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Abstract

HDL is a group of lipoproteins which play an important role in removing excess cholesterol
from cells and in preventing oxidation of LDL. During infection and inflammation, there are changes
in the composition and function of HDL. During bactenal infection, endotoxin or lipopolysaccharide
(LPS) from 2ram-negative bacteria and lipoteichoic acid (LTA) from gram-positive bacteria can
induce cytokine release causing septic shock in infected patients. Previous studies have shown that
HDL, as part of innate immunity, can bind both LPS and LTA and ameliorate their toxic effects,
resulting in decreased cytokine release. This study was performed to examine the effect of HDL on
the growth of bacteria. HDL was isolated from sera of normal hamsters and LPS-injected hamsters,
and subsequently incubated with bacteria to assess bacterial growth. The results show that both
normal HDL and acute-phase HDL {from LPS-injected animals) could not inhibit the growth of either
gram-negative or gram-positive bacteria. Similarly, apo HDL, the prowcin portion of HDL, could not
inhibit the growth, whereas apolipoprotein A-I (apo A-I), the main protein of HDL, significantly
inhibited the growth of gram-negative Escherichia coli, but not gram-positive Staphylococcus
epidermidis. Our result suggests an important role of apo A-I in the host defense against gram-

negative bactenal infection. Further study in in vivo models is warranted.
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Abstract  Infection and  inflammation induce the acute-
phase response (APR), leading to mudtiple alterations in Iip.id
and lipoprotein metabolism. Plasma triglyeeride levels in-
crease from increased VDL secretion as a result of adipose
tissue lipolais, inereased de novo hepatic fatty acid synthesis,
and supprv.\-.'inn of tauy acid oxidation. With more severe in-
fection, VLML clearance decreases secondary to decreased
lipoprotein lipase and apolipoprotein Ein VLIDL. In rodents,
hypercholesterolemia occurs attributable increasced he-
patic cholesteral synthesis and decreased LDL clearance,
conversion of cholesterol to hile acids, and se-cretion of cho-
lesterol into the bile. Marked alterations in proteins impor-
tant in 1IDE metabolism lead to decreased reverse choles-
terol transpaort and increased cholesterol delivery te immune
cells. Oxidation of 1.D1. and VLD increases, whereas HDLL
becomes a proinammatory molecule. Lipoproteins become
enniched in ceramide, glucosyleeramide, and sphingomy-
clin, enhancing uptake by macrophages. Thus, many of the
changes in lipoproteins are proatherogenic. The molecular
mechanisms underlving the decrcase in many of the proteins
during the APR imvolve coonrdinated decreases in several nu-
clear hormone receptors, inchiding peroxisome proliferator-
activated receptorn, liser X receptor, farnesoid X receptor,
and retinoid X receptor 8l APR-induced alterations initially
protect the host from the harmful offects of bacteria, vi-
ruses. and parasites. However, if prolonged, these changes in
the structure and function of lipoprotcins will contribute 1o
athevogenesis,. Rbovidbhankar, WO MS Ko, B A Memon,
I R Steenaga, v B Moeer, KR Femngold, and ¢ Gagun-
tebd Fitects of infection and intlammation on lipid and lipo-
protein moetabolism: mechanisms and consequences to the
haost. J fzpad Res. 2004 45 1169 1196,
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The acute-phase response (APR), an early, highly com-
ples reaction of the host, is induced by injurions stimuli
mcluding inlecnen and intlammation, trauma, burns,
isc hemic necresis, and malignant growth (1), The APR is

Abbrevianons: ABC ATE bindig cassette; ACC, acety]l CoA car-
Bons Lase . AUS, acvl-€ oA svnithe e, ALDS, acrpred amrnune deficiency
sudione, AP adipocyte 12 ookl apolipoprowsin E, APR, w nte-phise
respronse: BSEE bile salv expont pumgs, CAD, coronary artesy chsease.
CAR, comttunve andeastine receptor; CETP, cholesterv estet tranater
protwne: ONTE aliary nentonopne Bscor; CPT, carmitine palminoy!
tansferase, CRE Crea uve protem: CYPTAL cholesieral Ta-hydroxyl-
e, COYPTBI oswsterol Ta-hvdresviase: CYPHBIL sterol 1% hydioxyl-
we, CYPUTAL, steral 27-hiydroxylae: DR, diredt 1epeat. ERK, extracel-
lular signakrelaed kinase: EL endothehal ipase, FABP. fawy acid
binding protemn; FAS, fatty wod sinthase; FAT, fatty aad tamslorase:
FATT. fatey werd transport protein; FXR, farnesoild X receplor Giloer,
gl osyloermde: GSL, glveosphingolipnd; HIV, human immuancedefi-
vheney virus, HNE hepatoavie nadlear facton: HSL, hormonesonsinve
hpase, ILoneleukin, KB, ket body, RGE, ketatnocyte growth L -
e, LEE. Iipopedyanccharnde bunding protem, LIF beukemu ondatnuory
factar, Lpbad. hpoprotewn Ja). LPC, Ivsaophosphatidstcholine, LPL,
Iipupnotein hpase, LES hipopelsacchande, LRU-L Tiver receptor
homalog- 1 TTA hpowetchone o, LXR iver N receptor, MDRS, mul
ndrug resstance-d, MEK, minogensacuvared protein kinase kinase,
MEPZ, multidrug resistanceassocated pronein-?. NFau B, nudlear fac-
v w B NF L4 nuddear baewon intetleuking, NGF, nenve Kreawth Lo vor,
UIATE. capann anuon ttansporting protein, ox PAFC axidized 1 jralimi-
tnd Darachictomon mgla e b ptesphonlchohne, PAFR placlctactr
vatng factor: FPAF AR, plavcler activating facuor aretvihvdrolase; FRA,
proses kinase A, FETFR, phospholipnd wransfer proten, PONT, fraracx
onase 1 PPAR peroxsome prolfetaoractivated receptar, FIHP,
parathvroad hormone relaied preton. PXR. pregoane X rercplor,
RUT reverse cholesierol immpor, RXR. retmond X terepint. SAA e
utn armvlord A SHE anall betendimer partnes. aFLAL secretory
phosplohipase A, ST wenine pabminalicansferase SR 11 LIS 2 ]
trerpiot class B IOLG s glhvoerude, TLLE Sy prartioseane vt (actor,
I™NE v niesvomis factor, TR tharesd bhormeone e T

This paprer i dedicated G the memory of Iy R, A Memon, de
reased

T lowhom corrempundener should be addrewed

emai grunflee@iiee s e 107 €,
Mnglgdedizea ucst redis TR F

Journal of Lipid Research  Violume $70 a0y 1169



accompanied by specific changes in the concentration of
plasma proteins. Proteins that increase by at least 25%
during the APR are positive acute-phase proteins [e.g.,
C-reactive protein (CRP), serum amyloid A (SAA), and fi-
brinogen], whereas proteins that decrease are negative
acute-phase proteins (e.g., albumin, transferrin, and a-feto-
protein) (1). Changes in acute-phase protein concentra-
tions are largely attributable to alterations in their rate of
synthesis in the liver, although similar changes occur in
extrzhepatic tissues. Microarrays of mouse liver after en-
dotoxin treatment demonsirate that ~7% of the genes re-
spond to endotoxin challenge (2). These changes in
acute-phase proteins are often species specific with regard
to the magnitude and direction of change.

The APR induced during infection/inflammation pro-
tects the host from further injury (1). Changes in acute-
phase proteins neutralize invading microorganisms, mini-
mize the extent of tissue damage, participate in the local
immune response and tissue regeneration. and replen-
ish proteins used in the inflammatory process. These
<hanges, if present for a prolonged period of time, can
lead to detrimental consequences to the host, such as the
development of systemic amyloidosis after chronic infec-
tion or inflammation.

Changes in acute-phase protein synthesis are mediated
by cytokines produced in response to a variety of stimuli
in multiple cell types, including macrophages,. monocytes,
T-lymphocytes. and endothelial cells (1). Key cytokines re-
sponsible for the coordination of both immune and inflam-
matory responses include tumor necrosis factors {TNFx«
and TNF-B). interleukins (ILs), and interferons (IFN-a, -8,
and -y) (1). Redundancy classically occurs in essential
parts of the host response, as severai structurally different
cytokines may exert similar biological cffects even though
they bind to different receptors. Combinations of certain
cytokines produce additive or synergistic effects. whereas
other cytokines may have inhibitory effects, indicating the
complex nature of the host response (3-5).

Infection and inflarnmation are accompanied by similar
cytokine-induced alterations in lipid and lipoprotein me-
tabo!l’ :n. Of note, inflammatory cytokines are increased
and play a pathogenic role in a variety of very common
disorders, such as diabetes, obesity, metabolic syndrome,
hypertension, chronic heart failure, chronic renal failure,
and atherosclerosis {6-12). Many of these disorders dis-
play abnormalities in lipid metabolism that are similar to
those that occur during infection and inflammation.

This review summarizes the changes in lipid and lipopro-
tein during infection/inflammation and their molecular
mechanisms. Most mechanistic studies were carried out in
animal models of infection using endotoxin [lipo-
polysaccharide (LPS5)], a wellcharacterized inducer of cyto-
kines and the APR, or the proinflammatory cytokines (TNF
and IL-1), which mediate the APR, We describe the role of
transcription factors in regulating lipid metabolism during
infection/inflammation. Finally, we discuss both the benefi-
cial effects and deleterious consequences to the host of
APR-induced changes in lipid and lipoprotein metabolism.
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CHANGES IN LIPID AND LIPOPROTEIN
METABOLISM DURING INFECTION
AND INFLAMMATION

An early and consistent metabolic alteration during in-
fection/inflammation is increased serum triglyceride (TG)
levels, characterized by an increase in VLDL levels (13).
Multiple mechanisms produce hypertn'glycerider_nia dur-
ing the APR; several cytokines are capable of Prqducmg these
changes. Whether an increase in g]llCOCOI:'tICO.Id levels dur-
ing infection plays a role in lipid metabolism is unclear.

The effects of infection and inflammation on TG me-
tabolism are similar in all species, whereas changes in cho-
lesterol metabolism differ between rodents and primates.
In rodents., there is an increase in serum total cholesterol
levels and hepatic cholesterol synthesis, whereas nenhuman
primates and humans have either no change or a decrease
in serum cholesternl and LDL levels (13). The mechanisms
underlying this species difference ts not known. HDL lev-
els are decreased in both rodents and primates during the
APR, and there are marked changes in proteins associated
with HDL metabolism (14). Finally, infection produces al-
terations in the compasition and function of lipoproteins,
including changes in sphingolipid concentrations, decreased
reverse cholesterol transport (RCT). and increased oxida-

tion of lipids.

TG metabolism

Patients with gram-negative or gram-positive bacterial
infections and viral infections have increased serum TG
levels (15—17). In animals. administration of LPS. a major
component of the cell wall of gram-negative bacteria, or
lipoteichoic acid (LTA), a component of the cell wall
of gram-pwsitive bacteria. produces hypertriglyceridemia
(18-28) (Table 1). Multiple cvtnkines increase serum TG
levels in rodents and in humans (29—40). The hvperin-
glyceridemic effect of LPS and cytokines is rapid. occur-
ring within 2 h after administration, and is sustained for at
least 24 h (26, 29). The doses of [.LPS or cyvtekines that pro-
duce hypertriglycendemia in rodents are similar to those
that produce fever, anorexia. and chunges in acuie-phase
protein synthesis, suggesting thut hypertriglvceridemia is a
very sensitive, physiological part of the host response to in-
fection rather than a manifestation of toxicity (26).

The increased VLDL is secondary to ecither increased
VLDL production or decrecased VLDL. clearance. depend-
ing upon the dose of LPS (26). At low doses, VI.DL pro-
duction increases as a result of increased hepatic FA
synthesis, activation of adipose tissue lipolysis, and sup-
pression of FA oxidation and ketugenesis. All of these
mechanisms provide more FA substrate in the liver for es-
terification into TG and secretion as VLDL. At higher
doses of LPS, VLLDL clearance is decreased as a result of
decreases in the activity of lipoprotein lipase {LPL), the
enzyme responsible for the catabolism ot TCerich lipopro-
teins, and decrease in levels of apolipoprotem E (apoE).

Serum TG levels are increased hv multiple cvtokines, in-
cluding TNF, IL-1, 1L-2, IL-6. leukemia inhibitory factor



TABLE 1. Effecis of LPS, LTA, and cytokines on TG metabolism in

intact animals

Variable LPS I.TA TNF 1L IL-6 IFN-a IFNwy
Serum TG T T T T T > P
Hepatic FA synthesis T T T T T T “
TG secretion T T T T T ND ND
Lipolysis T T T o T T T
FA oxidation 1l ND 4 Il ND ND ND
Serum ketone body l ND 1 i e Taaoe T
TG clearance o b o — ] ND ND
LPL activity 1 o Lo 1 1 i

IL, interleukin; LPL, lipoprotcin lipase; LPS, lipopolysaccharide;
LTA, lipoteichoic acid; ND, not determined; TG, wiglyceride; TNF, tu-
mor necrosis factor.,

% Low doses.

® High doses.

r Some bul nol most tissucs.

(LIF), ciliary neurotropic factor (CNTF), nerve growth
factor (NGF), keratinocyte growth factor (KGF), plateiet-
activating factor (PAF), and parathyroid hormone-related
protein (PTHrP) (30, 32-39, 41-47) (Table 1), suggesting
redundancy. IL4, an anti-inflammatory cytokine, opposes
the action of some, but not all, of these cylokines (48).
The eftects of cytokines on TG metabolism are likely di-
rect and not mediated by hormones such as insulin, corti-
sol, or catecholamines, as TNF increases serum TG levels
in insulinopenic diabetic animals and adrenalectomized
rats (49, 50). Moreover, TNF also increases serum TG lev-
els under various dietary conditions from high sucrose,
which stimulates endogenous FA synthesis, to high fat,
which suppresses endogenous FA synthesis (51, 52).

Increased VLDI. production. INCREASED DE Novo FAAND TG
sYNTHESIS. LPS and several cytokines, including TNF-c,
TNF-8 (lymphotoxin), IL-1, IL-6, IFN-a, LIF, CNTF, NGF,
PAF, and PTHrP, rapidly induce de novo FA synthesis and
hepatic TG synthesis in rodents {26, 29, 31, 32, 34, 43, 44,
47, 50, 53) (Table 1). Hepatic secretion of apoB also in-
creases (54), resulting in an increased number of VLDL
particles secreted. In contrast, other cytokines, such as
I1-2, 114, and IFN~y, do not stimulate hepatic FA synthe-
sis (31, 48).

