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Abstract Introduction

The plasma cholesteryl ester transfer protein (CETP) medi-
ates the exchange of HDLcholesteryl esters (CE) and VLDL
triglycerides leading to catabolism of HDL. There is some
evidence that HDLameliorates the toxicity of LPS, and LPS
is known to influence several enzymes affecting HDLmetab-
olism. Therefore, the effects of LPS on CETPand plasma
lipoproteins were examined in human CETP transgenic
mice. Administration of LPS to mice expressing a CETP
transgene linked to its natural flanking sequences (NFR-
CETPTg) resulted in a rapid marked decrease in hepatic
CETPmRNAand plasma CETPconcentration. Corticoster-
oid injection produced a similar decrease in hepatic CETP
mRNAand adrenalectomy abolished this response to LPS.
LPS caused disproportionate reductions in plasma CETP
activity compared to mass, and was found to be a potent
inhibitor of CETPactivity when added directly to plasma.
LPS was injected into mice expressing (A) a human apoA-
I transgene, (B) apoA-I and NFR-CETP transgenes, or (C)
apoA-I and LPS-inducible metallothionein promoter-driven
CETPtransgenes, producing (A) minimal changes in HDL
cholesterol, (B) decreased plasma CETP and increased
HDL cholesterol, and (C) increased plasma CETPand de-
creased HDL cholesterol. Thus, LPS administration pro-
duces a profound decrease in hepatic CETPmRNA,primar-
ily as a result of adrenal corticosteroid release. The decrease
in plasma CETPactivity after LPS administration may re-
flect both this effect as well as a direct interaction between
CETPand LPS. The decrease of CETPin response to LPS
has major effects on HDL levels, and may represent an
adaptive response to preserve or increase HDLand thereby
modify the response to LPS. (J. Clin. Invest. 1995. 95:1587-
1594.) Key words: cholesteryl ester transfer protein - lipo-
polysaccharide - transgenic mice * corticosteroid * high den-
sity lipoproteins
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The metabolism of HDL is regulated, in part, by the activities
of lipases and lipid transfer proteins (1). Cholesteryl esters,
generated in HDL by lecithin:cholesterol acyltransferase, are
exchanged with triglycerides of VLDL, as a result of the activity
of cholesteryl ester transfer protein (CETP)'. The subsequent
activity of hepatic lipase on triglyceride-enriched HDL results
in a decrease in HDLsize and catabolism of the major apoliprot-
ein of HDL, apoA-I (2). In a striking demonstration of the
interaction of hypertriglyceridemia with cholesteryl ester trans-
fer processes, hypertriglyceridemic apoC-II transgenic mice
show profound reductions in HDLcholesterol and apoA-I when
crossed with human CETP/apoA-I transgenic mice, to produce
apoA-I/CETP/apoC-llH transgenic mice (3). In addition to
plasma triglyceride concentration, effective plasma CETPactiv-
ity is also influenced by changes in CETPconcentration, such as
those resulting from changes in dietary cholesterol or probucol
therapy (4, 5).

HDL is thought to mediate the reverse transport of choles-
terol from peripheral tissues to the liver (6). In addition to this
well-known role, Ulevitch et al. (7) have suggested another,
novel function for HDL, namely to bind bacterial lipopolysac-
charide (endotoxin) and thereby to modulate its biological ef-
fects. The binding of endotoxin to HDLcan prevent endotoxin-
induced death (8). Harris et al. (9) have shown that VLDL and
chylomicrons can also bind endotoxin, and protect mice against
endotoxin-induced death. However, the potency of HDL ap-
peared to be greater than that of other lipoproteins (9), and the
molar concentrations of HDLin plasma are usually higher than
other lipoproteins. Another role of HDL may be to provide
cholesterol for adrenal corticosteroid synthesis ( 10-12), a func-
tion that could be particularly important during stress (13).

