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Abstract Endotoxemia is associated with rapid and marked
declines in serum levels of LDL and HDL by unknown
mechanisms. Six normal volunteers received a single, small
intravenous (iv) dose of endotoxin (

 

Escherichia coli

 

 0113, 2 ng/
kg) or saline in a random order, cross-over design. After en-
dotoxin treatment, volunteers had mild, transient flu-like
symptoms and markedly increased serum levels of tumor
necrosis factor and its soluble receptors, interleukin-6, cor-
tisol, serum amyloid A, and C-reactive protein. Triglyceride
(TG), VLDL-TG, and nonesterified fatty acid increased (peak
at 3–4 h), then TG declined (nadir at 9 h), and then choles-
terol, LDL cholesterol, apolipoprotein B (apoB), and phos-
pholipid declined (nadirs at 12–24 h). HDL cholesterol and
apoA-I levels were not affected, but half of the decrease in
phospholipid was HDL phospholipid. Lipopolysaccharide
binding protein (LBP) rose 3-fold (peak at 12 h), with smaller
and later decreases in the activities of phospholipid transfer
protein and cholesteryl ester transfer protein.  In conclu-
sion, a decline in LDL was rapidly induced in normal volun-
teers with a single iv dose of endotoxin. The selective loss
of phospholipid from HDL may have been mediated by LBP
and, after more intense or prolonged inflammation, could
result in increased HDL clearance and reduced HDL levels.
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The release of endotoxin or lipopolysaccharide (LPS)
from the cell walls of gram-negative bacteria into the cir-
culation precipitates an acute inflammatory response that
often leads to shock and death (1, 2). A less-recognized
component of the acute-phase response to endotoxemia
and a variety of inflammatory states in humans is a rapid

 

and marked decline in serum levels of cholesterol, phos-
pholipid, apolipoprotein B (apoB), and apoA-I carried in
LDL and HDL (3–5). Low levels of cholesterol, in turn,
predict a poor prognosis in hospitalized (3) and chroni-
cally ill patients (6, 7). It has been proposed that the lipo-
proteins protect against the lethal effects of endotoxin by
binding it and reducing the secretion of proinflamma-
tory cytokines by monocytes and macrophages (8–11).
Thus, a better understanding of the mechanism(s) of the
decrease in plasma lipoproteins by circulating endotoxin
may result in new therapeutic approaches to increase lipo-
proteins in patients who have, or are at high risk for, en-
dotoxemia and inflammation. This may include treatment
of low HDL levels that may result from and contribute to
the inflammation of atherosclerotic cardiovascular disease
(12).

The injection of a single dose of endotoxin into experi-
mental animals or humans has been used for decades as a
model to study the interrelationships between infection and
the host response (13–15). In humans, there is a well-char-
acterized dose-related response to intravenous (iv) endo-
toxin consisting of mild fever, flu-like symptoms, marked
increases in tumor necrosis factor 

 

�

 

 (TNF

 

�

 

), interleukin-6
(IL-6), cortisol, epinephrine, serum amyloid A (SAA), and
C-reactive protein (CRP), and changes in other cytokines,
hormones, and inflammatory markers. However, there are
no detailed studies in humans of the response of plasma
lipoproteins to iv endotoxin. In animals, the time course
and nature of the lipoprotein response has varied depend-
ing on the host species, the source and dose of endotoxin,
and the preceding diet. In rodents, rabbits, and hamsters
with lipoprotein profiles and metabolism distinctly differ-
ent from those of humans, endotoxin raised cholesterol
and LDL cholesterol (15). In contrast, a single dose of en-
dotoxin given to nonhuman primates with lipoprotein lev-
els and metabolism more similar to those of humans rap-
idly decreased LDL and HDL cholesterol ester, apoA-I,
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and HDL particle size by 24 h (16, 17). In addition, endo-
toxin increased triglyceride (TG) and VLDL, which has
consistently occurred in other animal models due to in-
creased fatty acid synthesis, increased VLDL production,
and/or decreased clearance (15). However, in humans,
TG levels are variably affected by infection (3). In an un-
controlled study of normal volunteers, TG (and choles-
terol) levels did not change from baseline at 2 h, 6 h, or
24 h after a single iv dose of endotoxin (18).

Using this established model of endotoxemia in normal
volunteers after a controlled diet, we compared the effects
of a single iv dose of endotoxin to saline on serum lipids,
lipoproteins, and lipid transfer proteins. By matching the
fatty acid composition of the diet to each subject’s adipose
tissue and comparing it to the composition of VLDL-TG,
we also determined whether endotoxin increased fatty
acid synthesis and newly formed palmitate in VLDL (19).