TNF rapidly increases hepatic FA synthesis within 1 h af-
ter administration, which is sustained for at least 17 h
(29). The time course for stimulation of hepatic FA syn-
thesis and VLDL secretion is consistent with the time
course for TNF-induced hypertriglyceridemia (29, 55).
However, TNF does not acutely increase the total activity
of the ratelimiting enzymes of FA synthesis [i.e., acetyl
CoA carboxylase (ACC) and FA synthase (FAS)] or alter
the phosphorylation state of ACC, a mechanism that regu-
lates ACC activity (56). Instead, TNF acutely increases in-
tracellular concentrations of citrate, an allosteric activator
of ACC (56) (Fig. 1). IL-1 and IL-6 increase hepatic FA
synthesis by increasing hepatic citrate levels, whereas IFN-a,
which also increases hepatic FA synthesis, has no effect
on citrate levels, suggesting a different mechanism (53).
The stimulatory effects of TNF or IL-1 and IFN-@ on he-
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patic FA synthesis are additive or synergistic, whereas
there is no such synergy between TNF and IL-1 or TNF
and IL-6 (53). Finally, IL-4, an anti-inflammatory cytokine,
inhibits the stimulatory effects of TNF, IL-1, and IL-6 on
hepatic FA synthesis by blocking the increase in hepatic ci-
trate levels (48). In contrast, IL-4 does not block the
stimulatory effect of IFN-a on FA synthesis in liver (48).
Thus, analogous to cytokine regulation of the immune re-
sponse, there are complex interactions among the meta-
bolic effects of cytokines that may be additive, synergistic,
or antagonistic.

The late effects of TNF on hepatic FA synthesis are ac-
companied by modest increases in hepatic ACC and FAS
activities {(56). Late increases in ACC activity in rat liver oc-
cur in a sepsis model induced by cecal ligation and punc-
ture (57). Whether gene expression of ACC and/or FAS
increases in the liver is currently not known.

INCREASED ADIPOSE TISSUE LIPOLYSIS. Adipose tissue li-
polysis also provides FAs for increased hepatic TG synthe-
sis during infection, The mobilized FAs are deliverer! to
the liver and, instead of being oxidized, become reestcri-
fied into TGs and secreted into the circulation as VLDL.

LPS, LTA, and several cytokines induce adipose tissue li-
polysis in both intact animals and 3T3-L1 adipocytes (26,
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Fig. 1. Changes in hepatic FA mctabolism during the acute-phase
response (APR). Lipopolysaccharide (LPS) and cytokines increase
CD36/fatty acid wranslocase (FAT) while decreasing fatty acid-trans-
port protein {FATP} in the liver. CD36/FAT may wansport long
chain FA (LCFA) to cytosol for reesterification, which is enhanced
during infection and inflammation, whereas FATP may transport
FA toward mitochondria for exidation, which is suppressed during
infection. Cytokines, such as tumor necrosis factor and interleu-
kin-1, incrcase hepatic FA synthesis by increasing hepatic citrate
levels. Modest increases in acetyl CoA carboxylase (ACC) and FA
synthase (FAS) are also observed. The expression of carnitine pal-
mitoyl transferase-1 (CPT-1) and CPT-II is decreased during sepsis. In
addition. LPS and cytokines increase the levels of hepatic malonyl
CoA, which further inhibits CPT, the rate-limiting enzyme in FA
oxidation, resulting in decreased FA oxidation and suppressed ketone
body (KB) production in the liver. ACS, acyl-CoA synthetase; CYT,
cytosol; IMM, inner mitochondrial membrane; MM, mitochondrial

matrix; OMM, outer mitochondrial membrane; PM, plasma mem-
brane; TG, wriglyceride.
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28, 34, 37, 43, 45, 52, 58-63). The effects of different cyto-
kines are specific and dependent upon the nutritional sta-
tus of the host (Table 1). TNF acuiely induces lipolysis in
chow-fed but not in sucrose-fed animals (52). 1L-1 does
not stimulate lipolysis; iis effect on serum TG levels is at-
tributable to enhanced hepatic FA synthesis and TG secre-
ton (32). IL-6, LIF, and CNTF, which act through the same
receptor transducer (gpl30), stimulate both hepatic FA
synthesis and adipose tissue lipolysis (34, 43). On the other
hand, KGF stimulates lipolysis but has no effect on hepatic
FA synthesis (45). Finally, both IFN-o and IFN-y stimulate
lipolysis, but those peripherally derived FAs do not con-
tribute to increased TG synthesis in the liver because they
are oxidized, producing ketone bodies (KBs) (63).

Lipolysis in adipose tissue is primarily driven by hor-
mone-sensitive lipase (HSL), which is regulated either by
alteration in its phosphorylation state or by induction of
gene expression. Several cytokines that induce lipolysis,
including TNF, IFN-«, and IFN-y, produce a marked de-
crease in HSL mRNA (64), indicating that gene regula-
tion of HSL does not play a role in cytokine-induced lipol-
ysis. Rather, lipolysis is likely atiributable to phosphorylation
of HSL or its associated proteins. TNF-induced lipolysis in
cultured human adipocytes is associated with the activa-
don of mitogen-activated protein kinase kinase (MEK)-
extracellular signal-related kinase (ERK) (65), leading
to decreases in cyclic nucleotide phosphodiesterase 3B,
an enzyme that hydrolyzes cAMP. Increased intracellular
cAMP consequently activates cAMP-dependent protein ki-
nase A (PKA), which phosphorylates perilipins, phospho-
proteins located at the surface of lipid droplets in adipo-
cytes. Phosphorylation of perilipin A or B modifies lipid
surfaces, allowing access of lipases to the lipid droplets,
promoting lipolysis. Activation of the MFEK-ERK pathway
and PKA has also been shown to phosphorylate HSL and
increase its lipolytic activity (65, 66).

LPS and cytokines may also induce lipolysis by decreas-
ing the expression of acyl-CoA synthetase (ACS) in adi-
pose tissue (64). ACS catalyzes the activation of long-chain
FAs to acyl-CoA esters that are subsequently metabolized
in unabolic or catabolic pathways depending on the type
of tissue, the nutritional status, and the hormonal milieu
of the host. Although FA transport across biological mem-
branes is a bidirectional process, activation of FAs to acyl-
CoA esters prevents the efflux of FAs from cells and hence
renders FA transport unidirectional. In adipose tissue,
ACS is primarily associated with microsomes to support
the synthesis of TG for storage of energy. During the APR,
there is a coordinated decrease in the mRNA expression
of fatty acid transport proteins (FATPs) and ACS mRNA
and activity in adipose tissue (67, 68) that likely prevents
the activation and storage of FAs and may promote the
mobilization of FAs.

DECREASED HEPATIC FA OXIDATION AND KETOGENESIS. Bac-
terial infections are accompanied by the suppression of
hepatic FA oxidation (69, 70). Increased FA substrate pro-
vided by increased hepatic FA synthesis and adipose tissue
lipolysis is then directed away from oxidation and chan-
neled toward reesterification. This concept is supported
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by the demonstration that LPS, TNF. and IL-1 decrease
mitochondrial but increase microsomal ACS activity in the
liver (68). Decreased mitochondrial ACS prevents the acti-
vation of FA for entry into mitochondria for oxidation,
whereas increased microsomal ACS enhances the reesteri-
fication of FAs for TG synthesis.

LPS and cytokines differentially regulate the hepatic
mRNA expression of membrane-associated FATPs in-
volved in the uptake of peripherally derived FAs. LPS and
cytokines increase the expression of CD36/fawy acid
translocase (FAT) while decreasing the mRNA levels of
FATP in the liver, suggesting that these proteins may be in-
volved in directing FAs to different intracellular locations
(67) (Fig. 1). We propose that CD36/FAT transports FAs
to cytosol for reesterification, which is enhanced during
the APR, whereas FATP transports FAs toward mitochon-
dria for oxidation, which is suppressed during the APR.
LPS also decreases the mRNA and protein levels of cyto-
solic fatty acid binding protein (FABP) in liver, heart, and
muscle (71). Because FABPs are thought to facilitate the
transport of FAs to the site of utilization in the cell, the de-
crease in FABP may also contribute to decreased FA oxida-
tion during infection. The fact that TNF does not acutely
increase the activities of regulatory enzymes of TG synthe-
sis, such as glycerol phosphate acyltransferase and diacyl-
glycerol acyltransferase (52), also suggests that the acute
increase in TG synthesis is driven by increased FA sub-
strate.

Mitochondrial ACS converts FA into fatty acyl-CoA,
which is subsequently metabolized by mitochondrial car-
nitine palmitoyl transferase-1 (CPT-I) into acylcamitine.
CPF-II subsequently metabolizes acylcarnitine into acyl-
CoA, which allows FA entrance into the mitochondria,
where it undergoes B-oxidation. Hepatic expression of
both CPT-1, the rate-limiting enzyme for mitochondrial FA
oxidation, and CPT-II is decreased during sepsis (72, 73)
(Fig. 1). LPS, IL-1, and TNF increase levels of hepatic ma-
lonyl-CoA, an allosteric inhibitor of CPT-1, which inhibits
the remaining CPTI, decreasing FA oxidation (74) (Table
1). IFN-a at high doses increases hepatic malonyl-CoA lev-
els {(63), whereas IFN-v does not affect hepatic malonyl-
CoA levels (63).

Given the decrease in FA oxidation, infection is associ-
ated with the suppression of hepatic KB production (69,
70). Serurn KB levels are regulated by their rates of synthe-
sis in the liver and utilization in peripheral tissues. Infec-
tion decreases KB production through the inhibition of
FA oxidation but also likely by increased peripheral KB
utilization.

Various cytokines have different effects on KB metabo-
lism (Table 1). Both TNF and IL-1 acutecly decrease serum
KB levels in mice (30, 74). In the fed state, 11.-1 increases
hepatic malonyl-CoA levels, inhibiting CPT- and prevent-
ing KB production. During fasting, IL-1 inhibits lipolysis,
reducing FA substrate to the liver for KB synthesis (74).
Although TNF increases hepatic malonyl-CoA levels, it
stimuiates peripheral lipolysis, increasing the flux of FA
substrate to the liver, with no net effect on hepatic KB lev-
els (74), suggesting that TNF decreases serum KB through
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Cholesterol metabolism
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Despate a marked imcrease in HMG-CoA reductase activ-
iy, LES only produces a modest increase in bepatic cho-
lesteral svnthesis and serum cholesterol levels (27). The
reason s that LPS produces a decrease in the mRNA ex-
pression and activity of squalene synthase (89), the tirst

TABLE 2 EHedws of LPS.LTA, and cytokines on ¢ holesterol

metabolism in intagt animals

Vanable 1.rs 1TA TNF n-i 1L6 IFNa [FN-y
Serum Cholesterob T, 1= T T.lo 1 t — —
Hepatic cholesteral
synthesis i ND T T ND T
HMUGACoA reducuase
activity T  ND T 1 N ND o
LDL revepior protein L, &% ND o «* ND ND ND
Bile acid synthesis i ND 1 l NI ND ND
Dataa e for rans and mice unless otherwise noted.
? Primuates.
* Hamsters.
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Fig. 2. Changes in cholesterol metabolism during the APR. Infec-
tion and inflammation are associated with an increase in HMG-CoA
reductase, the rate-limiting enzyme in cholesterol synthesis in the
liver. However, there is a decrease in the expression of engymes down-
stream of the mevalonate pathway, including squalenc synthase. As
a result, therce is only a modest increase in hepatic cholesterol syn-
thesis, and other mevalonate metabolites are redirected into non-
sterol pathways, such as dolichols. FPP, farnesyl pyrophosphate.

committed enzyme in cholesterol synthesis located at a
branch point in the mevalonate pathway (Fig. 2), and
other enzymes downsiream of mevalonate pathway ().
Regulation of squalene synthase plays an important role
in regulating the flux of metabolic intermediates Lo the
sterol or nonsterol pathways, which include the synthesis
of retinoids, dolichols, ubiquinone. and prenylated
proteins. It is likely that the LPS-induced increase in HMG-
CoA reductase coupled with a decrease in squalene syn-
thase maintains adequate cholesterol synticsis while redi-
recting mevalonate metabolites into nonsterol pathways
(Fig. 2). Indeed, the synthesis of dolichol phosphate is in-
creased in the liver during inflammation (90, 91}. Dali-
chol is required for the glycosylation of proteins, and the
synthesis of several glycosylated plasma proteins is mark-
edly .-creased in the liver during the APR (90, 91).

Like LPS, several cytokines, including TNF, [L-1, IL-6,
KGF, and NGF, produce a delayed increase in serum cho-
lesterol levels in rodents (29, 32, 34, 44, 45) (Table ).
TNF-a, TNF-B, IL-1, and IFN-y stimulate hepatic choles-
terol synthesis in mice, whereas IFN-a and IL-2 have no
such effect {31). Like LPS, both TNF and IL-1 stimulate
de novo hepatic cholesterol by increasing the activity and
mRNA expression of HMG-CoA reductase (88, 92). TNF
and IL-1 decrease squalene synthase activity and mRNA
expression (89); they may also divert the flux of mevalo-
nate metabolites into nonsterol pathways during the APR.

In primates, including humans, infection/inflamma-
tion decreases serum cholesterol as a result of decreases in
both LDL and HDL cholesterol (16, 17, 24, 25). LPS,
TNF, IL-2, IFN-B, granulocyle-macrophage colony-stimu-
lating factor, and macrophage colony-stimulating factor
decrease serumn cholesterol, whereas IL-1 has no effect
(24, 25, 36, 42, 93-97). The decrease in cholesterol is ac-
companied by a reduction in serum apoB levels.

1174 Journal of Lipid Research Volume 45, 2004

The mechanism by which infection/inflammation de-
creases cholesterol levels has not been thoroughly studied
in intact primates. Most of the mechanistic studies were
performed in vitro using human hepatoma HepG2 cells.
IL-1 inhibits cholesterol synthesis and decreases choles-
terol and apoB secretion, whereas IL-6 increases choles-
terol synthesis but decreases cholesterol secretion (98).
IFN-B also decreases apoB synthesis (99).

1.DI. clearance. In rats, LPS significantly inhibits the clear-
ance of LDL from the circulation (100). LP5 decreases
the expression of hepatic LDL receptor protein (Table 2),
but the decrease in protein levels could not be explained
by changes in mRNA levels, suggesting that postiranscrip-
tional regulation occurs during the APR (101). In a rat
model of gram-negalive sepsis, the rate of apoB degrada-
tion is decreased {87). In hamsters, however, LPS, IL-1,
and TNF either have no elfect or produce aslight increase
in hepatic LDL. receptor mRNA and protein levels (27),
In human HepG2 cells, IL-1 and TNF increase LDL recep-
tor activity (102, 103). The clitferences may explain the
species-specific responsc in cholesterol metabolism com-
monly seen during the APR.

Decreased hepatic cholesterol catabolism and excretion. Equipped
with a number of enzymes and ransporters, hepatocytes
secrete bile salts, phospholipids, cholesterol, nrganic an-
ions. and catioms into the bite. Cholesterol returmned to the
liver is primarily metabolized into bile acids, representing
the major pathway for the elimination of cholesterol from
the body. There are two distinet pathways of bile acid
synthesis in mammalian liver (1HH. 105). The classic or
neutral pathway is initialed by microsomal cholesterol
Tee-hydroxylase (CYP7ALY that converts cholesterol into
TJa-hydroxveholesterol, which is subsequently converted
into primary hile acids. The alternastive or acidic pathwayv is
mitiated by mitochandrial sterol 27-hvdroxyhise (CYP27A1)
that converts cholesterol into 27-hvilroxveholesterol, which
is then converted into 7a 27-dihvdroxyveholesterol by oxy-
sterol 7a-hydroxylase (CYPTBLY and subsequently metab-
olized into primary bile acids. The allermtive pathway
muty contribute as much as H09%. tatotal bile acid ssnthesis
(104, 105). Primary bile acids synthesized in hepatocytes
are conjugated with urine and gheine, At phvsiological
pH. these conjugates exist in the amonic salt form; there-
tore, they are called bide salts. Secrenon of hale salts medi-
ates the solubilization of lipids from the canalicular mem-
brane. resulting in the secretion of biliary phospholipids
and cholesterol.