The purpose of the present study was to examine the possi-
ble regulation of CETP gene expression in response to LPS
administration. We suspected that CETP might be altered by
LPS, since LPS has profound effects on lipoprotein metabolism
and is known to regulate lipoprotein lipase and LCATactivities
( 14, 15). Mice do not normally have significant plasma cholest-
eryl ester transfer activity. Human CETP transgenic mice ex-
pressing a CETPminigene linked to the inducible metallothio-
nein promoter (mT-CETP Tg mice) show reduced HDL levels
following zinc induction. Human CETP transgenic mice ex-
pressing a CETP transgene linked to its natural flanking se-
quences (NFR-Tg mice) express plasma CETPlevels and activ-

1. Abbreviations used in this paper: apo, apoliprotein; CETP, cholesteryl
ester transfer protein; mT, metallothionein; NFR, natural flanking se-

quence; Tg, transgenic mice.
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ities similar to human, show reduced HDL, and display a hu-
manlike distribution of CETPmRNA( 16, 17). These two types
of CETP transgenic mice were therefore used to explore LPS
responses.

Methods

Transgenic mice. Studies have been conducted with five different varie-
ties of transgenic mice. (a) NFR-CETP transgenic mice: these mice
express a human CETPtransgene including 3.2 kb and 2 kb of the 5'
and the 3' flanking region, respectively, (16). Studies were carried out
with two different lines of NFR-CETPmice, (5171 and 5203) (which
show twofold differences in plasma CETP concentration [17])-, with
similar results in both lines. (b) mT-CETP transgenic mice: these mice
express the human CETP transgene under the control of the mouse
metallothionein promoter (18). (c) Human apo A-I transgenic mice:
these express the human apoA-I gene (19). (d) NFR-CETP/apo A-I
transgenic mice: these mice contain both human CETP and human
apo A-I transgenes, derived by cross-breeding. (e) mT-CETP/apo A-I
transgenic mice: these mice express both the human mT-CETP and
human apo A-I transgenes (20). All animals studied were of mixed
genetic background (C57BL6xCBA).

Male and female heterozygote transgenic mice or their nontransgenic
littermates were used in all experiments. They had free access to food
and distilled water. They were fed a regular chow diet (Purina Lab
rodent chow 5001; Ralston Purina Co., St. Louis, MO) or a high fat,
high cholesterol diet (15% fat, 1.25% cholesterol, 0.5% sodium cholate;
TD 90221; Teklad Premier Lab Diets, Madison, WI). The response to
LPS was similar on both diets. Lipopolysaccharide (Escherichia coli
0127:B8) was obtained from Difco Laboratories Inc. (Detroit, MI) and
suspended in sterile saline. Stock LPS (10 mg/ml) was sonicated before
dilution, using a sonifier (Branson 450; Branson Ultrasonics Corp.,
Dambury, CT) (output 6, 60% duty cycle) for 30-45 s, and just before
use. To study the response to LPS or corticosteroids, mice were injected
with a single dose of LPS or cortisone acetate intraperitoneally and
killed 4, 8, or 24 h later. The mice appeared to be in a normal state of
health after 25 tzg LPS injection. Some of the mice did show some
physical signs of endotoxin shock after receiving 200 Iug LPS.

NFR-CETP mice were anesthetized with 2.5% Avertin (Aldrich
Chemical Co., Milwaukee, WI) intraperitoneally as described (21) and
adrenalectomized by a standard procedure (22). Sham-operated animals
were subjected to the same surgical manipulation except the adrenal
glands were not removed. All mice were allowed to recover 6 d and
normal saline was substituted for drinking water.

RNAse protection assay and nuclear run-on analysis. Total RNA
(40-50 gg), extracted from liver immediately after death was analyzed
for CETPmRNAby a solution hybridization-RNase protection assay
using a riboprobe specific for human CETP mRNA(18). All CETP
mRNAvalues were normalized to f3-actin for each treatment and indi-
vidual timepoint. The f5-actin probe was included in the solution hybrid-
ization. Labeled CETPtranscripts from liver nuclei obtained after an in
vitro elongation reaction were analyzed as previously described (16).

Measurement of plasma CETP concentration and activity. Plasma
CETP concentration was determined by solid phase RIA as described
.(23) and plasma CETPactivity was measured in diluted plasma using
radiolabeled HDL and excess LDL (19).