METHODS

 

Subjects

 

Six normal volunteers (three males, three females, ages 23–
35) were admitted to The Rockefeller University Clinical Re-
search Center in a random-order cross-over design twice for 8
days with a 6 week washout period between admissions. After a
diet stabilization period, they received either a single iv dose of
endotoxin or saline. Healthy volunteers, aged 21 to 45, who did
not smoke or take prescription medications were eligible for the
study. Body weight was at least 110 pounds, within 10% of cur-
rent weight for at least 6 months, and within 80–120% desirable
body weight by the 1959 Metropolitan Life Insurance Table. The
fasting lipid profiles of participants met the following criteria:
LDL cholesterol 

 

�

 

 160 mg/dl, TG 

 

�

 

 200 mg/dl, and HDL cho-
lesterol between 35 and 70 mg/dl. A physical exam and screen-
ing tests performed within 2 months of admission, including a
complete blood count, biochemical screen, HIV, hepatitis B and
C, thyroid stimulating hormone, pregnancy test, urinalysis, chest
X-ray, and EKG, were all normal. Aspirin, nonsteroidal anti-inflam-
matory drugs, or vitamins were discontinued at least 1 week prior
to admission. Patients with histories of alcohol or substance
abuse, psychiatric disease, asthma, severe allergic reactions, or a
febrile illness within the month prior to admission were ex-
cluded. All participating subjects gave informed written consent,
and the study was approved by The Rockefeller University Insti-
tutional Review Board.

 

Diet

 

During both admissions, each subject received identical sin-
gle-menu solid food diets as three meals/day with 35% of calo-
ries as fat, 50% as carbohydrate, and a starch/sugar ratio of
70:30. The distribution of calories was achieved with food items
used in previous studies that tested the effects of dietary carbohy-
drates on fatty acid synthesis and was chosen to ensure that fatty
acid synthesis was not stimulated in the basal state (19). As re-
quired by the linoleate dilution method to measure fatty acid
synthesis, a mixture of corn oil, olive oil, and lard was added to a
2% fat solid food diet. The fatty acid composition of each diet
was matched to the composition of each subject’s adipose tissue
and compared with the composition of VLDL-TG (19, 20). By
chance, the volunteers had similar percentages of fatty acids in
adipose tissue (range for linoleate, 17–20%; palmitate, 18–20%;
and oleate, 40–43%). Cholesterol was added to total 200 mg/day

in all diets. The total calories to maintain constant weight were
estimated from the surface area as 1,360 kcal/meter

 

2

 

. On Day 5,
after the endotoxin or saline bolus (see below), the diet (except
water) was withheld for 24 h and then given again for the next 2
days until discharge on Day 8.

 

IV endotoxin or saline administration

 

On Day 5 at 9 AM after a 12 h overnight fast, either endotoxin
(US Standard Reference Endotoxin from 

 

Escherichia coli

 

 0113, 2
ng/kg, 200 ng/ml sterile water) or saline in a plastic syringe was
slowly administered intravenously over 1 min, close to the 18
gauge catheter insertion site in the antecubital fossa. This was
followed by a slow flush of 10 ml sterile saline and then a saline
infusion at 20 ml/h. The endotoxin was stored as a lyophilized
powder in single-use vials provided by the Pharmacy Department
of The National Institutes of Health, Bethesda, MD. For hydra-
tion, additional saline was infused at 100 ml/h through an 18
gauge catheter in the other arm to total 120 ml/h for 24 h. Water
by mouth was also encouraged.

Baseline vital signs were obtained twice, 5 min before the in-
jection and then approximately every 15 min for the first 3 h, ev-
ery 1/2 h for the next 3 h, and then every 3 h for the remainder
of the 24 h period. Blood pressure, pulse, respirations, EKG, and
O

 

2

 

 saturation were monitored using a Datascope (first two sub-
jects) or Hewlett Packard Veridia. Symptoms of headache, chills,
muscle aches, backache, nausea, and vomiting were recorded by
the nurse as: absent, 0; mild, 1; moderate, 2; or severe, 3. The
principal investigator and two nurses were continuously present
for the first 4 h after each endotoxin infusion.

 

Lipid and lipoprotein analysis

 

For the fasting specimens on Days 1, 4–8, and, on Day 5, at 1.5 h,
3 h, and then every 3 h until the following morning, 7 ml of
blood was drawn in EDTA on ice. The plasma was separated by
low-speed centrifugation at 4

 

�

 

C for 20 min, and VLDL was iso-
lated by density-gradient ultracentrifugation. The fatty acid com-
position of VLDL-TG was analyzed by capillary gas chromatogra-
phy after chloroform-methanol extraction of lipids; separation of
TG by thin-layer chromatography (TLC) with silica gel G and a
solvent system of hexane, diethyl ether, and glacial acetic acid,
60:40:1; and transmethylation with 5% methanolic HCL to form
fatty acid methyl esters (20). The fatty acid compositions of the
total lipid extracts from the diets and subcutaneous adipose tis-
sue sampled from the gluteal site prior to admission were simi-
larly analyzed by gas chromatography.