As polarized cells, hepatocytes contain muliiple trans-
porters at the basolateral (sinusoidal) and apical {cana-
licular) surfaces (106). Basolateral bile salt uptake from
the portal circulation is priunmarily mediated by sodium
taurocholiute-cotransporting  protein, Several organic
anionransporting proteins (OATPO, induding OATPL,
OATP2, and OATEL arc abso invalved insodmm-indepen-
dent bile salt uptake. At the canalicular surtace, bile salt
sceretion into the bile duct is mediated by members of the
ATP binding cassette (ABC)Y <upertamily. An ABC trans-
porter hydrolyzes intraccllulvw ATE 10 tansport biliary
componcits yminst the concentration geadent inte the




bile. The canalicular bile salt export pump (BSEP or
ABCBI11) secretes monovalent bile salts, whereas multi-
drug resistance-associated protein-2 (MRP2 or ABCC2) se-
cretes divalent bile salts. Once secreted into the bile, bile
salts stimulate the secretion of phospholipids and choles-
terol from the canalicular membrane, forming micelles.
Multidrug resistance-3 (MDR3 or ABCB4 in humans or
MDR2 in rodenis) is a phospholipid transporter. Secre-
tion of intact cholesterol into bile is mediated by a het-
erodimer of two ABC transporters, ABCG5 and ABCGS
{107, 108). These iransporters are transcriptionally regu-
lated by a varicty of nuclear hormone receptors (106).
LPS and cytokines decrease the catabolism and excre-
tion of cholesterol. In the liver, LPS markedly decreases
the mRNA expression and activity of CYP7AL, the rate-lim-
iting enzyme in the classic pathway of bile acid synthesis
{109) (Fig. 3). This effect is very rapid, occurring within
90 min of LPS administration, and is sustained for at least
16 h (109). LPS also decreases the mRNA expression and
activity of CYP27A1, the rate-limiting enzyme in the alter-
nalive pathway of bile acid synthesis, and mRNA levels of
CYP7B1 in the liver (110) (Fig. 3). The decreases in
CYP27A1 and CYP7B1 occur 8-16 h after LPS administra-
tion and persist for at least 24 h, suggesting that both the
classic and alternative pathways of bile acid synthesis are
sequentially downregulated during infection and inflam-
mation. Like LPS, both TNF and IL-1 also decrease he-
patic CYP27A1 and CYP7B1 mRNA expression (110).
Infection is associated with intrahepatic cholestasis that
may be attributable to effects on biliary transport. LPS ad-
ministration in rodents reduces bile salt uptake, bile salt
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Fig. 3. Changes in bile acid metabolism during the APR. LPS and
cytokines decrease the catabolism and excretion of cholesterol in
the liver by decreasing the expression and activities of enzymes in
both the classic pathway and the neutral pathway, including choles-
terol 7a-hydroxylase ((YP7AL), sterol 27-hydroxvlase (CYP27ATL).
oxysterol 7a-hydroxylase (CYP7B1). and sterol 12a-hydroxylase.
LPS also decreases the expression of several prowin transporiers in-
volved in the canalicular excretion of bile salts, such as bile salt ex-
port pump (BSEP) and multidrug resistancc-associated protcin-2
(MRP2), and thosc in the hepatocellular uptake of bile salts, in-
cluding sodium 1aurocholatecotransporting protcin and organic
anion-transporting proteins. Furthermore, LPS decreases the ex-
cretion of cholesterol and phospholipids into the bile by downregu-
lating ABCG5/ABCGR and multidrug resistance-3 (MDR3), respec-
tively.

secretion, and bile flow, which are mediated by decreases
in the expression of several transporters involved in
the hepatocellular uptake, including NCTP, OATP1, and
OATP?2 (111-114), and canalicular excretion of bile salts,
including BSEP and MRP2 (114, 115). LPS and cytokines
also decrease the expression of MDR2 in rats, which medi-
ates phospholipid secretion into bile (114, 116). More-
over, LPS coordinately decreases hepatocyte mRNA levels
for ABCG5 and ABCGS8, which mediate cholesterol excre-
tion into the bile (117). Thus, biliary secretion of bile
salts, phospholipids, and cholesterol are all impaired dur-
ing infection. Figure 3 summarizes the effect of APR on
bile acid metabolism.

The coordinated downregulation of both pathways of
bile acid synthesis during the APR is in contrast to most
other situations, including studies in knockout animals, in
which during the suppression or absence of one pathway
of bile acid synthesis the enzymes of the other pathway are
upregulaled to compensate for the deficiency. The de-
creases in the regulatory enzymes of both . classic and
alternative pathways of bile acid synthesis as well as the de-
crease in ABCG5 and ABCGS8 induced by LPS and cyto-
kines suggest that during infection the body's need to
conserve cholesterol is so essential that all of these path-
ways are downregulated to limit the elimination of choles-
terol from the body. A decrease in cholesterol catabolism
would mzke cholesterol more available for hepatic lipo-
protein production.

Lipoprotein fa]. Lipoprotein [a] {(Lpla)} is a distinct lipo-
protein consisting of an LDL particle attached to apo(a]
that is present in primates but not in rodents and most
other species (118). Lp(a] is cholesterolrich; increased
serum levels have been associated with a higher risk for
atherosclerosis. The physiological role of Lpla] is not
known, but it is thought to be involved in wound healing.
The structure of apo[a] resembles plasminogen, and
apo[a] has been found in the lesions during early stages
of wound healing. Alternatively, Lp[a] may act as a scaven-
ger of oxidized lipids, as Lp[a] contains platelet-activating
factor acetylhydrolase (PAF-AH) (119), an enzym:e that in-
acuvates PAF and oxidized lipids.

Whether Lp[a] is an acute-phase reactant is unclear.
Some studies showed that levels of Lpl[a] are increased
during stress (120, 121), whereas others reported no
changes or a reduction (122, 123). These conflicting data
may be attributable to the specificity of the assays used to
measure Lp[a] levels or to interindividual variation in
plasma Lp[a] levels in the population.

HDL metabolism and decreased RCT. During infection and in-
flammatian, there is a marked decrease in serum levels of
HDL and apoA-I (16, 17, 27, 124), Furthermore, circulat-
ing HDL during infection, known as acute-phase HDL,
has different characteristics from normal HDL. Acute-
phase HDL is larger than normal HDL,, its radius extend-
ing into the HDL, range, bul it has a density comparable
to that of HDL; (125). Acute-phase HDL is depleted in
cholesteryl ester but enriched in free cholesterol, TG, and
free FAs (24, 25, 27, 125-127). The phosphclipid content
of acute-phase HDL was increased in some studies (24,
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27) but decreased in others (124, 125). In patients who
underwent bypass surgery, acute-phase HDL had the same
phospholipid-neutral lipid ratio, a decrease in phospha-
tidylethanolamine and phosphatidylinositol, and an in-
crease in isoprostane-containing phosphatidylcholine and
lysophosphatidylcholine (LPC) (127). In humans, there
was a decrease in HDL sphingomyelin content (127), but
an increase was observed in hamsters (128).

The hallmark of acute-phase HDL is an increase in
apoSAA (24, 124, 125, 129, 130) and a decrease in apoA-
content (24, 124, 127, 130) (Table 3). The content of
apoA-Il and apoCs is decreased (24, 124, 130, 131),
whereas apoE is found to be increased in some studies
(24, 132) but decreased in others {130). HDL-associated
apa] is increased during inflammation and infection in ro-
dents and humans (133-135). In contrast, several other
proteins, including LCAT (24, 25, 136), cholesteryl ester
transfer protein (CETP) (137, 138), hepatic lipase (HL)
(139). and paraoxonase 1 (PON1) (134, 140), are de-
creased during the APR. The activity of HDL-associated
plasma PAF-AH is acutely increased during inflammation
in several rodent species (141), but a late decrease has
also been reported in rabbits and mice (134, 135). Phos-
pholipid transfer protein (PLTP) is decreased in rats in-
Jected with LPS (142), but data in humans are conflicting
(132, 143). Finally, secretory phospholipase A; {(sPLA,). a
phospholipase enzyme that hydrolyzes phospholipids in
HDL, and LPS-binding protein (LBP) are markedly in-
duced during infection and inflammation (144). SAA-rich
HDL particles that are devoid of apoA-I have also been re-
ported (145). We recently found that apoA-IV and apoA-V
levels are increased in acute-phase HDL (our unpublished
observations).

Although it is well established that infection and inflam-
mation are associated with a reduction in serumm HDL and
apoA-I levels, the exact mechanism has not vet been estab-
lished. Because apoSAA can displace apoA-l from HDL
(146, 147) and apoSAA-rich HDL particles are rapidly
cleared from the circulation (148}, it has been assumed

TABLE 3. Changes in proteins involved in HDL metabolism during infection and inflammation

Proteins

that the several-fold increase in apoSAA contentin HDL is
the mechanism for the decrease in apoA-I and HDL lev-
els. However, we have shown that the decrease in HDL is
very rapid, occurring before the increase in SAA (136).
Furthermore,. a study in mice in which apoSAA levels were
markedly increased to levels comparable to those seen in
infection found no changes in HDL cholesterol or apoA-1
levels {149). Thus, high levels of SAA per se do not de-
crease HDL or apoA-l lcvels in the absence of the other
changes that occur during infection and inflammation.

An increase in sPLA, has also been proposed to contrib-
ute to the reduction in HDL during infection/inflamma-
tion. Mice overexpressing sPLA; have reduced HDL
concentrations (150), and HDL from these mice is cata-
bolized more rapidly than HDL from normal mice (151).
Although apoSAA is known to activate sPLAy, overexpres-
sion of SAA in addition to sPLA; does not cause a greater
reduction in the levels of HDL or apoA- (152), further
suggesting that the reduction of HDL during infection is
not caused by an increase in apoSAA.

Endothelial lipase (EL) has been shown to regulate
HDL metabolism (153-155). EL is synthesized by the en-
dothelial cells and possesses phospholipase A-1 activity.
Overexpression of El. reduces HDL cholesterol levels
(153), whercas inhibition of EL increases HDL levels
{156). Treatment of cultured endathelial cells with TNF-a
or IL-1B has been shown o increase the expression of EL
(157). If similar effects occur in viva, it may provide an-
other mechanism for the reduction in HDL levels during
infection.

The decrease in LCAT activity during infection may de-
crease HDIL. cholesterol levels caused by impaired esterifi-
cation, similar to what is found in humans or animals with
mutations in the LCAT genc (1538). The decrease in HL
may reduce pre-B HDL generation. Morcover, TG enrich-
ment of HDL during infection may teud to the rapid clear-
ance of apoA-l (159). Which of these changes contributes
to the reduction of HDL and apoA-T during the APR is not
yet established, but none uccounts tor the early decrease.

Incrcased
Apolipoprotein serum amyioid A
Secretory phospholipase Aq

Decreases cholesierol uptake by hepatocytes; increases cholesterol uptake inw macrophages
Decreases phospholipid content of HDL and impairs cholesterol removal from cells

Increases lysophosphatidylcholine production

Increases neuratization of endotoxin by HDL

Increases cholesterol delivery (o cells' redirects endotoxin from macrophages to hepatocytes
Decreases endotoxin-induced stimuli tion of monocytes

Apo] Not known
PAF-AH
LPS binding proicin
ApoE
ApoA-IV
ApoA-V Not known
Ceruloplasmin Enhances LDL oxidation
Decreased
ApoA-l Impairs cholesierol removal from cells
ApoA-Il Not known
LCAT Impairs cholesterol remaoval froin cells
CETP

Hepatic lipase
Paraoxonase 1
Transferrin

Impairs cholesterol transfer W apoB-conwining lipoprotems
Decreases pre-f HDL generation

Dccreases the ability of HDL 16 protect against LD oxidation
Decreases the ability of HDL to protect against LD enadadion

apo], apolipoprowcin J; CETP, cholesteryl ester transfer protein; PAF-AH, plateleractivating lactor acewihydroluse.
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HDL metabolism is tightly linked to RCT, a1 process by
which cholesterol is removed from peripheral cells and
transported to the liver {or imetabolism and/or excretion
{160. 161). Scveral HDL-associated proteins and a num-
ber of cell surface receptlors play a key role in RCT (Fig.
4). ApoA-1 on HDL and ABCAL in the plasma membrane
are required for apolipuprotein-mediated cholesterol ef-
flux. Subsequently, LCAT. which converts free cholesterol
on HDL into cholesteryl ester, assists in cholesterol efflux
by an aqueous diffusion mechanism. CETP then mediates
the exchange of cholesteryl ester in HDL for TG in TG-
rich lipoproteins. PLTP transfers phospholipids from TG-
rich lipoproteins into HDL. and promotes the remodeling
of HDL. HL. hydrolyzes TG and phospholipids in large
a-HDL, generating small prc-3 HDL particles that are effi-
cient acceptors of cholesterol from plasma membrane. In
the liver, scavenger receptor class B type | (SR-Bl) plays
a key role in the sclective uptake of cholesteryl ester,
whereas the B-chain of ATP synthase mediates endocytosis
of HDL particles.

During infection and inflammation, there is a reduc-
tion in RCT attributable to multiple changes at each step
in the pathway (Fig. 4). ABCAl mRNA and protein levels
in macrophages are decrcased by LPS and cytokines (117,
162), impairing cholesterol etflux from cells. The decreases
in apoA-l, HDL, and LCAT impair the acceptance of cellu-
lar cholesterol (163). The decrease in CETP activity limits
the transfer of cholestery] ester to TG-rich lipoproteins,
further retarding the RCT pathway (138). HL activity is
decreased (139), which would reduce the generation of
pre-p HDL particles. In addition, during the APR, mRNA
expression and protein levels of SR-Bl in the liver are mark-
edly decreased, which is accompanied by decreased cho-
lesteryl ester uptake into hepatocytes (164). Therefore,
during infection and inflammation, RCT is affected at the
level of cholesterol removal from cells, transfer among
particles, and uptake by the liver.