Plasma lipid and lipoprotein measurements. Lipoprotein profiles
were obtained by fast protein liquid chromotography of plasma. Pooled
aliquots (200 ,ul) of plasma were loaded through a 200-ktl Teflon sample
loop on a Superose 6 HR10/30 column (fast protein liquid chromatog-
raphy system; Pharmacia LKB Biotechnology Inc., Piscataway, NJ).
After elution of the initial 5.5 ml, 30 fractions of 0.7 ml were collected
at a flow rate of 0.35 ml/min. Cholesterol (free and total) and triglycer-
ides were assayed by enzymatic method using commercial kits (Wako
Bioproducts, Richmond, VA).

Statistical analysis. Differences between groups were tested by one-

way ANOVAor Student's t test, where appropriate. All analyses were
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tzg, open circles or 200 ug, closed circles). CETPmRNAabundance
was determined by RNAse protection assay. The human CETPribo-
probe was hybridized with 50 /.g of total RNAfrom liver or spleen.
The values for CETPmRNAare means±SEM for mice, killed at each
time point. For liver CETPmRNAusing 25 pg LPS, the 4, 8, and 48
h values are significantly different to 0 h (P < 0.006); using 200 ,g
LPS, the 8 and 24 h values are also significantly different to 0 h (P
5 0.01). The spleen CETPmRNA(25 qg LPS) 48 h value is signifi-
cantly different to 0 h (P 5 0.003).

performed with the statistics software (Blackwell Scientific Publica-
tions, Oxford, United Kingdom), significance levels given are those for
the two-tailed test. Data are presented as mean±SEM.

Results

Changes in plasma CETPconcentration and in hepatic CETP
mRNAafter lipopolysaccharide injection. To evaluate effects
of LPS on CETP gene expression, LPS (25 or 200 Ag) was

injected into mice expressing a CETP transgene linked to its
natural flanking sequences (NFR-CETP Tg mice). LPS injec-
tion resulted in a marked decrease in plasma CETPconcentra-
tion with the maximum effect seen at 8 h (Fig. 1 A). After the
smaller dose of LPS, there was a gradual recovery of plasma
CETP levels, followed by a rebound to levels significantly
above baseline values at 48 h (Fig. 1 A, open circles). The
larger dose of LPS resulted in a more sustained decrease in
plasma CETP levels (Fig. 1 A, closed circles). A dose-re-
sponse experiment showed significant decreases in plasma
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Table I. Plasma CETPConcentration in Human CETP
Transgenic Mice Treated with Increasing Doses of LPS

Treatment CETPconcentration

jg/mi

Saline 2.07±0.16
0.25 ig LPS 2.04±0.15
2.5 ig LPS 1.59±0.07*
25 ig LPS 1.26±0.08*
250 Mag LPS 1.41±0.22*
2,500 Mg LPS 1.39±0.07*

NFR-CETPTg mice (line 5171, both male and female), maintained on
a chow diet, were injected intraperitoneally with LPS. Blood was drawn
6 h after injection. Plasma CETPmass was determined by radioimmuno-
assay. Values are mean±SEM, n = 4-5 animals per dose. * P < 0.03
vs saline.

CETPconcentration at LPS doses as low as 2.5 Mag with maxi-
mumeffects at a 25-Mg dose (Table I).

LPS administration resulted in a rapid profound decrease in
hepatic CETPmRNA, with a nadir at 8 h (Fig. 1 B). For the
smaller dose of LPS, this was followed by a rebound to levels
significantly above baseline (Fig. 1 B, open circles). For the
larger dose of LPS the decrease in hepatic CETPmRNAwas

more prolonged (Fig. 1 B, closed circles). Measurement of
CETP mRNAin other organs showed a different pattern of
response, exemplified by the changes in the spleen, where there
was an increase in CETPmRNA, significantly above baseline
at 48 h (Fig. 1 B, triangles). Analysis of pooled samples of
other organs (small intestine, kidney, and adipose tissue)
showed a similar response to the spleen, i.e., a gradual rise in
CETPmRNAto levels above baseline at 48 h (not shown).