The phospholipid subclasses phosphatidyl choline (PC), lyso-
phosphatidyl choline (LPC), sphingomyelin (SM), phosphatidyl
ethanolamine (PE), phosphatidyl inositol (PI), and phosphatidyl
serine (PS), in total lipid extracts from serum obtained at the
time of maximum difference in serum total phospholipid 12–24 h
after iv endotoxin or saline, were separated by TLC using silica
gel H and a solvent system of chloroform, methanol, acetic acid,
and H

 

2

 

0 (25:15:4:2) (21). The minor amounts of PI and PS mi-
grated as a single band and are presented as a single value. The
fatty acid compositions of each phospholipid class were deter-
mined as above after methylation with 5% methanolic HCL.
C17:0 PC and LPC were added as internal recovery standards at
the start of lipid extraction to quantitate the total amount of
each respective lipid; C 17:0 PC was added at the TLC step to
quantitate PE and PS-PI. Due to lower recovery and the lack of
an internal recovery marker, SM was measured in triplicate using
an enzymatic kit with bacterial sphingomyelinase (Cardiovascu-
lar Target, Inc., New York) and an interassay coefficient of varia-
tion of 3%.

At the above time points, and, on Day 5, at 1 h, 2 h, and 4.5 h,
other lipid assays were performed. Total serum cholesterol and
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TG were measured using enzymatic methods on a COBAS Inte-
gra (Roche Diagnostic Systems, Indianapolis, IN). The concentra-
tion of HDL cholesterol was measured after precipitation of 

 

�

 

-lipo-
proteins with dextran sulfate and magnesium chloride (22). LDL
cholesterol was calculated using the Friedewald equation. Immu-
noturbidimetric methods were used to measure apoA-I and apoB
(Roche Diagnostic Systems). SAA was measured by a double anti-
body sandwich ELISA method (BioSource International, Cama-
rillo, CA). Serum phospholipid and nonesterified fatty acids
(NEFAs) were measured by enzymatic methods (Wako Chemical
USA, Inc., Richmond, VA) in blood samples placed immediately
on ice and spun in a refrigerated centrifuge to prevent ex vivo
hydrolysis. The phospholipid assay measured the amount of cho-
line-containing phospholipids (PC, LPC, and SM).

Fast protein liquid chromatography (FPLC) was used to mea-
sure the amounts of cholesterol, TG phospholipid, apoA-I, apoB,
and SAA in VLDL, LDL, and HDL at the time of maximum dif-
ference in the concentration of phospholipid (12–24 h after en-
dotoxin injection). Serum samples of 200 

 

�

 

l were chromato-
graphed in phosphate-buffered saline (0.5 ml/min) from two
Superose 6 columns (Pharmacia/LKB) connected in series. Frac-
tions (650 

 

�

 

l) were collected and analyzed by methods described
above after slight modification (23). For all assays, the mean re-
coveries were greater than 85%.

To measure HDL size, serum lipoproteins were separated by
flotation from 1.24 g/ml NaBr in a Beckman TL 100 rotor at
100,000 RPM for 3 h at 20

 

�

 

C. Native gradient gel electrophoresis
was done on 4–20% Tris-Glycine polyacrylamide gel gradient gels
from Invitrogen (Grand Island, NY) stained with Coomassie blue
(Bio Rad G250), as described by Nichols (24) and scanned by la-
ser densitometry.

 

Lipid transfer proteins

 

Serum obtained at 0 h, 12 h, 24 h, 48 h, and 72 h after endo-
toxin or saline was assayed for the activities of phospholipid trans-
fer protein (PLTP) and cholesteryl ester transfer protein (CETP)
in triplicate using assay kits (Cardiovascular Target, Inc., and Roar
Biomedical, Inc., New York). Incubation of donor and acceptor
particles with 3 

 

�

 

l of human plasma results in the PLTP- or CETP-
mediated transfer of fluorescent phospholipid or neutral lipid,
which is quenched when associated with the donor. The transfer is
determined by the increase in fluorescence intensity as the fluores-
cent lipid is removed from the donor and transferred to the accep-
tor. The interassay coefficient of variation for both assays was 3%.
The serum concentration of LPS binding protein (LBP) was mea-
sured by an enzyme-amplified chemiluminescent method on an
Immulite Analyzer (Diagnostic Products Corp., Los Angeles, CA).

 

Cytokines

 

Blood samples were obtained at the above time points and
placed immediately on ice, and the serum was separated in a re-
frigerated centrifuge. TNF

 

�

 

 was measured by ELISA (RPN 2148
and 2755, Amersham Life Science, Little Chalfont, Buckingham-
shire, England). IL-6 and the soluble receptors for TNF

 

�

 

 (p55,
p75) were measured by enzyme immunoassay (BioSource Inter-
national) on the Roche COBAS Core II (Roche Diagnostics Sys-
tems, Basel, Switzerland).

 

Endotoxin assay

 

At 0 and 5 min from the start of the injection of endotoxin or
saline, 4 ml blood was drawn into endotoxin-free tubes with hep-
arin, spun within 1/2 h at 2,500 rpm, 4

 

�

 

C, for 5 min, and the
platelet-rich plasma was stored at 

 

�

 

80

 

�

 

C until assayed. Concen-
trations of endotoxin were measured in triplicate by a kinetic lim-
ulus amebocyte lysate method (Coamatic Endotoxin, Associates
of Cape Cod, Falmouth, MA). A Molecular Devices Thermomax

Microplate Reader and SoftMax Pro software were used to col-
lect kinetic data for 20 min.