Liver ______.-—---) Frebets HDL

LDL-R T Periphersi cell
LRP
0 Alpha DL
TG CE
|CETP

Apo B-caniaining lipoproteins

Fig. 4. Changes in reverse cholesterol transport during the APR.
LPS and cytokines decrease ABCA] and cholesterol efflux from pe-
ripheral cells to HDL. LPS also decreases several cnzymes involved
in HDL metabolism, including LCAT, cholesteryl ester transfer pro-
tein (CETP), and hepalic lipase (HL). In addition, LPS and cyto-
kines downregulatc hepatic scavenger receptor class B type I (SR-
BI), resulting in a decrease in cholesteryl ester (CE) uptake into
the liver. FC, free cholesterol; LDL-R, LDL receptor; LRP, LDL re-
ceptor related protein; PLTP, phospholipid transfer protein.
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Sphingolipid metabolism

Sphingolipids such as ceramide and sphingomyelin are
important constituents of plasma membranes. Glyco-
sphingolipids (GSLs) are complex sphingolipids that con-
tain a hydrophobic ceramide moiety and a hydrophilic oli-
gosaccharide residue. Both sphingolipids and GSLs are
components of plasma lipoproteins and are involved in
several biological processes, including cell recognition
and proliferation, signal transduction, interaction with
bacterial toxins, and modulation of the immune response.

The metabolism of sphingolipids and GSLs is altered
during infection and inflammation. LPS stimulates he-
patic ceramide and sphingomyelin synthesis by increasing
the mRNA expression and activity of serine palmitoyl-
transferase (SPT), the first and rate-limiting enzyme in
sphingolipid synthesis that catalyzes the condensation of
serine with palmitoyl-CoA (128) (Fig. 5). LPS increascs
the transcription rate, mRNA expression, and activity of
glucosylceramide (GlcCer) synthase, the first committed
enzyme in the GSL synthesis pathway, in the liver {165).
GlcCer is the precursor of all neutral GSLs as well ;. -ialic
acid-containing acidic GSLs or gangliosides. The LPS-
induced increase in GleCer expression occurs earlier than
the increase in SPT mRNA levels. [t is possible that the in-
crease in hepatic GleCer production during the APR is
the primary event, which then signals for more substrate,
resulting 1n the induction of SPT and subsequent increase
in ceramide synthesis. This hypothesis is supported by the
fact that steady-siate levels of GlcCer and its distal me-
tabolites, including ceramide trihexoside and ganglioside
GM3, are increased in the liver after LPS treatment (165),
whereas in contrast, the content of ceramide, the sub-
strate for GlcCer synthesis, is decreased in the liver despite
the increase in SPT (165). Like LPS, TNF and IL-1 also in-
crease both SPT and GlcCer mRNA expression in the

Serine + Palmitoy-CoA

3-ketosphinganine
DihydroIphingnnlne

Dihydroceramide

Glucosylceramide &=———————Cerhmide ——————— Sphingosine
ln LCS]  [Corsbrosidase
Llﬂo]ylceramide [ f shtase ) |(sM Synthase) l I Sphi |

Gangliosides Sphingosine 1-P

Sphingomyelin

Fig. 5. Changes in sphingolipid metabolism during the APR. LPS
and cytokines stimulate ceramide (Cer) and sphingomyelin (SM)
synthesis in the liver by increasing the expression and activity of
scrine palmitoyltransferase (SPT), the rate-limiting enzyme in
sphingolipid synthesis. LPS also increases the activity of glucosyl-
ceramide (GC) synthase, the first commitied enzyme in the glyco-
sphingolipid synthesis pathway. As a result, lipoproteins are en-
riched with ceramide, sphingomyelin, and glycosphingolipids. In
addition, LPS and cytokines increase the activity of secretory sphin-
gomyelinase (SMase) in the serum, resulting in increased levels of
ceramide in serum. 1-F, 1-phosphate.
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liver, suggesting that these cvtokines mediate the 1.PS of-
fect (128, 1A5).

Likely as a consequence of the 1PSinduced increase in
hepatic sphingalipid synthesis, all lipoprotemn fractions
isolated from LPStreated animals contain sigimificantly
higher levels of ceramide. sphingomvelin, and GleCer
(I2%). An increase in ceramide content in LDL may en-
hance the susceptibility of LDL. toward aggregation.

LPS also upregulates the mRNA expression and activi-
ties of SPT and GleCer synthase in extrahepatic tissues, in-
cluding spleen and kidney (1663, The content of cer-
amide in spleen or kidney, however, is not increased.
suggesting that newly synthesized ceramide s used as a
substrate to increase GleCer synthesis (166). Specific GSLs
are ligands for a Tcell receptor expressed on natural
killer T-lvimphocytes. and GSLs stimulate the proliferation
of specific subsets of lymphocytes (167). One can specu-

Tate thit the LPS-inducesd incrense in GSL. contene of

these tissues is used 1o regulate cellular proliferation and
modulate the immune response.

In addition o activating the enzymes that synthesizc
sphingalipids and GSLs, LPS and cytokines also induce
enzymes involved in the hydrolysis of sphingolipids (Fig.
5). Treatment with LPS, TNF, or 1L-]1 acutely increases the
serum activity of secretory sphingomyelinase (168). Se-
rum ceramide levels are increased in animals treated with
LPS and in patients with sepsis (128, 169, 170). The APR
also activates ceramide-metabolizing ensvmes. 111 acii-
vates both neutral and acid ceramidases in cultured rat
hepatocytes, resulting in increased formation of sphingo-
sine (171), whereas in culturced endothelinl cells, TNF in-
duces sphingosine kinase activity and inereases the for-
mation of sphingosine-l-phosphate (17, These stadies
sugpgest that several enzymes involved either in the de
novo synthesis of ceramide and its downstream metabe-
lites or in the hydrolysis of cernmide are induced by LPS
and cytokines. Because ceramide and its metabolites are
involved in sighal transduction and cellular regulation,
pa: e ularly in cells of the immune system, it makes sense
that several anabolic and catabolic pathways of sphin-
golipid metabolism are induced during infection and in-
Hammation to maintain a delicate balance between cer-
amide and its metabolites in the cell. Figure 5 summarizes
the effects of LPS and APR-inducing cytokines on sphin-
golipid and GSL metabolism.

ROLE OF NUCLEAR HORMONE RECEPTORS IN
THE REGULATION OF LIPID METABOLISM
DURING INFECTION AND INFIAMMATION

Nuclear hormone receptors and lipid metabolism

Most, if not all, of the changes in lipid metabolism that
are induced by infection and intlammation are arernibut-
able to changes in gene transcription (13}, The mecha-
nisms by which gene transeription is increased during the
APR have been extensively studied. Class 1 positive acute-
phase proteins are increased by [L-1-tvpe evtokines, whereas
the IL-6 family of cviokines increase class 2 positive acute-
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phase proteins (173 1747 Actnanon of nuclear factor B
INF-kBt and nuclear Lctor mterleukm-6 (NFIL-6) medi-
ates L-l-stimulated increases in acute-phase protem tran-
scription, whereas actvation of NF-IL-tand the Janus ki-
nuse-signal transducers and  activanas of runsenption
pathway mediates 116 Pamil somalation of acute-phase
protein transenption (17400 Much less is understood re-
parding the mechamsm ot the downregulation of tran-
scription of negative acute-phase proteins during the
APR, and many of the changes in lipid imetabolism seen in
intecnon and athanmanon are mediated by decreases in
proteins and then transoripton (13,

Nuclear honmnane receptors are a large fuuily of tan-
seription factors, characterized by a central DINA binding
domain that anzets the receptor o specific DNA se-
quences (response clementsy and a C-erminal portion
that includes a ligand binding domain, which recogmizes
specific hormones, vitunins, drugs, or other lipophilic
compounds (175175 Severnl nuclear hormoene recep-
tors, including the perosiscane proliferator-activited re-
ceptors (PPARs), liver X receptors (LXRs), and farmeseid
X receptor (FXR), hind and are activated by lipids (176-
I181). Furthermore, the increased activity of these recep-
tors regulates the transcription of a large number of genes
involved in multiple aspects of lipid and lipoprotein
metabolisin (182). Because of their abilities to sense intra-
cellular lipid levels and orchestrare changes in lipid me-
tabolisi, these nuclear hormene receptors have been
recognized as liposensors (178). Finally, these liposensors
(PPARs, LXRs, and FXR) heteradimerize with retinoid X
receptors (RXRs) for etficient gene regulation (175). As
discussed in detail below, most of the genes of lipid metab-
olism that decrease during the APR are regulated by these
liposensors and related transcription factors, and the
downregulation of these liposensors plays a key role in
those changes.

Regulation of liposensors during infection
and inflammation

In hamsters and mice. LPS administration decreases
both protein and mRNA levels of RXR-«, -3, and -y in the
liver (183) (Table 4). The decrease in RXR occurs rapidly
(wirthin 4 h) and is sustained. Administering TNF and IL-1
reproduces these LPS cffects. Similar reductions in RXR
isoforms are seen in Hep3B cells treated with TNF and
1L.-1 but not IL-6, indicating that the decreasces are directly
induced by the cytokines (M-8, Kim, ]. K. Shigenaga, A H,
Moser et al., unpublished observations). Furthermore,
LPS administration also significantly reditces the hepatic
nuclear DNA-binding activity of RXR homodimers to an
RXR response clement (183),

In addition to inhibiting the expression of the obligate
liposensor heterothmer partner RXR, LPS and cyto-
kine administratinn also reduces hepatic mRNA levels of
PPAR-a and -y, LXR«, FXR, pregnane X receptor {PXR),
and constitutive androstane reeeptor (CAR) (183-185).
These decreases were associnted with redudctions in nu-
clear binding activity 1o direct repeat-1 (DR-1) PPAR re-
sponse element, a DR-AVLXR response element, and anin-



TABLE 4.

Changes in nuclear hormone receptors and their warget genes involved in FA and TG metabolism

during infection and inflammation

Tissue Nuclear Receptor Target Genes Function
Adipocytes PPAR-y i AP2 | Fatty acid transport (intracellular)
LrL l TG catabolism
FATP Fatty acid transport
CD36/FAT Farty acid and oxidized LDL uptake
ACS | Fatry acid esicrification
Heart PPAR-a { LPL { TG calabolism
PPAR-B/B 1 FATP | Fatty acid iranspon
CD36/FAT | Oxidized LDL uptake
H-FABP 1 Fatty acid ransport (intraceltular)
CPT-IB 1 Fauty acid oxidadon
ACS § Fatty acid csierification
Skeletal muscle PPAR- ? LPL TG catabolism
PPARB/5? FATP | Fatty acid transport
CD36/FAT | Oxidized LDL uptake
H-FABP | Fatty acid transport (intracellular)
ACS L Fauty acid esterification
Liver PPAR« | FATP { Fauty acid transport
PPAR-y | CD36/FAT { Oxidized LDL uptake
H-FABP { Fatty acid wransport {intracetlular)
CPT-la 1 Fatity acid oxidation
FXR | ApoClIl Increascs LPL activity
ApoE | Lipoprotin metabolism

ACS. acyl-CoA synthetase; AP2, adipocyle P2; CPT, camitine palmiwyl transferase; FABP, faity acid binding
protein; FAT, fatty acid wranslocase; FATP, lauy acid uransport proiein; FXR, farmesoid X receptor; H-FABP, heart-

FABP. PPAR, peroxisome proliferalor-activated receplor;

verted repeat-1 FXR response element (183, 184). In
contrast, mRNA levels of PPAR-B/8 and LXR-3 were not
significantly altered in the liver after LPS treatment.

In adipose tissue, PPAR-y levels decrease after the ad-
ministration of LPS or TNF (186) (Table 4). Treatment of
adipocytes in vitro with TNF, IFN-y, and 1L-11 decreases
mRNA levels of PPAR~y (187—-191). The effect of LPS and
cytokines on RXR isoforms and other liposensors in adi-
pose tissue remains to be determined. In cardiac muscle,
our laboratory recently reported that LPS administration
decreases RXR-«a. -8, and -y and PPAR-« and 3/8 expres-
sion (192) (Table 4). To our knowledge, studies of the ef-
fect of inflammation and infection on the expression of
RXR, PPAR, and other liposensors in skeletal muscle have
not been carried out. Lastly, although the levels of lipo-
sensors are regulated in tissues that play a major role in the
alterations of lipid metabolism during the APR, recent stud-
ies by our laboratory have shown that changes in the levels
of RXR, PPARs, and LXRs were not found in the small in-
testine, an organ in which lipid metabolism is not signifi-
cantly altered during infection and inflammation (117).
Thus, liposensor levels specifically change in the tissues
that exhibit changes in lipid metabolism during the APR.

Consequences of decreased expression of liposensors

Although it is likely that many factors influence the di-
verse changes in lipid and lipoprotein metabolism that oc-
cur in response (o infection/inflammation, alterations in
the activity of nuclear hormone receptor liposensors are
likely to play a pivotal role in the coordinated regulation
of FA and cholesterol metabolism that occurs during the
APR, as can be seen by examining the effects on genes
that liposensors are known to regulate.

Khovidhunkit et al. Infection, inflammation, and lipid metabolism

. decreased levels of mRNA after LPS treaument.

FA and TG mewbolism. As discussed earlier, infection/in-
flammation is characterized by an increase in lipolysis and a
decrease in FA oxidation in adipose tissue, contributing to
hypertriglyceridemia (26). PPAR-y has been shown to di-
rectly regulate genes that promote the storage of fat in adi-
pose tissue, including adipocyte P2, LPL, FATP, CD36/FAT,
and ACS (179, 193, 194). As discussed above. during infec-
tion and inflammation the expression of these genes is de-
creased, and it is likely that the reduction in PPAR-y activity
in adipose tissue contributes to the changes in these pro-
teins that would reduce fat storage and enhance lipolysis.

Likewise, downregulation of RXR-a, -8, and -y and
PPAR-a and -B/8 in cardiac muscle would be expected to
reduce FA oxidation. Activation of PPAR-a and -B/5 in-
duces the expression of many key enzymes required for
FA oxidation, including LPL, FATP, CD36/FAT, heart-
FABP (H-FABP), CPTB, and ACS (179, 195-198). One
can postulate that a reduction in PPAR-a and -B/3 activity
in the heart during the APR contributes to the decreased
expression of these genes (67, 68, 71, 199) (Table 4). In
skeletal muscle, there is also a decrease in FA oxidation,
which is associated with a decrease in LPL, FATP, CD36/
FAT, H-FABP, and ACS (67, 68, 71, 200). Whether levels of
RXR-«, -B, and -y and PPAR-« and -B/& change in skeletal
muscle during the APR remains to be determined.

Downregulation of RXR-a, -B, and -y and PPAR-a and -y
in the liver during the APR could also reduce hepatic FA
oxidation, as a number of key PPAR-regulated proteins re-
quired for FA oxidation are decreased, including FATP,
CD36/FAT, liver-FABP, and CPT-la (ACS is decreased in
mitochondria but not in endoplasmic reticulum) {67, 68,
70, 71) (Table 4). In contrast, many proteins involved in
the reesterification of FA and the secretion of VLDL
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from the liver are not decreased and are not regulated by
the PPARs.

Decreased hepatic FXR activity could also contribute to
the increase in serum TGs during infection (184). FXR-
deficient mice have increased serum TG levels (201). and
FXR has been shown to regulate the hepatic expression of
apoC-Il and apoE (202, 203), both of which are decreased
during the APR (85, 184).