Corticosteroid effects on CETP protein and mRNA in
transgenic Mice. The effects of LPS are known to be mediated
by cytokine or corticosteroid release (24-26). Corticosteroid
therapy appears to decrease plasma CETP levels in humans
(27). To see if changes in CETP levels could be induced by
corticosteroids, NFR-CETPTg mice were injected intraperito-
neally with a low dose of cortisone (20 jg/g) or saline and
hepatic CETP mRNAwas measured 8 h later. There was a

marked (85%) decrease in the abundance of hepatic CETP
mRNAcompared to saline-treated controls (Fig. 2). The total
hepatic RNA recovered from cortisone-treated mice was not
significantly different to that from control mice (7.0±3 vs

5.2±2 mg RNAper liver, respectively). A time course study
(0, 4, 8, 24, and 48 h, n = 3 or 4 at each time point) showed
that the maximum decrease in hepatic CETPmRNAoccurred
8 h after corticosteroid injection but revealed no significant
increase in CETP mRNAin the liver or spleen at 48 h (not
shown). Plasma CETP levels measured at 8 and 24 h after
cortisone injection showed decreases of 21 ± 14% (n = 12, NS)
and 15±6% (n = 10, P < 0.03) at 8 and 24 h, respectively.

The changes in hepatic CETP mRNAand plasma CETP
levels after cortisone administration suggest that part of the
response to LPS may be mediated by adrenal corticosteroid
release. To address this issue directly LPS (25 jg) was injected
into mice previously subjected to adrenalectomy or sham opera-

tion. Sham-operated mice showed a significant decrease in
plasma CETP concentration after LPS (Fig. 3). There was a

Figure 2. Hepatic CETPmRNAabundance in NFR-CETPTg mice
after corticosteroid treatment. NFR-CETPTg mice (line 5203) received
a single injection of cortisone (20 jIg/g) or saline. Hepatic CETPmRNA
abundance was determined by RNAse protection assay, and is expressed
as a percentage of the mean value of control 5203 mice, injected with
saline and killed at the same time. The human CETP riboprobe was
hybridized with 50 jig of liver total RNA(n = 4-5 mice for each
condition). Total liver weight was not significantly different in cortico-
steroid compared to saline treated mice (1.4+0.2 g vs 1.04±+1.0 g,
respectively). *P < 0.02 vs 8 h saline.

smaller, insignificant decrease in plasma CETPlevels after LPS
in adrenalectomized mice.

The response of hepatic CETP mRNAto LPS was also
compared in sham-operated or adrenalectomized mice (Fig. 4).
LPS produced a marked decrease in hepatic CETPmRNAin
sham-operated mice (data for individual mice shown in Fig.
4). This response to LPS was abolished by adrenalectomy (Fig.
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intraperitoneally as indicated. Plasma was obtained 8 h after injection.

Values are mean±SEMfrom 6 to 10 mice per group. *P < 0.001 vs

all groups.
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Figure 4. RNAse protection assay showing hepatic CETPmRNAabun-
dance in individual adrenalectomized and sham-operated NFR-CETP
Tg mice treated with LPS. CETPTg mice (line 5203) were treated with
a low dose (25 Htg) of LPS and killed at 8 h. The negative control
(tRNA) and standards (50, 25, 6, and 3 pg of sense CETPRNA) were
also hybridized with the human CETPriboprobe. Shown is the protected
fragment in 40 ,ug total liver RNAfrom individual mice either adrenalec-
tomized (LPS treated, n = 7), sham-operated (LPS treated, n = 9),
and nonoperated control NFR-CETP transgenic mice (n = 5).

4). Quantitation of the CETP mRNAresponse indicated an
85% reduction in CETP mRNAin response to LPS (P
< 0.0002), with significantly higher levels of hepatic CETP
mRNAin adrenalectomized mice (P < 0.001), and no signifi-
cant difference between adrenalectomized mice and noninjected
controls. These results indicate that the effects of LPS on hepatic
CETPmRNAare primarily mediated by adrenal corticosteroid
release.