 

Other tests

 

High sensitivity CRP was measured by a latex-enhanced immuno-
turbidimetric method on the Roche COBAS Integra. White blood
cells were measured on a Bayer Advia 120 (Bayer Diagnostics, Tarry-
town, NY). Cortisol was measured by enzyme-amplified chemilumi-
nescence on an Immulite Analyzer by Diagnostic Products Corp.
Catecholamines (epinephrine, norepinephrine, and dopamine)
were measured by HPLC in acidified urine collected from 6 AM–6
PM and 6 PM–6 AM on the day of the endotoxin or saline injection.

 

Statistics

 

Means and SD or SE (figures) were calculated for six subjects
at each time point. Two-tailed paired Student’s 

 

t

 

-tests were per-
formed to compare values after endotoxin or saline. Simple lin-
ear regression was used to assess the relationships among the lip-
ids, lipid transfer proteins, and inflammatory markers. Statistical
significance was defined as 

 

P

 

 

 

�

 

 0.05. Excel and SigmaStat statisti-
cal softwares were used.

 

RESULTS

 

Clinical response to iv endotoxin

 

The incidence of clinical effects and average clinical
scores after iv endotoxin are shown in 

 

Table 1

 

. All six vol-
unteers manifested typical flu-like symptoms: headache,
chills, muscle ache, backache, and/or nausea. These
symptoms peaked at 1–2 h and were resolved 6–9 h after
the injection. One subject vomited and had a vasovagal re-
action with a brief drop in blood pressure and pulse. An-
other subject received supplemental O

 

2

 

 by nasal canula
for peripheral cyanosis. The mean maximum oral temper-
ature 

 

�

 

 SD was 38.2 

 

�

 

 0.4

 

�

 

C (range, 37.8–38.7

 

�

 

C) and
peaked 3–4 h after endotoxin. The mean pulse increased
from baseline (64 

 

�

 

 12 vs. 92 

 

�

 

 18), but there was no sig-
nificant change in systolic or diastolic blood pressure.
There were no complaints or significant changes in vital
signs from subjects after the saline injection. Baseline lev-
els of endotoxin were low, but were 10-fold higher 5 min
after injection of endotoxin compared with saline (7.7 

 

�

 

11.3 vs. 0.7 

 

�

 

 0.5 U/ml).

 

Cytokines, cortisol, SAA, and CRP

 

For all measurements, baseline values were not signifi-
cantly different before endotoxin and saline injections.
The top three panels of 

 

Fig. 1

 

 show that, as expected after

 

TABLE 1. Clinical response to iv endotoxin

 

Score

Incidence Mean Range

 

Headache 6 1.2 1–2
Chills 6 1.7 1–3
Myalgia 4 1.0 0–2
Backache 4 0.8 0–2
Nausea 2 0.7 0–3

iv, intravenous. Symptoms in six volunteers were rated as: 0, ab-
sent; 1, mild; 2, moderate; 3, severe.
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iv endotoxin, serum TNF

 

�

 

, IL-6, and cortisol rapidly and
markedly increased (14) and then returned to control lev-
els by 9 h. TNF

 

�

 

 first peaked at 1.5 h (381 

 

�

 

 343 vs. 2.3 

 

�

 

3.2 pg/ml, 

 

P

 

 

 

	

 

 0.02), then IL-6 at 2 h (3,395 

 

�

 

 2,542 vs. 4.7 

 

�

 

6.4 pg/ml, 

 

P

 

 

 

	

 

 0.02), and then cortisol at 3 h (36 

 

�

 

 4.3 vs.
7 

 

�

 

 3.5 

 

�

 

g/dl, 

 

P

 

 

 

�

 

 0.001). The peak levels of TNF

 

�

 

 and
IL-6 were positively correlated with each other (

 

P

 

 

 

	

 

 0.02).
During the saline infusion, IL-6, but not TNF

 

�

 

 or cortisol,
slightly increased above baseline (peak at 12 h of 19.2 

 

�

 

25 pg/ml).
The next two panels in Fig. 1 show that the soluble re-

ceptors of TNF

 

�

 

, p55, and p75 also sharply increased after
endotoxin and peaked at 2–3 h, but slowly declined to
baseline levels over the next 48–72 h (peak p55-3.1 

 

�

 

 1.1
vs. 0.8 

 

�

 

 0.2 ng/ml; p75-10.1 

 

�

 

 1.6 vs. 2.3 

 

�

 

 0.6 ng/ml,

 

P

 

 

 

�

 

 0.01). The bottom two panels show that, compared
with the cytokines, cortisol, and cytokine receptors, SAA
and CRP more sluggishly increased after endotoxin, peak-
ing at 24 h and then slowly declining (peak SAA 510 

 

�

 

259 vs. 6 

 

�

 

 5 mg/l; CRP 30.8 

 

�

 

 13.8 vs. 0.6 

 

�

 

 1.1 mg/l,

 

P

 

 

 

�

 

 0.01). Both were still elevated compared with the sa-
line period at discharge 72 h later (SAA 137 

 

�

 

 166 vs. 7 

 

�

 

5 mg/l; CRP 6.2 

 

�

 

 3.1 vs. 0.5 

 

�

 

 0.8 mg/l). Despite their
parallel time course, SAA and CRP were not significantly
correlated with one another or with the cytokines.

