centrifugations of cell-free rabbit

plasma) were chromatographed in the presence of SF11 (1.2 g/dl) on

Sephadex G-150. Proteins were monitored at A2w (closed squares),

SFH was monitored at A570 (closed circles), and endotoxin was

monitored by determination of 14C cpm (open circles). The void
volume (VO) is indicated.

TABLE 3. Sucrose sedimentation of apoproteinsa

Endotoxin distribution (% total
Fraction cpm)

Top Middle Bottom

LPS alone (n = 4) 10 + 1 4 + 1 86 + 13
G-150 VO fraction 77 12 11

(apoproteins; n = 2)
G-150 V0 fraction (apoproteins 82 2 6
+ SFH; n = 2)

G-150 included volume 87 8 5
(apoproteins + SFH; n = 1)

Apoproteins (n = 5) 77 10 17 5 6 ± 2
Apoproteins + SFH (n = 6) 83 6 13 2 4 ± 2

a Apoproteins (d > 1.21 g/ml; plasma proteins remaining after sequential
removal of lipoproteins) containing 14C-LPS were obtained by centrifugation
of cell-free rabbit plasma to remove blood cells and lipoproteins. These
apoproteins, apoprotein fractions partially purified by Sephadex G-150 chro-
matography, and '4C-LPS alone were centrifuged through 4 ml of 20%
sucrose. After centrifugation at 25,000 x g for 1 h, cpm were determined in
the layer above the sucrose cushion (top), the upper 3 ml of sucrose (middle),
and the bottom 1 ml of sucrose (bottom). A280s, as an estimation of protein
concentration, also were measured in these sucrose layers and were 64 ± 7
(top), 12 ± 2 (middle), and 24 + 5 (bottom). Recovery of cpm layered over
sucrose in these studies was 83% (mean value). Means ± SD (when more than
two independent experiments were performed) are shown.

and VLDL were observed. In human blood, cell-associated
endotoxin was detected primarily with platelets. However,
the platelet-bound cpm constituted only 1 to 2% of the total
endotoxin cpm distributed throughout the blood. In rabbit
blood, the cell-associated endotoxin was primarily bound to
erythrocytes; this constituted 10 to 16% of the total endo-
toxin cpm distributed throughout the blood.
The demonstration of binding of LPS to platelets in

humans, and to erythrocytes in rabbits, is potentially of
relevance to the development of disseminated intravascular
coagulation during endotoxemia. Several biological conse-
quences of the interaction of LPS with mammalian platelets
have been described previously, including the LPS-induced
aggregation of human platelets (33), activation and secretion
of platelet factor 3 (20), and secretion of 5-hydroxy-
tryptamine (6). The latter two processes were described in
rabbits (human platelets were not studied). Therefore, it is
interesting that the endotoxins tested in our study had
affinity for human platelets but not for rabbit platelets.
Human platelets are less responsive to endotoxin than are
rabbit platelets (29), but the pyrogenic response of humans
to endotoxin exceeds that of rabbits (17). It is possible that
these differences reflect species-specific cell membrane char-
acteristics. The membranes of human platelets and mega-
karyocytes previously have been shown to differ biochemi-
cally from murine platelets and megakaryocytes by the
presence of Fc receptors (and their absence on murine
platelets and megakaryocytes) (32). In contrast, the murine
cells demonstrate type 1 complement receptors, while the
human cells do not (32). Whereas LPS binding to human
platelets is likely to result in significant physiological effects
on hemostasis, the significance of LPS binding to rabbit
erythrocytes is less clear. However, a glycoprotein receptor
on erythrocyte membranes that binds LPS has been de-
scribed, and its potential role in the etiology of immune
hemolysis during sepsis has been discussed (40).