To determine the mechanism of decrease in CETPmRNA
in response to cortisone, run-on assays were performed using
nuclei prepared from NFR-CETPTg mice treated with placebo
or cortisone (Table II). These experiments showed no signifi-
cant change in newly initiated transcripts using liver nuclei
prepared 3 h after cortisone injection (20 ,g/g). An assessment
of hepatic CETPmRNAlevels in the same experiments con-
firmed a marked decrease, as in earlier experiments. These re-
sults suggest that the decrease in CETPmRNAafter cortisone
administration is not due to decreases in CETPgene transcrip-
tional rate.

Plasma lipid and lipoprotein changes in response to LPS
in CETP transgenic mice. Plasma lipoprotein responses were
characterized in more detail in mice receiving the higher doses
of LPS (200 pg), with a view to understanding how the changes
in plasma CETPmight modulate the toxicity of LPS. LPS was
injected into apoA-I, NFR-CETP/apoA-I, and mT-CETP/
apoA-I transgenic mice. ApoA-I transgenic mice were used
since the effects of CETPon HDL are larger in CETP/apoA-I

Table II. Run-on Assay Using Liver Nuclei to Measure
CETPTranscripts

Specific CETP
transcripts CETP/,I-actin or GADPHratio

(OD U)

Saline 722±383 1.2±0.40
Corticosteroid 659±319 1.8±0.70

Mice were treated with 20 Isg/g cortisone acetate or saline intraperitone-
ally and killed at 3 h. Liver nuclei were prepared and an in vitro elonga-
tion was carried out, as previously described (16). Values represent
mean±SEMfor specific hybridization of CETPtranscripts for five inde-
pendent experiments, using pooled nuclei from two to three mice per
treatment group. All values are arbitrary optical density units which
were subtracted from background KS + bluescript vector (represening
10-15% of the signal). These values were obtained by scanning autora-
diograms of nitrocellulose filter prepared as described (16).

Time (h)

Figure 5. Change in plasma triglyceride concentration in different lines
of transgenic mice after LPS treatment. A 200-lig dose of LPS was
injected intraperitoneally into human apoA-I (triangles), NFR-CETP/
apoA-I (open circles), and mT-CETP/apoA-I mice (closed circles).
All values are means from at least six individual mice. Values are
significantly different (P < 0.001) for both 24 and 48 h vs baseline
value in all groups.

transgenic mice than in CETP transgenic mice (20). The mT-
CETPtransgenic mice were also studied since the mTpromoter
is upregulated by corticosteroid and LPS (28, 29), offering a
contrasting response to that in NFR-CETP transgenic mice. As
in earlier studies (Fig. 1), plasma CETP concentration was
decreased after LPS in the NFR-CETP/apoA-I mice (not
shown). By contrast, CETP mass and activity were markedly
increased in mT-CETP/apoA-I mice (no change at 8 h, but a
5.5-fold increase at 24 h compared to baseline), reflecting the
inducibility of the mT promoter. Hepatic CETP mRNAwas
also markedly increased in mT-CETP mice treated with LPS
(not shown). These results reflect the inducibility of the mT
promoter, which presumably overcomes any residual effect of
corticosteroid to decrease CETPmRNAon a posttranscriptional
level at 24 h.

Plasma triglyceride levels rose after LPS administration, as
expected (Fig. 5). For all groups plasma triglyceride levels
were significantly elevated at 24 and 48 h compared to baseline
(P < 0.001). However, the mT-CETP/apoA-I group seemed
to show greater elevations in triglyceride than the apoA-I group
(P < 0.06), perhaps indicating a more marked biological effect
of LPS.