These concentrations of the cytokines and acute-phase
proteins after endotoxin were within the ranges reported
in acute inflammatory disease (3, 4, 25).

 

Other markers of inflammation

 

The expected changes in white blood cells occurred af-
ter endotoxin: an initial, sharp decrease at 1 h (3.0 

 

� 

 

0.6
vs. 5.6 

 

� 

 

1.8 thousand cells/

 

�

 

l, 

 

P

 

 

 

	

 

 0.02), then a marked
increase between 6 and 9 h (14.9 

 

�

 

 4.4 vs. 6.0 � 2.0, P 	
0.03), 90% as neutrophils, then a slow return to baseline
by 48 h (data not shown). Two hours after endotoxin, the
platelet count transiently decreased 17% from baseline
values. In four subjects with complete urine collections,
total urinary epinephrine in the first 12 h after endotoxin
was twice that after saline (10 � 5 vs. 5 � 4 �g, P 	 0.05).
The mean values for norepinephrine and dopamine in
the first 12 h urine collection were also higher after endo-
toxin than after saline, but the differences did not reach
statistical significance.

Changes in lipids and lipoproteins
Figure 2 shows the sequential changes in serum lipids

and lipoproteins following iv endotoxin and saline. After
saline injection, all lipid and lipoprotein levels except
NEFAs slightly declined from baseline levels, as would be
expected after a 36 h fast and dilution from iv fluids, and
returned to baseline by 48–72 h. NEFA levels plateaued
above baseline levels at 9–15 h of fasting and were back to
baseline at 48 h.

After endotoxin at 3–4.5 h, shortly after the sharp peaks
in TNF�, IL-6 and cortisol, NEFA, and TG peaked 106%
and 26% above control values. The percent increase in
NEFA and TG were inversely correlated with each other (r 	
�0.85, P 	 0.03), and positively correlated with maximum

Fig. 1. Serum concentrations of tumor necrosis factor � (TNF�),
interleukin-6, cortisol, TNF-sR 55, TNF-sR 75, serum amyloid A,
and C-reactive protein (mean � SE) for 72 h after an intravenous
(iv) dose of endotoxin (closed circles) or saline (open circles).
Peak differences between endotoxin and saline values are all signif-
icantly different (P � 0.05).
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IL-6 and CRP (P 	 0.03 for both). NEFA and TG then
abruptly declined so that at 9 h, NEFA was at control val-
ues but TG was 24% below control levels, returning to
control values by 18 h. VLDL-TG changed in parallel with
the total TG (data not shown).

Following the decline in TG were small (11–20%) but
significant declines in total cholesterol, phospholipid,
LDL cholesterol, and apoB below control values, reaching
nadirs 12–24 h after injection (Fig. 2). Unexpectedly,
HDL cholesterol and the primary apolipoprotein in HDL,
apoA-I, did not significantly differ from control values.
Note, however, the 20% decline in the concentration of
phospholipid, a lipid carried largely by HDL. The decline
in phospholipid was larger and slightly earlier than the de-
clines in cholesterol, LDL cholesterol, and apoB. The sta-
tistical evaluation of the relationships among the lipids
and acute-phase proteins revealed a highly significant lin-
ear relationship between the percent decrease in phos-
pholipid and peak value for CRP (r2 	 0.97, P 	 0.001).

The amount of cholesterol, TG, and phospholipid in
VLDL, LDL, and HDL at the nadir of phospholipid for

each subject 12–24 h after endotoxin was determined with
FPLC. As shown in Fig. 3, compared with the saline con-
trol sample at the same time point, phospholipid de-
creased mainly in LDL and HDL (�10 and �8 mg/dl),
cholesterol mainly in LDL cholesterol (�16 mg/dl), and
TG in VLDL-TG (�8 mg/dl). The percent decline in
phospholipid, cholesterol, and TGs in LDL (7–15%) and
VLDL (30–40%) were proportional, consistent with de-
clines in the numbers of LDL and VLDL particles. FPLC
performed on a subset of samples from two subjects with
the greatest difference in total phospholipid confirmed
that 
90% of the total apoB was in LDL and that the de-
crease in total apoB was almost entirely accounted for by a
decrease in LDL apoB. For HDL, however, phospholipids
significantly declined 11% (P 	 0.004) without changes in
cholesterol or TG. Since serum total apoA-I also did not
differ, this suggested a selective decrease in HDL phos-
pholipid without a decrease in the number of HDL parti-
cles. FPLC in the same subset confirmed that similar
amounts of apoA-I migrated only with HDL lipids and
SAA. Furthermore, in this subset, there was no effect of

Fig. 2. Serum concentrations of nonesterified fatty acid, triglyceride (TG), cholesterol, phospholipid, apolipoprotein A-I (apoA-I), HDL
cholesterol, apoB, and LDL cholesterol (mean � SE) for 72 h after an iv dose of endotoxin (closed circles) or saline (open circles). Signifi-
cant differences are shown with an asterisk (P � 0.05). There were no significant differences for apoA-I and HDL cholesterol.
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endotoxin on HDL particle size measured by nondenatur-
ing gradient gel electrophoresis (data not shown).