Regulation of genc transcription is complex, involving
multiple transcription factors. Therefore, changes in
PPARs. FXR, and RXR are unlikely to be the only tran-
scription factors that regulate the genes of interest during
the APR. For example, Berg, Calnek, and Grinnell (204,
205) have shown that 1L-1- and IL-6-induced decreases in
apoE mRNA levels in HepG2 cells are associated with the
phosphorylation of BK virus enhancer factor-1, a member
of the NF-1 family of nuclear factors, to its isoform Bl. An
increase in Bl is associated, by unknown mechanisms,
with decrcases in apoE mRNA levels (205). Thus. an in-
crease in the Bl isoform coupled with the reduction in
FXR activity during infection and inflammation may to-
gether result in the decrease in apoE expression. Like-
wise, we recently found that PPAR-y coactivating factor-1
(PGC-1), which interacts with PPAR-«, PPAR-y, hepatocyte
nuclear factor-4 (HNF-4), and other nuclear hormone re-
ceplors, is reduced during the APR (M-S. Kim, J. K. Shi-
genaga, A. H. Moser, et al,, unpublished observations).

Thus, decreases in RXR, PPARs, L.XR, and related tran-
scription factors in adipose tissue, muscle, and liver could
be mechanisms by which the characteristic changes in TG
and FA metabolism that occur during infection and in-
flammation are induced.

RCT. RCT is a complex process that involves transport-
ers in peripheral tissues and liver, enzyines and transfer
proteins in the serum, receptors in the liver, the synthesis
of bile acids in the liver, and the secretion of cholesterol

and bile acids into the bile (160, 161). Manv of the pro-
teins essential for RCT are reguliated by liposensors (181),
whose changes could mediate the reduction in RCT that
occurs during infection and inflammmartion.

PERIPHERAL TIssUEs. ABCAL transporters play a domi-
nant role in the movement of cholesterol from cells to HDL
and are regulated by LXR (206-208). Treatment of macro-
phages with LPS or cytokines decreases ABCAL (117, 162).
However, no change in RXR or LXR that could account for
the reduction in ABCAL expression was found in macro-
phages (117, 209) (Table 5). Recently, bactenal infection
was found tw activate Tolllike receptor 4, inhibiting the in-
duction of LXR target genes, including ABCAT (209). This
cruss-tailk berween [LXR and TolHike receptor signaling de-
creases cholesterol efflux from macrophages (209). In addi-
tion, LPS-induced decreases in the expression of CYP27A1
would decrease the production of 27-hydroxycholesterol, a
likely endugenous ligand of LXR. further explaining the ef
fect of 1.PS on LXR target genes (110).

ENZYMFS AND TRANSFER PROTEINS IN THE SERUM. CETP
mediates the transfer of cholesteryl ester from HDL to
apoB-containing lipoproteins (210). CETP expression is
regulated by LXR activity (211); decreased RXR/LXR ac-
tivity in the liver likely contributes to the reduced CETP
expression seen during the APR. PLTP mediates the trans-
fer of phospholipids and cholesterol from TGrich lipo-
proteins to HDL. PLTP expression in the liver is regulated
by FXR activity (212); decreased RXR/FXR activity in the
liver could contribute to the reduction in hepatic PLTP
expression during the APR (142) (Table 5).

RECEPTORS IN THE LIVER. SR-Bl mediates the selective
uptake of cholesteryl esters from HDL into the liver (213).
PPARs and FXR regulate the expression of SR-BI (214,
215). Therefore, the decrease in PPAR/RXR and FXR/
RXR activity in the liver could mediate the decrease in SR-
BI expression during the APR (Table 5).

TABLE 5. Changes in nuclear hormone receptors and their target genes involved in reverse cholesierol
transport during infection and inflammation

Tissue Nuclear Receplor Targel Genes Function
Macrophage LXR ABCAL 1l Cholesterol efflux
Liver LXR { CETF | Cholesteryl esier transfer
ABCG5/ABCGS L Cholesterol and phytosterol efflux
CYP7Al L Bile acid synthesis
FXR ! PLTP | Phospholipid wransfer
MDR-2 | Phospholipid secretion
SHP | Inhibits bile acid synthesis
BSEP | Canalicular bile salt excretion
SR-BI | Cholesteryl ester uptlake
PPARa | MDR2 | Phosphalipid secretion
PXR 1 MDR-2 L Phospholipid secretion
LRH-1 1 CYP7al l Bile acid synthesis
CYPEBI1 | Cholic acid synthesis
HNF-+4 ! CYP8BI1 | Cholic acid synthesis
HNF-1- 1 CYP27al L

Bile acid synthesis

BSEP, bile salt export pump; CYP7AL, cholesterol Ta-hydroxvluse: CYPSBIL. sterol 12a-hydroxylase; CYP27AL.
sterol 27-hydroxylase: HNF, hepatocyte nuclear factor; LRE-1, hver reveptor homolog-1; LXR, liver X receptor,
MDR-2. multidrug resistance-2; PLTP, phosphulipid transfer prowin: PXR, pregnane X recepror; SHI small het
crodimer partner; SR-Bl, scavenger receptor class B ope I e, unchanged: L, deereased.

* Not a nuclear hormone receptor.
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HEPATIC SYNTHESIS OF BILE AciDS. CYP7Al is the key
ratelimiting enzyme in the neutral bile acid synthetic
pathway (105). CYP7AI is regulated by LXR in rodents
and FXR in rodents and humans (216-219). In contrast,
increases in FXR/RXR activation reduce CYP7A1 activity
by increasing small heterodimer partner (SHP), which in
turn blocks the ability of the transcription factor liver re-
ceptor homolog-1 (LRH-1), to stimulate CYP7Al expres-
sion (220).

During infection/inflammmation, RXR, LXR, FXR, SHP,
LRH-1, and other transcription factors decrease, with the
net result being a decrease in CYP7A1 activity, despite the
decreases in FXR and SHP (183, 184). There are several
possible explanations for the decrease in CYP7A1l activ-
ity during the APR. First, LXR/RXR activation may be
a dominant factor in reguladng the transcription of CYP7A1
(221); hence, the reduction in LXR/RXR activity may re-
sult in decreased CYP7Al expression. Second, the de-
crease in FXR/RXR activity and SHP may not be crucial
in the complex setting of inflammation; their decrease
would normally result in an increase in the activity of
LRH-1, but during the APR LRH-1 is independently re-
duced (184), thereby decreasing CYP7Al. Lastly, ex-
pression of CYP7AI1 is regulated by a number of other
transcription factors, such as HNF-4, PXR, and thyroid
hormone receptor (TR) (222); our laboratory and others
have shown that these transcription factors are also down-
regulated during the APR (185, 223, 224). Thus, multiple
factors may produce the decrease in CYP7Al expression
(Table 5).

Sterol 12a-hydroxylase (CYP8BI1) is an enzyme in the
bile synthetic pathway responsible for cholic acid synthesis
(105). Unpublished studies by our laboratory have shown
that mRNA levels of CYP8BI1 decrease after LPS adminis-
tration. Two key transcription factors that increase the ex-
pression of CYP8B1 are LRH-1 and HNF4 (225, 226),
boath of which are decreased during the APR (184, 223,
227), which could account for the decrease in CYP8B1
mRNA (Table 5).

During the APR, expression of CYP27A1, a key enzyme
in both the classic and alternative pathways of bile acid
synthesis, is decreased (110). HNF-1, the transcription fac-
tor regulating the expression of CYP27AI (228), is de-
creased during the APR (110, 227, 229), which could ac-
count for the changes (Table 5). HNF-4 stimulates the
expression of HNF-1; the decrease in HNF-4 that occurs in
the APR could explain the decrease in HNF-1.

SECRETION OF CHOLESTEROL AND BILE ACIDS INTO THE
BILE. As discussed above, the secretion of bile acids into
the bile is mediated by BSEP and MRP2, the secretion of
cholesterol is mediated by ABCG5/ABCGS, and the secre-
tion of phospholipids is mediated by MDR2 (106, 107).
Expression of these transporters is regulated by liposen-
sors. Specifically, FXR activation increases BSEP expres-
sion (230), FXR, PXR, and CAR activation increase MRP2
expression (231), LXR activation increases ABCG5 and
ABCGS expression (232), and PPAR-« activation increases
MDR?2 expression (233). Thus, the decreases in FXR,
LXR, PPAR-, PXR, and CAR during the APR (183-185) are
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likely to contribute to decreases in these transporters and
to decreased secretion of lipids into the bile (Table 5).

As summarized in Tables 4 and 5, these data demon-
strate that the reduction in the nuclear hormone liposen-
sors {PPARs, LXR, and FXR) could account for many of
the changes in lipid and lipoprotein metabolism that oc-
cur during infection and inflammation. However, we have
also shown that changes occur in several related transcrip-
tion factors, and it is likely that other transcription factors
are also involved in the complex regulation that occurs
during the APR. Lastly, as additional regulatory functions
of PPARs, LXR, FXR, RXR, PXR, CAR, and TR are recog-
nized, the decrease in these nuclear hormone receptors
may be shown to mediate other changes in metabolism
that occur during the APR, such as changes in glucose, bil-
irubin, steroid hormone, and drug metabolism.

PROATHEROGENIC CHANGES IN LIPID AND
LIPOPROTEIN METABOLISM DURING
INFECTION AND INFLAMMATION

The forgoing has demonstrated that during the course
of infection and inflamation, a multitude of changes oc-
cur in the structure, composition, and function of lipo-
proteins. Many of these changes in lipoproteins are simi-
lar to thoss proposed to promote atherogenesis. Several
cpidemiological studies have suggested that the risk and/
or incidence of coronary artery disease (CAD) is higher in
patients with infections and/or chronic inflammatory dis-
eases (234-237). Some studies have suggested that spe-
cific infectious agents, such as Chlamydia pneumoniae and
cytomegalovirus, play a direct role in the vessel wall in the
formation of atherosclerotic lesions (238, 239). However,
the prevalence of CAD is also higher in patients with He
licobacter prylori infection, chronic dental infection, chronic
urinary tract infections, and chronic bronchitis, infections
in which the microorganisms are not localized to the ves-
sel wall (24G-242, 242a). The presence of circulating endo-
toxin also predicts future atherosclerosis (242a). Finally,
there is an increased incidence of CAD in patients with in-
flammaltory diseases such as rheumatoid arthritis, psoriasis,
and systemnic lupus erythematosus (243-246). Although all
of these infections and inflammatory conditions have a
distinct etiological origin, they are associated with a com-
mon, sustained systemic APR. In addition, more common
diseases that predispose to atherosclerosis, such as diabe-
tes, obesity, and metabolic syndrome, are also associated with
inflammation (6-10). We have proposed that the APR-
associated structural and functional changes in lipoproteins
could be one possible link between infection/inflamma-
tion and atherosclerosis (14). Because atherosclerosis it-
self is an inflammatory disease and inflammation causes
proatherogenic changes in lipoproteins, a vicious cycle
could develop, resulting in worsening of atherosclerosis.

VLDL metabolism

Evidence is accumulating that TG-rich lipoproteins are
proatherogenic (247-249). VLDLs from hypertriglyceri-
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demic individuals are toxic to endothelial cells (250).
They can interact with LDL receptors and receptors for
apoB-48 on the monocytes/macrophages, resulting in en-
hanced lipid uptake and foam cell formation (251).
VLDLs secreted by the liver after LPS administration are
also enriched in sphingolipids (128). Because sphingomy-
elin enrichment can decrease the clearance of TG-rich
lipoproteins (252), the increase in VLDL sphingolipids
during infection and inflammation can result in the accu-
mulation of atherogenic remnant particles. Thus, the
APR-associated changes in TG and VLDL metabolism can
be proatherogenic.

LDL metabolism

Although circulating levels of total and LDL cholesterol
in humans decrease during infection, other changes in
LDL metabolism could promote atherogenesis. In pa-
tients with acquired immune deficiency syndrome (AIDS),
a decrease in LDL levels is associated with a decrease in
particle size, resulting in small dense LDLs (subclass pal-
tern B) (253). These LDL particles are more proathero-
genic because they have a lower binding affinity for the
LDL receptor, which leads to impaired clearance and in-
creased circulation time for these particles (254). More-
over, small dense LDLs can cross the endothelial barrier
more effectively and bind 1o proteoglycans in the vascular
wall intima, resulting in LDL retention (255), Additionally,
small dense LDLs are more susceptible o oxidative modi-
fications, resulling in rapid uptake and cholesterol aceu-
mulation in the macrophages (236). The increase in small
dense LDLs is likely the consequence of hypertriglyceri-
demia during infection (253).

Oxidalive modification of LDL plays it central role in
the pathogenesis of atherosclerosis (257). We have shown
that the levels of several markers of lipid peraxidation, in-
cluding conjugated diencs, thiobarbituric acid-reactive
substances, lipid hydroperoxides. and LPC, are increased
in serum and/or circulating L.LDL in animais treated with
LPS (258). Moreover, LDL isolated from LPS-treated ani-
mal- is more susceplible to oxidation in vitro (258). Chil-
dren with infection have increased antibodies to oxidized
LDL, and their LLDL may be more susceptible to further
oxidauon in the vessel wall (259),

CRP is a classic acute-phase protein that binds phos-
phorylcholine residues of phospholipids or microbial prod-
ucts (260). CRP is associaled with VLDL and LDL. and is
present in atherosclerotic lesions (261). High levels of
CRP have been shown to be an independent risk factor
for CAD. which is thought to represent the inflammatory
nature of atherosclerosis (262). CRP binds oxidized LDL
and oxidized phospholipids. which then enhances uptake
by macrophages {263), promoting the formation of foam
cells using the oxidized LDL.

During infection and inflatnmation, increases in sPLAg
are likely to promote atherosclerosis. sPLAs hydrolyzes
phospholipids in LDL at the s»2 position. generating
polyunsaturated FAs that can be oxidized (144). These ox-
idized FAs can further modify LDL to yield oxidized LDL..
In addition, sPLAginduced lipolysis of LDL phospholipid
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increases LDL particle fusion and enhances LDL binding
to proteoglycans (264), both of which promote athero-
genesis. Transgenic mice expressing human sPLA4 exhibit
significant atherosclerosis even when maintained on a
low-fat diet (265).

The protein and lipid composition of LDL particles is
altered during infection/inflammation. In humans, the
majority of plasma PAF-AH activity is associated with LDL,
whereas in rodents, most plasma PAF-AH activity is found
on HDL (266). Plasina PAF-AH degrades PAF, a proin-
flammatory phospholipid mediater produced during in-
fection and inflammation. However, PAF-AH also hydrolyzes
lipoprotein-associated phosphatidylcholine. generating LPC,
a molecule that exerts several proatherogenic effects (267-
269). During the LPS and cytokine-induced APR, there is
an acute increase in plasma and [{DL-associated PAF-AH
activity in several rodent species (141). Moreover, in patients
with chronic human immunodeficiency virus (HIV) infec-
tion, plasma PAF-AH activity is increased. mainly in LDL
(270). There is also a marked increase in the LPC content
of circulating LDL in animal models of infection (258). In
humans, circulating levels of PAF-AH are a strong and in-
dependent nisk factor for CAD (271). Thus. increased
plasma PAF-AH activity during the APR could have pro-
atherogenic consequences.