There were dramatic differences in the response of the
plasma lipoproteins in animals of different genotype. At base-
line, the NFR-CETP/apoA-I and mT-CETP/apoA-I transgenic
mice showed reduced levels of HDL cholesterol, compared to
the apoA-I transgenic animals (Fig. 6, top). The reduction in
HDL was greater in mT-CETP/apoA-I mice than in NFR-
CETP/apoA-I mice due to their higher CETP level (2.5 vs 1.2
,qg/ml, respectively). 24 h after LPS administration there was
a slight decrease in HDL cholesterol in the apoA-I transgenic
mice (Fig. 6, bottom). There was a marked increase in HDL
cholesterol in the NFR-CETP/apoA-I transgenic mice, to levels
approximating those in the apoA-I transgenic mice (Fig. 6,
bottom), whereas the mT-CETP/apoA-I mice showed a further
decrease in HDL cholesterol. Changes in VLDL cholesterol
were inversely related to the HDLresponses, i.e., VLDL choles-
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Figure 6. Concentration of total cholesterol in plasma lipoproteins of
different lines of CETPtransgenic mice after LPS treatment. Top panel
shows apoA-I (triangles), NFR-CETP/apoA-I (open circles), and mT-
CETP/apoA-I (closed circles) mice after saline injection. Bottom panel
shows apoA-I (triangles), NFR-CETP/apoA-I (open circles), and mT-
CETP/apoA-I (closed circles) mice 24 h after intraperitoneal LPS (200
jg). Fast protein liquid chromatography was performed with 200 jil of
pooled plasma from 4 to 6 mice per treatment group.

terol was most increased in mT-CETP/apoA-I mice > NFR-
CETP/apoA-I mice > apo A-I mice. These results are consis-
tent with increased CETP activity in the mT-CETP/apo A-I
mice, but decreased activity in the NFR-CETP/apoA-I mice.

The effects of LPS on HDL cholesterol in NFR-CETPTg
mice were larger than anticipated (Fig. 6), since in other models
(rabbits injected with CETPmAb) CETPinhibition of > 80%
was needed to produce a doubling of HDL-cholesterol (30),
and the decrease in CETPmass 24 h after LPS was only - 25%
in the experiments on Fig. 6. Thus, changes in plasma CETP
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Figure 7. Change in plasma CETPactivity and concentration in NFR-
CETPTg mice after LPS injection. NFR-CETPTg mice (line 5203)
were injected with LPS (200 pg) intraperitoneally. Plasma CETPactiv-
ity (open circles) was measured in diluted plasma using an in vitro
isotopic assay. Plasma CETPconcentration (closed circles) was deter-
mined by RIA. CETPactivity and concentration are expressed as per-
centage of values in saline-treated controls. Baseline plasma CETPcon-
centration was 3.0±0.2 Mg/ml and baseline plasma CETP activity was
388 cpm transferred/h per Ml plasma. *P < 0.01 activity vs concentra-
tion.

activity were compared to those in CETPmass. In NFR-CETP
Tg mice receiving 200 ig LPS, there was a disproportionate
decrease in plasma CETP activity compared to plasma CETP
mass (Fig. 7). Expressed as a percentage of baseline, plasma
CETP activity reductions were significantly greater than mass
reductions (P < 0.02). By contrast, plasma CETPactivity and
mass measurements were found to be parallel after corticoste-
roid injection (not shown). To examine the possibility that
LPS might directly inactivate CETP, LPS was added to mouse
plasma and CETP activity was assayed. LPS was found to be
a potent inhibitor of CETPactivity (Fig. 8). Since the activity
assay uses precipitation of lipoproteins to separate HDL from
apoB-containing particles, experiments were conducted to en-
sure that the apparent loss of activity was not due to altered
lipoprotein precipitability. These experiments confirmed that
LPS did not alter the measured activity of CETPwhen added
at the end of the assay, showing that the observed inhibition
was not an artifact of altered lipoprotein precipitability (Table
III). The inhibitory effects of LPS could be overcome by in-
creasing substrate (HDL) concentrations in the assay (not
shown). More detailed dose-response studies at lower LPS con-
centrations, carried out in the linear range of the assay, indicated
that the IC50 was -1 jIg LPS (1.3 MM) when LPS was added
to plasma of line 5171 mice, and 3 jg LPS (3.75 jM) when
added to plasma of the higher expressing line 5203. The higher
ICm in plasma with higher CETP concentration is consistent
with a direct interaction between CETPand LPS.