Composition of phospholipid subclasses
Table 2 shows that the decline in phospholipid after en-

dotoxin treatments was due to declines in all phospho-

lipid subclasses (PC, LPC, SM, PE, and PI-PS). A recipro-
cal decrease in PC and increase in LPC, as would be
expected from increased activity of secretory phospholi-
pase A2 (26, 27), or a selective decrease in SM from in-
creased activity of secretory sphingomyelinase (28), were
not observed. The fatty acid compositions of PC (Table 2)
and other phospholipid subclasses (not shown) showed
no meaningful differences between endotoxin and saline
treatments. Thus, there was no evidence for an effect on
the esterification or hydrolysis of a specific phospholipid
fatty acid.

Lipid transfer proteins
The decrease in all classes of serum phospholipids after

endotoxin could be due to a change in the activity of one
or more phospholipid transfer proteins, with increased
transfer of phospholipid out of the plasma into tissues or
decreased transfer from tissues into plasma. The three
main lipid transfer proteins reported to shuttle phospho-
lipids in serum, LBP, PLTP, and CETP, were differentially
affected by endotoxin. As shown in the top panel of Fig. 4,
the concentration of LBP markedly increased 3-fold,
peaked 12 h after endotoxin treatment compared with sa-
line, and was still slightly elevated at 72 h. Of note is that
the time of the peak increase in LBP coincided with the
peak decrease in phospholipid. There was also a positive
linear relationship between the maximum level of LBP
and the maximum decrease in phospholipid (but not
HDL or LDL phospholipid) of borderline statistical signif-
icance (P 	 0.047).

In contrast, shown in the lower panels of Fig. 4, the ac-
tivities of PLTP and CETP were reduced only 23% and
10% at later times after endotoxin treatment and with
more variable time courses. The slight effect of the endo-
toxin on CETP, which exchanges HDL cholesterol ester
for VLDL and LDL TG, was consistent with the absence of
change in HDL cholesterol. Thus, LBP, rather than PLTP
or CETP, showed the greatest alteration in response to iv
endotoxin treatment. A predominant effect on LBP has
also been reported in surgical patients 24–48 h after the
onset of acute systemic inflammation; LBP was increased

Fig. 3. Fast protein liquid chromatography (FPLC) of serum ob-
tained at the time of maximum difference in phospholipid, 12–24 h
after endotoxin (closed circles) or saline (open circles). Results are
expressed as the mean concentration/dl of phospholipid (top
panel), cholesterol (middle panel), and TG (bottom panel) mea-
sured in multiple fractions eluted in 40 ml from the FPLC column.
The sum of the fraction concentrations for each lipid equals the to-
tal concentration in injected serum. Significant differences oc-
curred for LDL and HDL phospholipid, LDL cholesterol, and
VLDL TG (*P � 0.05).

TABLE 2. Phospholipid composition after iv endotoxin or saline

Post iv Endotoxina  Post iv Salinea

Mean SD Mean SD Difference P

mg/dl mg/dl %

Phosphatidyl choline 99.3 22.2 117.4 19.5 �15 0.005
Lysophosphatidyl choline 6.1 1.6 8.0 1.7 �24 0.003
Sphingomyelin 37.1 5.6 41.6 9.0 �12 0.155
Phosphatidyl ethanolamine 3.0 0.6 3.1 1.2 �3 0.864
Phosphatidyl serine�inositol 3.3 1.0 5.0 2.0 �33 0.069
Phosphatidyl choline fatty acids (weight %)

16:0 31.3 1.6 30.5 0.9 3 0.087
18:0 13.1 0.6 13.8 0.9 �5 0.047
9c-18:1 7.5 0.6 7.5 0.5 0 0.784
18:2 21.6 3.0 22.1 2.8 �2 0.031
20:4 n-6 12.7 3.5 12.2 3.4 4 0.117
22:6 n-3 3.7 0.8 4.0 1.0 �8 0.626

a At time point of maximum difference in phospholipid, 12–24 h postendotoxin.
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10-fold, CETP activity was slightly decreased, and PLTP ac-
tivity was slightly increased compared with healthy con-
trols (4).

Fatty acid composition of VLDL-TG
Since the composition of the dietary fat was matched to

each subject’s adipose tissue, an increase in fatty acid syn-
thesis would have been manifested by an increase in the
saturated fatty acid palmitate (16:0), and a decrease in the
essential fatty acid linoleate (18:2) in VLDL-TG compared
with TG in the diet and adipose tissue (19). Table 3 illus-
trates the lack of difference in the percentages of the ma-
jor fatty acids in VLDL-TG for 72 h following the injection
of endotoxin compared with saline. Therefore, the in-

crease in TG after iv endotoxin treatment did not appear
to be due to an increase in TG synthesis from newly made
fatty acids.