Circulating LDL. is more enriched in several sphingolip-
ids, including sphingomyelin, ceramide, and GleCer, dur-
ing infection/inilammation (27, 125%). Sphingolipid en-
richment may increase the atherogenic potential of LDL,
as LDL isolated frum atheroselerotic lesions is enriched in
sphingomyelin. ceramide, and Gl Cer (272, 273). Plasma
sphingomyelin levels are also inereased in animal models
of atherosclernsis and in humans with CAD (274, 275).
When sphingemyelin un LBL is delivered into the arterial
wall, it can be partly converted inw ceramide by an arte-
rial wall sphingomyelinase. Because LPS and «vtokines in-
crease the circulating levels of seeretory sphingomyelinase
(168). they may ¢nhance the production ot ceramide;
ceramide promotes lipoprotetn aggrepation, stimulating
LDIL. uptake by macrophages (276). Similarly, ceramide-
rich LDL extracted from atheros lerotic lestans is cither
aggregaled or has an increased tenrdenoy oo apgregate
(272). Thus, the various sphingolipids that e increased
during the APR enhance the atherogenicily of lipopro-
eins in multiple ways.

In summary, during infection,/ inthwnmation several
changes occur in L.NL, such as the generation of small
dense LDLs, increased susceptibility toward oxirdation, in-
creased CRP, sPLAyinduced hydrolysis of 1D, phospho-
lipids, high plasma PAF-AH activity, andd LD enrichment
with TG. chaolesterol, LPC, and sphingolipids, These alter-
ations change the structure and tunction of 1.DL., render-
ing it more proatherogenic.

HDL metabolism

Many changes in HD1. metabolism occur during infec-
tion/inflammation that can impair the antiatherogenic
functions of HDL. As discussed above, several HDL-associ-
ated proteins involved in the ROT pathway are decreased,



including apoA-1 LOAT. CETPE, HL., and SR-Bl (Tabie 3).
During the APR. chelesterol remaoval from cells is de-
creased (163, 277, 278) as a result ol o reduction in LCAT
in acute-phase HDLL (163). Moreover, cholesteryl ester de-
livery to hepatocytes is decreased as a resule of a decrease
in SR-Bl (164, 27N, Although an inital decrease in RCT
during the APR may be beneficial as it redirects choles-
terol toward macrophages tor host defense (see below), a
prolonged or sustained APR, as se¢en in chronic infection
and inflammation, may continually impair RCT, thus lead-
ing to cholesteral deposition in macrophages and pro-
moting atherogenesis.

Another key physiological function of HDL is protect-
ing L.DL against oaxidation. Several HDL-associated pro-
teins, including PONI, PON3, ceruloplasmin, transferrin,
and apoA-l. possess antioxidant activity. Their removal or
inactivation increases the susceptibility of LDL toward oxi-
dation (280, 2811, although the in vivo contribution of
cach is not vet established. During infection and inflam-
mation, HDL loses s antioxidant function and becomes
prooxidant (134, 136}

PONs constitute a group of engymes that hydrolyze
phosphaolipids with longer acyl chains and are capable of
prowcting LDE against oxidation in vitro. Depletion of
PON! results in the loss of antoxidant function of HDL,
and addition of PONI restores the protective function of
HDL (134). Lipoproteins isolated from PONl-deficient
mice are more susceptible to oxidation than lipoproteins
isolated fromn their wild-type littennates, and PON1-defi-
cient mice are more susceptible to atherosclerosis, sug-
gesting that PONI plays a role in preventing lipoprotein
oxidation and atherogenesis (281). Acute-phase HDL. has
lower PONI1 activity und is unable to protect LDL against
in vitro oxidation (134). Morcover, during the LPS- and
cytokine-induced APR, hepatic PONT mRNA expression
and serum PON] activity decrease (134, 140), which pre-
cede the appearance of oxidized LDL (258). raising the
possibility that the decreased PONIL activity during the
APR contributes (o the increased LDIL. oxidation in vivo.

Levels of two other HDl.-associaled proteins, cerulo-
plasmin and transferrin, change during infection and
could contribute to increased LDL oxidation. Ceruloplas
min is a copper binding protein whose levels increase dur-
ing the APR (282). Ceruloplasmin increases L.DL oxida-
tion in cell-free systems as well as in cultured cell lines,
suggesting a prooxidant role (283, 284). In conlrast, trans-
ferrin levels decrease during infection (285). Transferrin,
which binds iron, may he antioxidant, as remaoval of HDL
particles that contain transferrin activity reduces the abil-
ity of HDL to protect against LDL oxidation {280). Thus,
three independent changes in HDl -associated proteins, a
decrease in PON activity, an increase in ceruloplasmin,
and a decrease in transferrin, could deplete HDL of its an-
tioxidant function during the APR, converting HDL. into a
prooxidant, proinflammatory, and proatherogenic lipo-
protein that is compounded by its decreased effectiveness
in RCT, enhancing the atherogenic process {Table 3).

There are also direct effects of infection on macro-
phages, which could increase the risk of atherosclerosis.
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LPS and cytokines (TNF and IL-1) actvate macrophages to
accurnulate lipids (286-288). LPS-stimulated macrophages
accumulate more TGs and cholesteryl ester from lipopro-
teins than do unstimulated cells. Chiamydia pneumoniae in-
fection of human-derived macrophages induces foam cell
formation in the presence of LDL (289). Therefore, syn-
ergistic changes in lipoproteins and host cells during in-
fection and inflammation could promote atherogenesis.

BENEFICIAL EFFECTS OF CHANGES IN LIPID AND
LIPOPROTEIN METABOLISM DURING
INFECTION AND INFLAMMATION

We have proposed that the changes in lipid and lipo-
protein metabolism that occur during the host response
to infection/inflammation include antiinfective and anti-
inflammaltory effects that contribute to the host defense
(13). Indeed, there is ample evidence that lipoproteins
are part of innate immunity, the immediate pr:.tection
against infection and inflammation. Below, wu discuss
these actions ol lipoproteins with reference to changes
that occur in the APR,

Lipoproteins and bacterial endotoxin

A humoral component other than antibody and com-
plement was initially found to inactivate LPS in serum
(290, 291). Subsequent studies have shown that lipopro-
teins, including HDL, chylomicrons, VLDL, LDL, and
Lplal. have the ability to bind and neutralize LPS in vitro
(292-300). In addition, lipoproteins can bind LTA and
a-toxin from Staphylococcus aureus (301, 302). When purified
LPS was added to normal human whole blood in vitro, the
majority of LLPS was detected in HDL (60%). followed by
LDL (25%) and VLDL. (12%) (303). Similar results were
found with LTA (304). However. during sepsis, when HDL
levels decrease, LPS binding shifts to VLDL (305, 306).
Isolation of plasma lipoproteins from normal healthy vol-
unteers using strict apyrogenic techniques found LPS as
sociated with VLDL, suggesting that the interaction be-
tween lipoproteins and 1.PS may be operative in vivo and
is not simply attributable to contamination during isola-
tion (295). The use of different anticoagulants for plasma
prcparation (e.g., heparin vs. EDTA) affects the distribu-
tion of LPS among classes of lipoproteins (307).

Binding of LPS 10 lipoproteins protects animals from
L.PS-induced fever, hypotension, and death (292, 293, 295,
308). Infusion of reconstituted HDL protects against en-
dotoxic shock and gram-negative bacteremia in rabbits
(309-311). Improved survival occurs when infusions of
chylomicron or synthetic TG-rich lipid emulsion were
given to animals up to 30 min after LPS, indicating that
lipoproteins may have a therapeutic role during endotox-
emia (312). Additionally, TG-rich lipoproteins protect rats
from death when gram-negative sepsis is induced by cecal
ligation and puncture (313).

Further evidence of lipoprotein protection comes from
models of hypolipidemia or hyperlipidemia. Hypolipi-
demic rats, produced by 4-aminopyrolo-(3,4-0) pyrimide
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(which prevents the hepatic secretion of lipoproteins) or
estradiol (which increases hepatic receptors, leading to in-
creased lipoprotein clearance), are more sensitive to LPS-
induced lethality (314). Administration of exogenous
lipoproteins to these hypolipidemic rats, increasing serum
lipid concentrations into the physiological range, reverses
the increased mortality to levels similar to those of con-
trol animals. In contrast, transgenic mice overexpressing
apoA-1, which have high HDL levels, and LDL receptor-
deficient mice, which have high LDL levels, are resistant
to LPS-induced lethality and severe gram-negative infec-
tions (315, 3186).

Taken together, these animal studies provide strong evi-
dence that circulating lipoproteins play a vital role in host
defense during endotoxemia. Increasing lipoprotein lev-
els may be a viable therapeutic strategy to block or neu-
tralize the toxic effects of LPS. Although the LPS-binding
capacity of lipoproteins is 10- to 1,000-fold above the max-
imal concentrations of LPS observed in patients with sep-
sis, it is not sufficient to inhibit the effects of LPS during
massive infection (315). In the circulation, LPS binds and
activates monocytes more rapidly than lipoprotein bind-
ing and neutralization occur. However, an increase in the
lipoprotein/LPS molar ratio, as occurs during infusion of
lipoproteins, can accelerate the kinetics of the neutraliza-
tion of LPS, providing some advantage (317).

Lipoproteins protect against harmful effects of LPS in
humans. Reconstituted HDL decreases flu-like symptoms,
changes in leukocyte counts, and cytokine release during
endotoxemia (318). When LPS was preincubated with
fasting or hypertriglyceridemic whole blood, the majority
of LPS was bound to lipoproteins and the host response to
LPS was attenuated (319). However, when LPS was in-
fused into the circulation without preincubation, the in-
teraction between leukocytles and LPS was favored. As a
result, TG-rich fat emulsions could not inhibit the inflam-
matory response to LPS in humans (320).

Several potential mechanisms for the protective effect
of lipoproteins against LPS have been found. When lipo-
protein-bound LPS is injected into animals, the fate of
LPS 1. altered. LPS bound to chylomicrons is cleared
more rapidly than LPS alone {308). When LPS enters the
circulation, the liver is the primary site of clearance; LPS
is primarily taken up by hepatic macrophages (Kupffer
cells), which are activated and secrete cytokines. Although
cytokines play a role in host defense, high levels of cyto-
kine secretion are the cause of septic shock. However,
binding of LPS by lipoproteins decreased uptake by he-
patic macrophages and increased uptake by hepatocytes,

resulting in rapid secretion of LPS into the bile (308, 312,

321). Consistent with these findings, circulating levels of
TNF were lower (308). Uptake of chylomicron-bound LPS
into hepatocytes is also associated with the selective inhibi-
ton of NF-xB, a mediator of LPS activation {322).
Similarly, in vitro studies demonstrate that lipoproteins
can prevent the activation of peripheral monocytes/mac-
rophages by LPS, decreasing cytokine synthesis and secre-
tion (323-327). Additionally, infusion of HDL reduces
CD14 expression on monocytes (318). Once LPS is bound
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to monocytes, lipoproteins have been shown to premote
the release of LPS from the cell surface, further attenuat-
ing the cellular response to LPS (328). Collectively, these
studies suggest that lipoproteins can help neutralize the
lethal effects of LPS by accelerating its clearance from the
plasma, redirecting it away from monocytes and macro-
phages, decreasing immune cell activation, and reducing
the release of cytokines, thus attenuating LPS toxicity.

Although it is now established that lipoproteins can
bind and inactivate LPS, the nature of this interaction is
not completely understood. Furthermore, conflicting evi-
dence exists regarding the necessary component(s) of
lipoproteins (lipid vs. protein) that attenuates the toxic
effects of LPS. Lipid emulsions, which are devoid of
proteins, demonstrate LPS-neutralizing effects similar 1o
those of TG-rich lipoproteins, suggesting that the protein
component of the lipoproteins may not be necessary (295,
312, 313). Ultrastructural studies of the LPS-LDL complex
also show that the fatty acyl chain of the toxic lipid A moi-
ety of LPS is inserted into the phospholipid surface of li-
poproteins, thus masking the active site of LPS (329). Fur-
thermore, the phospholipid content. but not cholesterol,
TG, or protein, correlates with the ability of lipoproteins
to neutralize LPS (300). Recently, LPC, an endogenous
phospholipid., was shown 1o protect mice from experi-
mental sepsis (330).

On the other hand, certain proteins associated with
lipoproteins can bind and help modulate the inactivation
of LPS by lipoproteins. These proteins include LBP. PLTP,
apoA-l, apoE, and apoA-IV.

LBP is a positive acute-phase protein carried on lipo-
proteins (331). During infection, the concentration of
LBP in the circulaton increases many-fold. LBP is associ-
ated with HDL, VLDL, LDL., and chylomicrons (332-334).
LBP binds lipid A of LPS, modulating its effect. At low
concentrations, LBP catalyzes the transfer of LPS 10 CD14
on the surface of monocytes and macrophages, resulting
in cellular activation and enhancement of the effects of
LPS. At higher concentrations, however, LBP transfers
LPS 1o lipoproteins, where neutralization occurs (333).
LBP is also produced in the intestine and in the lung,
where it may play a role in local responses 1o bacterial LPS
(335, 336). LBP-deficient mice are more susceptible to
gram-negative bacterial infection (337), whereas systemic
injection of LBP into animals trcated with LPS or infected
with bacteria reduces cytokine release and decreases mor-
tality (338). PLTP, another HDL-associated protein, can
also bind and transfer LPS 10 HDL (339). However, the
role of PLTP in neutralizing the effects of LPS in intact an-
imals is not known.

ApoA-l or apoA-IV alone decreases the activation of
macrophages by LPS (327, 340). LPS preincubated with
apoA-l in vitro reduces the febrile response in animals
(298). Transgenic mice overexpressing apoA-l are resis-
tant to LPS-induced lethality and severe gram-negative in-
fections (315}. Secretion of cytokines from lymphocytes of
apoA-IV transgenic mice was less pronounced than that of
control animalis (340). Similarly, injection of apoE re-
duces the production of cytokines and death induced by



LPS (341). Although apoE-deficient mice have high levels
of cholesterol, they are more susceptible to endotoxemia
and gram-negative infections (342). The facts that high
levels of cholesterol could not protect apoE-deficient mice
from the toxic effects of LPS and that these mice develop
defects in the phagocytic activity of granulocytes suggest
that apoE may have additional effects on the immune sys-
tem (343). It is of interest that macrophages themselves
make and secrete apoE (344). ApoA-IV was recently found
to be increased in HDL during the APR (our unpublished
observations).

Thus, more than one component of lipoproteins may
induce the binding and inactivation of LPS. The interac-
tion between LPS and lipoproteins may involve lipids, but
proteins, such as LBP, may help catalyze the process. The
metabolism of lipoprotein-bound LPS is altered such that
it is shunted away from the activation of the monocytes/
macrophages, ameliorating its toxic effect and accelerat-
ing clearance. The increases in TG-rich lipoproteins and
LBP during sepsis may therefore be beneficial to the host
during bacterial infection.