Previous in vivo studies have demonstrated that much of
administered LPS associates with HDL (12, 28, 46). The
binding of high-molecular-weight LPS particles to HDL
involves the dissociation of LPS (45), a process involved in
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LPS detoxification, and has been shown to result in altered
electrophoretic behavior of HDL (12). The role of an apo-
protein factor(s) in LPS binding to HDL has been demon-
strated (27, 42). LPS-binding protein appears to be one such
apoprotein that is a mediator of LPS dissociation and binding
to HDL (41). We also have shown prominent binding of LPS
to HDL, as well as demonstrable, although lesser, binding to
the other classes of lipoproteins. However, the lipoprotein
binding of exogenously administered, isolated LPS may not
totally mimic the distribution of shed LPS, associated with
bacterial outer member structures, as demonstrated previ-
ously for the LPS of S. typhimurium (28) and Neisseria
meningitidis (2). Shed LPS also may demonstrate variable
lipoprotein binding depending on the presence or absence of
bacterial membrane proteins (13). Although numerically less
impressive, the binding to VLDL in our study also may be
biologically significant. It has been shown previously that
binding of LPS to triglyceride-rich lipoproteins (VLDL and
chylomicrons) diminishes the potency of LPS in activation
of the coagulation system in Limulus lysate (8). Further-
more, VLDL and chylomicrons protect mice from LPS-
induced mortality (18). Since hypertriglyceridemia is one of
the earliest abnormalities observed in blood during sepsis,
this interaction between LPS and the triglyceride-rich li-
poproteins may serve as a defense against endotoxemia.
The presence of SFH at a concentration of 1.2 g/dl did not

appreciably alter the distribution of endotoxin among the
various blood cell types, lipoproteins, and the apoprotein
pool in either human or rabbit blood. However, since we
demonstrated that endotoxin was able to bind to SFH, it is
possible that the distribution of endotoxin among specific
plasma proteins of the apoprotein pool was significantly
altered by the presence of hemoglobin. Furthermore, in
contrast to the binding of LPS to another apoprotein, aggre-
gated immunoglobulin G, after which the density of the
complex was identical to that of LPS alone (16), we have
demonstrated that binding of LPS to SFH involves disaggre-
gation of LPS (unpublished observations). Since the distri-
bution of endotoxin among specific plasma proteins in the
presence and absence of SFH is not known, further fraction-
ation experiments will be required to determine if endotoxin
binds to SFH preferentially. Several mammalian endotoxin-
binding proteins in plasma have been documented previ-
ously, including a rabbit acute-phase LPS-binding protein
(41), lysozyme (31), complement (5, 14), immunoglobulin
(16), and albumin (15). We are now able to add SFH to this
list of endotoxin-binding proteins.
The capacity of SFH to act as an endotoxin-binding protein

may prove significant for the potential use of SFH as a blood
substitute. Endotoxin contamination of SFH during its pro-
duction and purification has been recognized (11; personal
observations), and even low concentrations of endotoxin in
preparations of SFH may prove clinically significant when
liters of SFH solutions are infused into patients, especially
those who are already hypotensive. It also is likely that
endotoxemia will be present in many patients with trauma and
shock who would be receiving this blood product. Gram-
negative bacteremia associated with infection is another clin-
ical situation in which endotoxin-hemoglobin binding may be
a significant phenomenon. Endotoxin-hemoglobin complexes
also may form as a result of the hemolysis that often occurs
during the process of disseminated intravascular coagulation
associated with gram-negative sepsis.

Importantly, our data indicate that the presence of SFH
does not alter the association of endotoxin with mononuclear
cells, an interaction which appears to play a critical patho-

physiologic role in the production of the sepsis syndrome.
However, further investigation will be required to determine
if endotoxin-hemoglobin complexes differ from endotoxin
alone in their ability to stimulate production or release of
mononuclear cell factors involved in the response of the host
to sepsis. Additional study also will be required to determine
if endotoxin clearance from either the circulation or internal
organs is altered by complex formation with hemoglobin.
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ADDENDUM IN PROOF

After the submission of this paper, it was determined that
the term SFH (stroma-free hemoglobin) requires further def-
inition in order to avoid confusion with the use of this term in
the older literature. In this report, SFH refers to cell-free,
ultrafiltered human hemoglobin free of detectable erythrocyte
stroma and chemically cross-linked in order to improve
intravascular persistence and prevent renal toxicity.
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