Discussion

LPS administration caused a profound decrease in hepatic CETP
mRNA, decreased plasma CETP, and increased HDL in mice
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Figure 8. The effect of LPS on CETPactivity in vitro. The CETP
activity assay was performed by isotopic assay using 2 ,1I of mouse
plasma (containing 13 ng CETP) with added human VLDL + LDL
(100 Ag cholesterol), and 10,000 cpm of human HDL (9 gg choles-
terol). LPS was diluted in sterile saline and added to the reaction mix-
ture, in a total reaction vol of 80 ul and incubated at 37°C for 3 h. Apo
B-containing lipoproteins were precipitated with a heparin-manganese
cocktail containing BSA.

expressing a CETPtransgene linked to its natural flanking se-
quences. Similar responses were produced by corticosteroid
treatment and the response to LPS was abolished in adrenalecto-
mized mice, indicating that the effects of LPS on hepatic CETP
mRNAare mediated primarily by adrenal corticosteroid release.
This contributes to decreased plasma CETP levels after LPS
administration, but there also appear to be additional effects
of LPS to decrease plasma CETPmass and activity, probably
reflecting direct interactions between CETPand LPS. In species
expressing CETP, such as humans, the decrease in plasma CETP
activity may help to preserve HDLlevels after exposure to LPS.
HDLmay have protective effects in animals or humans exposed
to LPS as a result of binding LPS; HDL may also help to
maintain adrenal cholesterol stores.

In NFR-CETPTg mice the LPS and corticosteroid-induced
decrease in plasma CETPlevels were mediated at least in part
by marked decreases in hepatic CETPmRNAlevels. Hepatic
synthesis is thought to be the main source of plasma CETP in
primates, and plasma CETPlevels are well correlated with liver
CETPmRNAlevels (31 ). Thus, the decrease in hepatic CETP
mRNAis a plausible mechanism to explain the decrease in
plasma CETP in response to steroids.

Even though the decrease in hepatic CETP mRNAwas
equivalent after LPS or cortisone administration (compare with
Figs. 1 and 2), cortisone produced more limited reductions
in 8 h plasma CETP levels (15-20%) than LPS (40-60%),
suggesting additional mechanisms producing the LPS effect,
particularly at higher doses of LPS. These additional effects
might be secondary to a direct interaction between CETP and
LPS. LPS was found to be an inhibitor of CETP activity both
in vitro and in vivo. LPS caused a disproportionate reduction
in CETP activity compared to mass when injected into NFR-
CETPTg mice, suggesting a direct action of LPS on CETPor
its lipoprotein substrates. This was confirmed by addition of
LPS to plasma. Dose-response experiments indicated that LPS
concentrations of 1-4 usM can produce 50% inhibition of
plasma CETP activity. Given efficient absorption of LPS into

Average cpm in
supernatant CETPactivity

Control +CETP (cpm transferred 2.5 h)

Without LPS 3,025±41 2,439±21 587±21
+ LPS in precipitation 2,995±104 2,458±71 537±70
+ LPS during incubation 2,950±91 3,113±54* -163±54

CETPactivity assay was measured by isotopic assay using 1 jil of mouse plasma
(containing 5 ng CETP) or 1 jIl of Tris-saline-EDTA with added human VLDL
+ LDL (100 HIg cholesterol) and human HDL(9 jig cholesterol; 10,000 cpm in
cholesteryl ester, n = 4). LPS (7 jig) was diluted in sterile saline and added just
before incubation or in the precipitation cocktail. The total reaction vol was 80
tA and the incubation was at 37TC for 2.5 h. Values are expressed as the
mean±SEMof cpm remaining in 1 ml of superntant after precipitation of apo
B-containing lipoproteins with heparin-manganese cocktail containing BSA. * P
s 0.001 vs without LPS, or LPS in precipitation.

plasma (32), the in vitro experiments predict that inhibitory
effects would be anticipated at the higher doses of LPS used in
this study (200 l.g), consistent with observed in vivo effects.
CETPis related to a family of LPS-binding proteins, including
the plasma lipopolysaccharide-binding protein and the neutro-
phil bactericidal permeability-increasing protein (33). There is
a direct, high affinity interaction between pure CETPand LPS
(Tobias, P., R. Ulevitich, P. Kussie, and A. Tall, unpublished
observation). LPS micelles in plasma might compete with HDL
for CETPbinding, leading to reduced activity and accelerated
clearance of CETP from plasma.