Besides LPS from gram-negative bacteria, lipoproteins
also neutralize the toxic effects of LTA from gram-positive
bacteria (301). Native lipoproteins or synthetic lipids in-
hibited the activation of macrophages by LTA. Similarly,
this effect of lipoproteins on LTA requires LBP (301).

Lipoproteins, lipoprotein receptors, and viruses

Lipoproteins also bind and neutralize a wide variety of
enveloped and nonenveloped DNA and RNA viruses.
These include New Castle disease virus, Rabies virus, Ve-
sicular stomatitis virus, Japanese encephalitis virus, Ru-
bella virus, Epstein-Barr virus, Herpes simplex virus, HIV,
Simian immunodeticiency virus, Xenotropic virus, Sind-
bis virus, Vaccinia virus, Coxsackie virus, Poliovirus, and
Mengo virus (345-356). VLDL and LDL are particularly
active against certain viruses, such as togaviruses (Japanese
encephalitis virus and Rubella virus) and rhabdoviruses
(Rabies virus and Vesicular stomatitis virus), whereas HDL
displays a broader antiviral activity (347, 349, 356). How-
ever, it is estimated that HDL accounts for only a modest
degree of total antiviral activity in serum (356).

When lipoproteins were separated into lipid and pro-
tein components, it was found that neutralization of some
viruses was attributable to lipid moieties, especially phos-
pholipid and cholesterol (351, 357-360). However, apo-
lipaproteins also bind and inactivate viruses. Certain viruses
possess envelope glycoproteins that contain amphipathic
a-helix peptides. Because apoA-1 and synthetic amphi-
pathic peptide analogs inhibit virus-induced cell fusion
(352), it has been proposed that the amphipathic pep-
tides of apoA-1 and other apolipoproteins may interfere
with membrane fusion and entry of the virus into the host
cell. Displacement of apoA-1 on HDL by apoSAA during
infection may provide free apoA-l for this purpose. When
cells were infected with viruses in the presence of HDL, vi-
ruses were retained on the cell surface, suggesting that
HDL inhibits viral penetration into cells (356).
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Cellular GSLs are exploited as receptors by a number of
microorganisms, including viruses and bacteria (361).
Because acute-phase lipoproteins are enriched in GSLs
(128), they may prevent the entry of these organisms.

Viral infection leads to the induction of IFNs, which in
turn induce several antiviral proteins. One of these pro-
teins is a soluble form of LDL receptor comprising the
ligand binding domain, which displays antiviral activity
by interfering with virus assembly or budding (362). A
recombinant soluble LDL receptor fragment has been
found to inhibit human rhinovirus infection (363). An in-
crease in LDL in rodents during infection may help com-
pete with viruses for cellular uptake, protecting the host
against viral infection. Besides soluble LDL receptor, cells
infected with virus also shed a VLDL receptor fragment
that binds human rhinovirus, inhibiting viral infection of
cells (364). Because viruses, such as rhinovirus and hepati-
tis C virus, use the LDL receptor for entry into cells (365,
366), the increases in VLLDL in all animal species and in-
creases in LDL in rodents may heip compete with these or
similar viruses for cellular uptake, protecting th. host
against viral infection.

Lipoproteins and parasites

Lipoproteins protect from certain parasitic infections.
Trypanosomes are unicellular parasites that cause sleep-
ing sickncss in animals. Humans are susceptible to infec-
tion by Trypanosoma brucei rhodesiense and Trypanosoma bru-
cei gambiense. However, the closely related subspecies
Trypanosoma brucei brucei does not cause infection in hu-
mans because those trypanosomes are subject to lysis by
human serum. Two distinct serum trypanosome lytic fac-
tors (TLFs)., TLF1 and TLF2, have been characterized
(367). TLF1 is a subset of lipid-rich HDL that contains
mostly apoA-I and haptoglobin-related protein with trace
amounts of apoA-1I, haptoglobin, and PON. TLF2, in con-
trast, is a lipid-poor lipoprotein compiex composed of
apoA-1, haptoglobin-related protein, and immunoglobu-
lin M. TLF2 accounts for most of the TLF activity in se-
rum, as physiological levels of haptoglobin present in
serum inhibit endogenous TLF1 activity (367). The mech-
anism of trypanolysis by TLFs is currently not known;
evidence does not support the hypothesis that peroxida-
tion is involved (368). Recent work implicates apol-1,
another HDL-associated protein, as a TLF in serum (369).
Apol-l interacts with serum resistance-associated protein
in the lysosome of trypanosomes. Depletion of apoL-k
from normal serum abolished the trypanolytic activity,
whercas addition of native or recombinant apoL-l re-
stored the activity (369).

Schistosomiasis is a parasitic infection of the hepatic
portal system caused by schistosomes. Resistance to Schisto-
soma infection may be mediated by lipoproteins through
several mechanisms, In rats, Schistosoma infection causes
an increase in serum levels of CRP, a positive acule-phase
protein associated with VLDL and LDL. CRP has been
shown to activate platelets and render them cytotoxic to
schistosomula in vitro (370). Besides platelets, activated
monocytes can kill schistosomula. Because LDL and oxi-
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dized LDL bind to the surface of schistosomula, it is
thought that activated monocytes generate toxic oxygen
species, which oxidize parasite-bound LDL, allowing en-
docytosis of the oxidized LDL into monocytes via the scav-
enger receptor (371). Removal of bound LDL exposes the
parasites to further attack by activated monocytes and
other immune cells.

Malaria infection is initiated after injection of malaria
sporozoites into the bloodstream by mosquitoes. Hepatic
invasion of malaria sporozoites is an initial step in the life
cycle of the parasite. Malaria sporozoites and remnant
lipoproteins of chylomicrens and VLDL are cleared from
plasma using similar mechanisms (372). Malaria sporozo-
ites are less infectious in LDL receptor-deficient mice
maintained on a high-fat diet compared with those on a
chow diet, suggesting that high levels of lipoproteins in-
hibit sporozoite infectivity in mice (372).

Oxidized phospholipids and LPS signaling

Infection and inflammation are associated with in-
creased oxidized lipids (258). One of the oxidized phos-
pholipids, oxidized l-palmitoyl-2-arachidonoyl-snglycero-
3-phosphorylcholine (oxPAPC), inhibits LPSstimulated
NF-kB activation in monocytes/macrophages and endo-
thelial cells by disrupting caveolae and inhibiting the as-
sembly of the LPS signaling complex in lipid rafts {373).
In addition, oxPAPC blocks the binding of LPS to LBP
and CD14 (374). As a result, the LPS-induced expression
of 1L-8, 11-12, monocyte chemoattractant protein-1, and
E-selectin is reduced. The ability of oxidized phospholip-
ids to modulate the LPS signaling could be beneficial to
the host during infection/inflammation. In fact, oxidized
phospholipids have been shown to decreare an inflamma-
tory process in mice treated with LPS, prewecting them
from endotoxic shock (374).

Lipoproteins and redistribution of lipids to immune cells

During infection/inflammation, there is an increase in
TGrich VLDL particles, which could provide lipid sub-
strate- 1or the activated immune system. In the presence
of LPS, macrophages accumulated more TG and choles-
terol (286, 287). VLDL produced during endotoxemia
also provided more TG to macrophages compared with
control VLDL., and these TGs were selectively stored as
cellular lipids (375). During the APR, proteins involved in
the uptake and metabolism of FA, such as FABP. FATP,
and LPL, are coordinately downregulated in the heart,
muscle, and adipose tissue. As a result, fat oxidation in the
heart and skeletal muscle decreases, whereas adipose tis-
sue does not store fat but rather provides FA for use by
other tissues.

Similarly, during infection there is a decrease in HDL
and the RCT pathway, which helps conserve cholesterol at
peripheral sites. An increase in apoSAA on acute-phase
HDL helps redirect cholesterol away from catabolism by
hepatocytes and delivers cholesterol to other cells, such as
macrophages (376). Upregulation of sPLA; increases cho-
lesteryl ester uptake into the adrenal glands during the
APR, presumably for increased steroid hormone synthesis
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(377). Cholesterol may also be used for lymphocyte activa-
tion and proliferation (378). Furthermore, infection is of
ten associated with cellular injury, and areas of injury may
need extra cholesterol for new membrane synthesis.

CONCLUSION

Infection and inflammation are associated with marked
changes in lipid and lipoprotein metabolism. Besides
their role in lipid transport, lipoproteins participate in in-
nate immunity, which is the first line of host defense
against invading microorganisms. Many of the changes in
lipoproteins during infection/inflammation help protect
the host from harmful effects of the stimuli. In cases of
chronic infection, inflammatory diseases, diabetes, obe-
sity, metabolic syndrome, and heart failure, however, these
cytokine-induced changes in the structure and function of
lipoproteins could be deleterious and may contribute to
the development of atherosclerosis. Further studies of the
interface between infection/inflammation and lipopro-
teins could provide new insights into not only atherogene-
sis but also the innate immune systern and the complex in-
teraction between them. Al

This work was supported by grants from the Thailand Research
Fund (W.K), the Ratchadapiseksompotch Fund (W.K.}, the
Research Service of the Department of Veterans Affairs (C.G.,
KRF), the Universitcy-wide AIDS Research Program (C.G.),
and National Institutes of Health Grants DK-49900 and DK-
66999 (C.G.). W.K was a recipient of the Anandamahidol Foun-
dation Scholarship under the Royal Patronage of His Majesty
the King of Thailand.

REFERENCES

1. Gabay, C., and 1. Kushner. 1999, Acute-phase proteins and other
systemic responscs to infllammation. N. Engl. [ Med. 340: 448
454.

2. Yoo, ]. Y., and S. Desiderio. 2003, Innate and acquired immuniry
inwersect in a global view of the acute-phase response. Proc, Natl
Acad. Sa. USA. 100: 1157-1162.

3. Okusawa, S.. J. A. Gelfand, T. Ikejima, R. |. Connolly, and C. A.
Dinarello. 1988. Inwerleukin 1 induces a shock-like state in rab-
bits. Syncrgism with tumor necrosis faclor and the effect of cy-
clouxygenase inhibitdon, J. Clin, Invest. 81: 1162-1172,

4. Yokota, T, N. Arai, |. de Viies, H. Spits, ]. Bancherean, A, Zlomik,
D. Rennick, M. Howard, Y. Takebe, 5. Miyawake, F. Lee, and K.
Arai. 1988. Molccular biology of interleukin 4 and interleukin 5
genes and biology of their products that siimulace B cells, T cells
and hemopoictic cells. Jmmunol. Rev. 102: 137-187.

5. de Waal Malefy, R, H. Yssel, M. G. Roncarolo. H. Spits, and J. E.
de Vries. 1992, Interleukin-10. Curr. Opin. Immunol. 4: 314-320.

6. Pickup, J. C.. and M. A. Crook. 1998. Is rype Il diabetes mellitus a
discase of the innate immune sysiem? Diabetologra. 41: 1241-1248.

7. Pradhan, A. D, and P. M. Ridker. 2002, Du atherosclerosis and
lype 2 diabetes share a common inflammatory basis? Eur. Heart J.
23: 831-834.

8. Hucrta. M. G, and |. L. Nadler. 2002, Role of inflammaory path-
ways in the development and cardiovascular complications of
type 2 diabeles. Curr. Diab. Rep. 2: 396402

9. Grimble, R. F. 2002. Inflammatlory status and insulin resistance.
Curr. Opin. Clin. Nutr. Metab. Care. 5: 551-559.

10. Yudkin, . 5., M. Kumari, 8. E. Humphrics, and V. Mohamed-Ali.



14.

15.

16.

17.

18.

25.

26.

27.

28.

29,

31

32.

2000. InNammation, obesity, siress and coronary neart discase: is
interleukin-t the liuk? Atherosclrasiv. 148: 209-214,

- Sharma, R.. F. O, Al-Nasser, and 8. DL Anker. 2001. The impor-

tance of tumor necrosis lactor and lipoproteins in the pathogen-
esis of chronic heart failure. Heart Fail. Monit. 2: 42-47,

. Young, J. L., P. Libby, and 1. Schonbeck. 2002. Cytokines in the

pathogenesis of atherosclerosis. Thmmb, Harmost. 88: 554-567.
Hardardouir, [, C. Grunield, and K. R, Feingold. 1995, Effecis of
cndotoxin on lipid mewbolism. Biockem, Soc. Trans. 23: 1013—
1018.

Khovidhunkii, W.,, R. A, Memon, K R. Feingold, and C. Grun-
feld. 2000. Infection and inflammadon-induced proacherogenic
changes of lipoprowins, J. Infect. Dis. 181 (Suppl. 3): 462472,
Gallin, I. L, 1. Kaye. and W. M. O'Leary. 1969. Serum lipids in in-
fection. N. Engl | Aled. 281: 1081-1086.

Sammalkorpi, K. V. Valionen, Y. Kertwala, E. Nikkila, and M. R.
Taskinen. 1988, Changes in serum lipoprotein pattern induced
by acute infections. Metabolism. 37: 859-865.

Grunfeld. C., M. Pang, W. Doerrler, J. K. Shigenaga, P. Jensen,
and K R. Feingold. 1992, Lipids, lipoprotceins, triglyceride clear
ance, and cytokines in human immunodeficiency vins infection
and the acquired immunodceficiency syndrome. J. Ciin. Endo-
erinal. Mrtab. 74: 1045-1052.

Fiser, R. H.. T. In. Shuliz, R. B, Rindsig, and W. R. Beisel. 1973, Al-
terations in plasma and brain lipid mewabolism during endotox-
cmia in the neonatal ru. Biol. Neonate. 22: 155-160.

Kaufmann. R. I.., C. F. Mason, and W. R. Beisel. 1976. Hypertri-
glyceridemia produced by endotoxin: role of impaired triglycer-
ide dispusal mechanisms. f. fafect. Dis. 133: 548-555.

Sakaguchi, O.. and S. Sakaguchi. 1979. Alicrations of lipid metab-
olism in mice injecied with endotoxin, Micobol. Fmmunol. 23: 71—
85.

. Scholl. R. A, C. H. Lang. and G. ]. Bagby. 1984. Hyperriglyceri-

demia and its relation 1o tissue lipoprotein lipase activity in en-
dowoxemic, Escherichia coli bacieremic, and polymicrobial septic
rais. f. Surg. Res. 37: 394—101.

Gaal, D., T. Kremmuer, Z. Balint, L. Holczinger, L. Beriok, and A,
Nowolny. 1984, Effects of bacterial endotoxins and their detoxi-
fied derivatives on serum and liver lipids in mice. Toxicol. Appl
Pharmacol T5: 437443,

. Kawakami, M., T. Murase, H. [lakura, N. Yamada, N. Ohsawa, and

F. Takaku. 1986. Lipid mctabolism in endotoxic raws: decrease in
hepaic inglyceride lipase activity. Microbiel fmnunol. 30: 849-
854.

. Auerbach, B. ]., and ]. S. Parks. 1989, Lipoprotcin abnormalities

associated with lipopolysaccharide-induced lecithin:chuolesierol
acylransferase and lipase deficiency. J. Biol. Chem. 264: 10264~
10270.