DISCUSSION

We demonstrate for the first time sequential changes in
serum lipoproteins and lipid transfer proteins after a sin-
gle iv dose of endotoxin in normal volunteers. As ex-
pected, participants developed mild flu-like symptoms
and the typical, rapid, and marked increase in serum
TNF�, IL-6, cortisol, SAA, CRP, epinephrine, neutrophils,
and other markers of inflammation (14). The earliest se-
rum lipid response was a transient, sharp increase in
NEFA and TG peaking at 3–4 h, followed by a decrease be-
low control values at 9–24 h in cholesterol, LDL choles-
terol, TG, phospholipid, and apoB, which slowly returned
to baseline levels by 48–72 h after endotoxin injection.
Thus, many of the lipid and lipoprotein changes observed
in septic humans with endotoxemia were reproduced in
normal volunteers after a single iv dose of endotoxin. The
results illustrate the utility of this model to study the
mechanisms of lipid lowering in human endotoxemia and
inflammation.

Early increases in serum NEFA and TG were previously
observed in humans, nonhuman primates, and rodents
given iv endotoxin (17, 29–31). The mobilization of NEFA
from adipose tissue stores and the increase in plasma TG
has long been known to occur as part of the acute-phase
response to injury (32–34). The increase in TG may be
due to increased hepatic synthesis and secretion of VLDL-
TG from fatty acids mobilized from adipose tissue in re-
sponse to increased cytokines, cortisol, and catechol-
amines. In a previous study in normal volunteers with
catheters placed in the hepatic artery and vein, 1–2 h after
a single iv dose of endotoxin, coincident with large in-
creases in the levels of TNF� and IL-6, there was a 6-fold
increase in the hepatic uptake of NEFA and a 3-fold in-
crease in the hepatic output of TG (29). At a higher expo-
sure to endotoxin, the increase in TG may be mediated by
decreased lipoprotein lipase in adipose tissue and re-
duced VLDL clearance (31, 35). As still another mecha-
nism, endotoxin rapidly increased fatty acid synthesis and
hepatic TG secretion in rodents, but only when the pre-
ceding diet was fat free and high in sucrose (30, 31). In
our study, iv endotoxin treatments did not increase fatty
acid synthesis, as manifested by the lack of increase in
palmitate and decrease in linoleate in VLDL-TG relative
to the diet and adipose tissue for 3 days following endo-
toxin administration (19). However, different results may
be obtained with endotoxin administered after a low-fat,
high-sugar diet or an iv infusion of glucose.

The subsequent declines in serum cholesterol, TG,
phospholipid, and apoB in LDL and VLDL were compatible
with declines in the numbers of LDL and VLDL particles.
It is unknown whether a decrease in synthesis, an increase
in clearance, or both are responsible for the decrease in
apoB-containing lipoproteins during human endotox-

Fig. 4. Serum concentrations of lipopolysaccharide binding protein
and the activities of phospholipid transfer protein and cholesteryl ester
transfer protein (mean � SE) for 72 h after an iv dose of endotoxin
(closed circles) or saline (open circles). Significant differences between
endotoxin and saline values are marked with an asterisk (P � 0.05).

TABLE 3. Fatty acid composition of VLDL-TG after iv endotoxin
or saline

VLDL-TG

0 h 3 h max 24 h 48 h 72 h Diet and AT 

% weight of total fatty acids

18:2
Endotoxin 23.8 24.6 22.6 22.1 22.4 18.7
Saline 23.3 24.2 22.9 23.0 23.0 18.7

16:0
Endotoxin 24.2 24.8 27.2 24.8 24.1 19.0
Saline 23.9 25.1 27.4 24.4 23.0 19.0

9c-18:1
Endotoxin 31.9 30.9 28.8 32.1 32.7 40.2
Saline 32.2 30.5 29.0 31.8 32.6 40.2

TG, triglyceride. There were no significant differences between
endotoxin and saline treated groups (P 
 0.05).
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emia. In vitro, HepG2 cells exposed to IL-6 and/or TNF�
showed both decreased apoB synthesis (36) and increased
LDL receptor expression (37).

The most consistent lipid-lowering effect by a variety of
types of inflammation has been a decrease in serum HDL,
HDL cholesterol, and its major protein, apoA-I (3, 4, 11,
38). Thus, it was unexpected that HDL phospholipid de-
clined after iv endotoxin without a change in HDL choles-
terol or apoA-I. The reduction in total plasma phospho-
lipid and selective decrease of phospholipid in HDL
suggests that an early effect of human endoxemia is an al-
teration in the plasma input or clearance of HDL phos-
pholipid. Since the decrease in HDL phospholipid oc-
curred in all subclasses, mechanisms that shift the relative
amounts of phospholipid subclasses, such as a decrease in
the synthesis of PC (39), a decrease in PC and increase in
LPC by secretory phospholipase A2 (26, 27, 40, 41), a de-
crease in SM by sphingomyelinase (28), or an increase in
the biliary excretion of PC via the ABC membrane trans-
porter, MDR3 P-glycoprotein (42), are less likely. Mecha-
nisms that affect both cholesterol and phospholipid in
HDL, such as an increase in the scavenger receptor class B
type I scavenger receptor (43) or the ABC1 membrane
transporter (44), are also less likely. Instead, our results
point to an activation of a pathway that increases the
transfer of HDL phospholipid of several subclasses from
the plasma to the tissue compartment.