The effect of corticosteroids on CETP mRNAwas rapid
and was not associated with any significant change in CETP
gene transcription (Table II). Although there was considerable
imprecision in this assay, in earlier studies using the same assay
conditions we were readily able to detect an increase in CETP
gene transcription, mediating a fourfold increase in hepatic
CETPmRNAin response to increased dietary cholesterol ( 16).
Thus, we conclude that the decrease in hepatic CETPmRNA
in response to corticosteroids was due to a posttranscriptional
mechanism, such as decreased processing or transport of nuclear
transcripts, or decreased mRNAstability.

After lower dose LPS administration, an acute decrease in
hepatic CETP mRNAabundance was followed by a gradual
recovery then an overshoot to levels above baseline, with paral-
lel effects on plasma CETP levels (Fig. 1). CETPmRNAin
peripheral organs was also increased 48 h after LPS injection.
The parallel increase in liver and peripheral organs at 48 h could
indicate a common response to a plasma factor. An equivalent
increase in hepatic and peripheral CETPmRNAwas not pro-
duced by cortisone injection, indicating the factor was not corti-
costeroids. The gradual increase in hepatic and peripheral CETP
mRNAis reminiscent of the increase in CETPgene expression
in response to dietary hypercholesterolemia. One possible ex-
planation for these findings is that the increase in CETPmRNA
represents a response to the hyperlipidemia that develops in
response to LPS (Fig. 6). The decrease in plasma CETPfol-
lowed by a rebound suggests an acute inhibition of reverse
cholesterol transport mediated by CETP (1, 6), followed by a
recovery phase in which reverse cholesterol transport is in-
creased.

One of the earliest responses to endotoxin is an increase in
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plasma VLDL concentrations. This has been proposed to repre-
sent the mobilization of peripheral energy stores to fuel the
body's response to the infectious challenge (34). The mecha-
nisms of this response include both increased hepatic triglycer-
ide production, as well as decreased lipolysis, with increased
hepatic production representing the dominant mechanism at
lower endotoxin doses (35, 36). However, since hypertriglycer-
idemia is usually associated with decreased HDL levels due to
CETP-mediated lipid exchange (37), it might be anticipated
that the hypertriglyceridemia would produce a decrease in HDL
cholesterol concentration in animals with normal plasma CETP
activity. The availability of both NFR-CETPTg mice and mT-
CETPTg mice allowed us to compare the lipoprotein responses
to LPS in animals with opposite CETPresponses to LPS. These
studies showed marked increases in HDL cholesterol in the
former group vs decreases in HDL cholesterol in the latter
group (Fig. 6). After LPS injection, there were relatively minor
changes in HDL cholesterol in the apoA-I transgenic mice.
These observations suggest that the decrease in CETPcould be
a major mechanism for regulating HDL concentration during
endotoxin shock.

Recently, it has been shown that human apoA-I Tg mice
are more resistant to endotoxin than nontransgenic mice (32),
reflecting the ability of HDL to bind LPS (32, 38). The down-
regulation of CETPin response to LPS increases HDLand may
thus modify the biological response to LPS. The preservation
of HDLmay also help to maintain or increase adrenal corticoste-
roid synthesis during stress (7, 12). A role of HDL in adrenal
physiology is suggested by the recent finding that apoA-I knock-
out mice have depleted adrenal cholesterol stores (Plump, A.,
and J. Breslow, unpublished results). By suppressing CETPand
increasing HDL, adrenal corticosteroid release could provide a
positive feedback mechanism to help ensure the provision of
cholesterol for further corticosteroid synthesis. However, LPS
bound to HDL can be taken up by the adrenal and probably
contribute to adrenal hemorrhage in the Waterhouse-Friderich-
sen syndrome (39). Thus, the overall biological consequences
of LPS binding by HDLare likely to be complex. The suppres-
sion of cytokine synthesis by LPS-mediated corticosteroid re-
lease is generally viewed as a counterregulatory mechanism to
blunt the response to LPS (40). The decrease in plasma CETP
and the resulting increase in HDLmay be viewed as a further
example of the homeostatic modulation of LPS effects by corti-
costeroids.
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