One possible pathway is the transfer of HDL phospho-
lipid from the plasma to the tissues by LBP. Our data show
that LBP, an acute-phase protein that binds a variety of
phospholipids in addition to the phospholipid-like lipid A
segment of endotoxin (4, 45, 46), was greatly increased af-
ter a single small dose of endotoxin to normal volunteers.
Furthermore, unlike the other lipid transfer proteins, the
time of the peak increase in LBP corresponded to the na-
dir in phospholipid. During the inflammatory response,
LBP may transport both phospholipid and endotoxin
from the plasma to tissues. A larger and/or more persis-
tent depletion of phospholipid from HDL than produced
in this study, in turn, may lead to an increase in HDL
clearance and the reductions in HDL cholesterol and
apoA-I typically observed during the acute-phase response.
Other recent observations indicate that HDL phospho-
lipid is an important determinant of HDL levels and clear-
ance rates (40, 41, 47).

In contrast to the marked stimulatory effect of endo-
toxin on the level of LBP, the activities of two other major
lipid transfer proteins, PLTP and CETP, were only slightly
suppressed, with more variable time courses. This differ-
ence from LBP was interesting, given the similar organiza-
tion of the LBP, PLTP, and CETP genes (48). Like LBP,
PLTP binds endotoxin and exchanges phospholipids among
lipoproteins (46, 49). After endotoxin administration to
wild-type mice, PLTP activity was also reduced, but HDL
phospholipid, cholesterol, and particle size were slightly
increased (50). In the PLTP knock-out mouse, the catabo-
lism of HDL, depleted of phospholipid, was markedly in-
creased (47). CETP, which transfers cholesterol ester from
HDL to VLDL and LDL, also decreased in mice trans-

genic for the human CETP gene and treated with endo-
toxin (51). The small, late changes in CETP in our human
volunteers treated with endotoxin are consistent with the
lack of change in HDL cholesterol. The results show that
of the three related lipid transfer proteins in humans,
LBP is the most sensitive to endotoxin and the most likely
candidate to play a role in the decline in lipoproteins dur-
ing the early acute-phase response.

The decrease in serum phospholipid and HDL phospho-
lipid after a single dose of endotoxin is particularly intrigu-
ing in light of evidence for an important role of phospho-
lipid in the defense against endotoxemia. We previously
demonstrated that, although all lipoproteins bind endo-
toxin, HDL is the most protective because it is rich in
surface phospholipids (52). The phospholipid-like lipid A
domain of endotoxin is neutralized by inserting into the
surface phospholipid monolayer of lipoproteins instead of
or after binding to LBP. In support for the protective role
of plasma phospholipid in reducing the inflammatory
response, the prophylactic iv administration of a protein-
free phospholipid emulsion improved survival in a por-
cine model of sepsis (53). Furthermore, healthy volunteers
showed fewer flu-like symptoms and much lower plasma in-
flammatory cytokines when reconstituted HDL made with
HDL apolipoproteins and PC instead of saline was intra-
venously administered 3.5 h before a single iv dose of endo-
toxin (54). In contrast, volunteers who were infused with
20% Intralipid (20% soybean TG, 1.2% phospholipid,
2.3% glycerol) instead of saline for 2 h before an iv dose of
endotoxin showed no reduction in clinical symptoms or
plasma cytokines (18). In addition to phospholipid, other
studies indicate that apoA-I (55) and apoE (56) may also fa-
cilitate the binding of endotoxin by HDL. Although a re-
duction of HDL during inflammation may provide less
capacity for neutralization of endotoxin in plasma, it is pos-
sible that an increased plasma clearance of HDL may be
beneficial to the host. An increased transfer of HDL phos-
pholipids to tissues may help regenerate damaged cellular
membranes and lung surfactant, and endotoxin bound to
the HDL phospholipid may be excreted into bile (57).

In conclusion, after a single iv dose of endotoxin in nor-
mal volunteers, a burst of cytokines, cortisol, and epineph-
rine was followed by rapid changes in lipids, lipoproteins,
and lipid transfer proteins. VLDL-TG increased first, prob-
ably due to an increase in the hepatic synthesis and secre-
tion of TG from preformed fatty acids mobilized from adi-
pose tissue. ApoB-containing lipoproteins (VLDL and
LDL) then decreased due to decreased synthesis or in-
creased clearance. A selective loss of phospholipid from
HDL may have been mediated by LBP and could result in
increased HDL clearance during more-intense or pro-
longed inflammation. Additional studies of lipid and lipo-
protein turnover are clearly needed to better define the ef-
fects of endotoxin on biosynthetic and catabolic pathways
that rapidly alter lipid and lipoprotein levels in humans.
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