Euinger, W. H., L. D. Miller, ]. ]J. Albers, T. K. Smith, and J. 5.
Parks. 1990. Lipopolysaccharide and lumor necrosis facior cause
a fall in plasma concentration of lecithinicholesterol acylirans-
ferase in cynomolgus monkeys. J. Lipid Res. 31: 1099-1107,
Feingold, K. R., |, Suprans, R. A, Memon, A, H. Moser, |. K. Shi-
genaga, W. Docrrler, C. A, Dinarcllo, and C. Granfeld. 1992,
Endowxin rapidly induces changes in lipid meabolism that
produce hypertniglyceridemia: low doses stimulawe hepatic wi-
glyceride production while high doses inhibit clearance. f. Lipid
Res. 33: 1765-1776.

Feingold, K R., 1. Hardardouwir. R. Mcmon, E. |. Krul, A. H.
Moser, J. M. Taylor, and C. Grunfeld. 1993. Effect ol endoloxin
on cholesteral biosynthesis and distribution in serum lipopro-
leins in Syrian hamsiers. /. Lipid Res. 34: 2147-2158.

Nonogaki, K., A, H. Moser, X. M. Pan, L. Staprans, C. Grunfeid,
and K. R. Feingold. 1995, Lipoteichoic acid stimulates lipolysis
and hepatic triglyceride secretion in rats in vivo. f. Lipid Res. 36:
1987-1995.

Feingold, K R., and C. Grunfeld. 1987. Tumor nccrosis lactor-
alpha sumulates hepatic lipogenesis in the rat in vivo. f. Clin In-
vest. 80: 184-190.

. Argiles, ]. M., F. ]. Lopez-Soriano, R. D. Evans, and D. H. William-

son. 1989. Inierleukin-} and lipid metabolism in Lhe rai. Biochem.
J. 259: 673678,

Feingold, XK. R, M. Soued, M. X Serio, A. H. Moser. C. A.
Dinarello, and C. Grunfeld. 1989. Multiple cyiokines stimulate
hepatic lipid synihesis in vivo. Endocrinology. 125: 267-274.
Feingold, K. R., M. Soucd, S. Adi, I. Staprans, R. Necse, ]. Shi-
genaga, W. Doerrler, A. Moscr, C. A, Dinarello, and C. Grunfeld,

Khovidhunkil et al.

3s.

34.

35.

36.

37.

38.

39.

40.

41,

42,

43.

45.

16.

47,

48.

49.

50.

1991. Effect of interleukin-1 on lipid metabolism in the rat. Simi-
larities 10 and differences from tumor necrosis factor. Arterioscler,
Thromb. 11: 495-500.

Mcmon, R. A., C. Grunfeld, A. H. Moscr, and K R. Feingold.
1993. Tumor necrosis factor mediates the effects of endotoxin on
cholesieral and triglyceride metabolism in mice. Endecrinology.
132: 2246-2253.

Nonogaki, K.. G. M. Fuller, N. L. Fuentes, A. H. Moser, 1. Siap-
rans, C. Grunfeld, and K. R. Feingold. 1995. Interleukin-6 stimu-
lates hepatic triglyceride secretion in rals. Endocrinology. 136:
2143-2149,

Sherman, M. L., D. R. Spriggs. K. A. Arthur, K Imamura, E. Frei
3rd. and D. W. Kufe. 1988. Recombinant human tumor necrosis
factor administered as a Ave-day continuous infusion in cancer
patients: phase I toxicity and effects on lipid mewbolism. J. Clin.
Oncol. 6: 344-350.

Malmendier, C. L., J. F. Lontie, }. P. Sculier, and D. Y. Dubois.
1988. Modificaiions of plasma lipids, lipoproteins and apolipo-
proteins in advanced cancer patients treated with recombinant
interleukin-2 and autclogous lymphokine-activated killer cells.
Atherosclerosis. T3: 173-180.

Suaarnes, H. F, Jr.. R. 5. Warren, M. Jeevanandam, J. L. Gabrilove,
W. Larchian. H. F. Ocugen, and M. F. Brennan. 1988. Tumor ne-
crosis [acior and the acute metabolic response to tissue injury in
man. f. Clin. fnvest. 82: 1321-1325.

Kurzrock, R.. M. F. Rohdg, J. R. Quesada, S. H. Gianurrco, W. A
Bradley, S. A. Sherwin, and J. U. Gutterman. 1986. R~ :nbinam
gamma interferon induces hypertriglyceridemia and inhibits
pust-heparin lipase activily in cancer palients. J. Exp. Med, 164:
1092-1101.

Olsen, E. A, G. R, Lichtenstein, and W. E. Wilkinson. 1988.
Changes in serum lipids in patients with condylomata acuminata
treated with interferon alfa-nl (Wellferon). J. Am. Acad. Dermatol.
19: 2846289,

Naecia M., B. R. Bacon, B. Mistry. R. S. Britton, and A. M. Di Bis-
ceglic 2001, Changes in serum lipoprotein profile during inter-
feron thzapy in chronic hepatitis C. Am. J Castroenterol. 96:
2468-2472,

Chajek-Shaul, T.. G. Fricdman, Q. Stein, E. Shiloni, J. Etienne,
and Y. Siein. 1989. Mechanism of the hypertriglyceridemia in-
duced by wumor necrosis factor administration o rats. Biockim.
Biophys. Aria. 1001: 316-324.

Roscnmweig, 1. B., D. A. Wiebe, ]. A. Hank, J. ]. Albers, ]. L. Adolph-
son, E. Borden, E. §. Shrago, and P. M. Sondel. 1990. Effecis of
interleukin-2 (IL-2) on human plasma lipid, lipoprotein, and
C-reactive prowcin. Biotherapy. 2: 193-198.

Nonaogaki, K, X. M. Pan, A. H. Moser, ]. Shigenaga, I. Staprans,
N. Sakamoto, C. Grunfeld, and K. R. Feingold. 1996. LIF and
CNTF, which share the gp130 transduction system, stimulate he-
patic lipid metabolism in vats, Am. [ Physiol 271: E521-E528,
Nonogaki, K., A. H. Moser, . Shigenaga, K R. Feingold, and C.
Grunfeld. 1996. Bewa-nerve growth factor as 2 mediator of the
acute phase response in vivo. Biochem. Biophys. Res. Commun. 219:
956-961.

Nonogaki, K., X. M. Pan, A. H. Moser, I. Staprans, K. R. Feingold,
and C. Grunfeld. 1995. Keratinocyte growth factor increases faury
acid mobilization and hepatic triglyceride secretion in rats. Endo-
crinology. 136: 4278-4284,

Evans, R. D., V. Tlic, and D. H. Williamson. 1991. Effects of plate-
ler-aciivating factor on lipid metabolism in rats in vivo. Origin of
the hypertriglyceridaemia. Biochem. [ 280: 541-543,

Funk, . 1... A. H. Moser, C. Grunfeld, and K. R. Feingold. 1997.
Parathyroid hormone-related protein is induced in the adult
liver during endotoxemia and stimulates the hepalic acute phase
response. Endoerinology. 138: 2665-2673.

Grunfcld, C.. M. Soued, S. Adi, A. H. Moser, W. Fiers, C. A.
Dinaretlo, and K. R. Feingold. 1991. Interleukin 4 inhibits stimu-
lation of hepatic lipogenesis by tumor necrosis factor, interleukin
1, and interleukin 6 bul not by interfcron-alpha. Cancer Res. 51z
2803-2807.

Fcingold, K. R, M. Soued, 1. Staprans, L. A. Gavin, M. E.
Donahue, B. J. Huang, A. H. Moser, R. Gulli, and C. Grunfeld.
1989. Effect of tumor necrosis factor (TNF) on lipid metabolism
in the diabelic rat Evidence that inhibition of adipose tissue lipo-
prolein lipase activity is not required for TNF-induced hyperlipi-
demia. f. Clin. Invest. 83: 1116-1121.

Evans, R. D., and D. H. Williamson. 1991, Comparison of cffccts

Infection, inflammation, and lipid metabolism 1187



51.

52.

53.

54.

55.

56.

58,

59,

6],

62,

63.

65.

67.

69.

70.

7).

1188

of platelet-acuvating factor and tumour necrosis factor-alpha un
lipid mewbolism in adrenaleciomized raws in vive. Biochim, B
Phys. Acta. 1086: 191-196.
Feingold, K R.. M. Soued, M. K Serio, 5. Adi. A H. Moser. and
C. Grunfeld. 1990, The effect of dict on wmor necrosts Factor
sumulaton of hepatic hpogenesis. Metabolism. 39: 523639,
Feingold, K R, 5. Adi, [. Staprans, A. H. Moser, R Neese, . A
Verdicr. W. Docrrler, and C. Grunfeld, 1990. Diet affects the
mechamisms by which TNF stimulates hepatic Irglveende pro-
duction. Am. J. Physiol. 259: E177-E184. '
Grunfeld, C., M. Soued, 5 Adi, A. H Moser. C. A. Dinarello, and
K. R Feingold. 1990, Evidence for two classes of cytokines thar
stimulate hepatic lipogenesis: relationships AMong WMmor Necro-
sis facior, interleukin-1 and interferon-alpha Endormnology. 127:
46-54.
Tripp, R. J.. A. Tabares, H. Wang, and S, Lanza-Jacobv. 1993 Al.
tered hepaiic production of apolipoprotemns B and E in the
fasied septic rai: factors in the development of hypertrigiyceri-
demia. f. Surg. Res. 55: 465—472.
Feingold, K. R., M. K. Serio, S. Adi, A. H. Moser, and C. Grunfeld.
198%. Tumor nccrosis factor stimulates hepatic lipid symthesis
and sceretion. Endocrinology. 124: 9336-9342,
Grunfeld, C., J. A. Verdicr, R. Neese, A. H. Moser, and K. R Fein-
gold. 1088. Mechanisms by which tumor necrosis factor stimu-
Ila:;;:s hepatic faty acid synthesis in vivo, ] Lipnd Res. 29: 1327-
5.
Kiuchi. 5., N. Mawsuo, N. Takcyama, and T. Tanaka. 1993. Accel-
crated hepatic lipid synthesis in fasted septic rats. Eur Surg. Res.
25: 146-154.
Hikawyj-Yevich, I., and [. A. Spiwer. 1977, Endotoxin influence
on lipolysis in isolated human and primate adipocyies. . Surg.
Res. 23: 106-113.
Spitzer, J. J. 1979, Lipid metwabolism in e¢ndotoxic shock. Circ.
Shock. (Suppl. 1): 69-79.
Green, A, S. B. Dobias, D. J. Walters, and A. R. Brasier. 1994, Tu-
mor nccrosis factor increases the rate of lipolysis in primary cul-
tures of adipocytes without altering levels of hormonce-sensitive li-
pase. Endocrinology. 134: 25812588,
Kawakarni, M., T. Murase, H. Ogawa, 5. [shibashi, N. Mori, F.
Takaku, and §. Shibata. 1987, Human rccombinant TNF sup-
presses lipoproiein lipase activity and stimulates lipolysis in 3T3-
L1 cells. /. Biochem. (Tokyo). 101: 331348,
Hauner, H,, T. Peiruschke, M. Russ, K. Robrig. ind J. Eckel. 1995,
Effeeis of tunour necrosis factor alpha (TNF aipha) on glucose
transport and lipid metabolism of newly-differentiated human fat
cells in cell culture, Diabetologia. 38: 764-771.
Memon, R A, K R. Feingold, A. H. Moser, W. Doerrler, and C.
Grunfleld. 1992, In vivo cffects of inwerferon-alpha and inter-
feron-gamma on lipolysis and ketogencsis. Endocnnology. 131:
1695-1702.
Doerrler, W., K. R. Feingold, and C. Grunfeld. 1994. Cytokines in-
I"iee catabolic effects in cultured adipocyies by multiple mecha-
wiams. Cylokine, 6: 478184,
Zhang, H. H., M. Halbleib, F. Ahmad, V. C. Manganiclio, and
A. 8. Greenberg. 2002, Tumor necrosis factor-alpha stimulates li-
pelysis in differendawed human adipocytes through activation of
extraceliular signal-relawed kinase and elevation of inwraceliular
cAMP. Diabetes. 51: 2929-2935.
Greenberg, A, 8., W. ]. Shen, K. Mulire, 8. Paiel, 8. C. Souza, R, A,
Roth, and F. B. Kracmer. 20¢1. Stmulation of lipolysis and hor-
mone-sensitive lipase via the extracellular signal-regulated kinase
pathway. /. Biol. Chrm. 276: 4545645461,
Memon, R A K R Fringeld, A. H. Moscer, ]. Fuller. and C. Grun-
feld. 1998, Regulation of fatty acid transport protein and fatty
acid trunslocase mRNA levels by endotoxin and cytokines. Am. f
Physiol. 274: E210-E217.
Memon, RO AL [ Fuller, AL EL Moscr, P. J. Smith, K. R. Feingold,
and C. Grunfeld. 1998. In vivu regulation of acyl-CoA synihelase
mRNA and activity by endotoxin and cytokines. Am. [ Physiol
275: E64-E72.
Beylul, M., M. Guiraud, G. Grau, and F. Bouletrcau. 1989. Regu-
lation uf keione body fux in seplic patients. Am. . Physiol. 257:
E665-E674.
Takeyama, N., Y. ltoh. ¥ Kitazawa, and T. Tanaka. 1990, Alwered
hepatic mitochondrial faty acid oxidation and ketogencsis in en-
dotoxic raws. Am. [ Physiol. 259: E498-E505.
Memon, R. A, N. M. Bass, A H. Moscer, | Fuller. R Appel, C

Journal of Lipid Research Volume 45, 2004

8.

Y.

BO.

al.

83,

84.

85.

86.

87.

88.

89.

9.

9].

Grunfeid. and K. R. Feingold 1999 Downeregulabon of liver and
heart specific fatv aad binding protemns s endotovin and ove
kines in vivo, Brochem. Buphys Acia. 14H0: 118106

. Barke. R A8 Burkhd. R B. Chapin. S Ruv. P § Brudv. and L J.

Bradv. 1996 The elfect of surgical treatiment following perituncal
sepsis on bepatic gene expression [ Surg. Res. 60: 101-106.

. Androjke, K M. and C. 5. Deutschman 1997 Aliered hepatic

gene expression in fecal pentonitis: changes in transcnption of
glucencogenic, bew-oxidative, and urcagemic genes. Shock 7
lé4-165

Memon, RCALCK R Fengold, A HL Moser. W Docerrler, S Adi,
C. A. Dinarello, and C. Grunfeld., 1992, Differential cffects of
inerleukin-1 and tumor necrosis factor on ketogenesis. Am f.
Physiof. 263: E301-E3049.

Romanosky, A. J.. G. J. Bagby. E. L. Bockman, and J. |. Spiuer.
1980. Free fauy acid utilization by skeletal musele afier endo-
oxin administration. Am. J. Physiol 239: E391-E395.
Romanosky. A. [.. G. ]. Bagby, E. L. Bockman, and ]. 1. Spiver.
1980. Increased muscle glucose uptake and laclate release afier
endoloxin administration. Am. [ Physiol, 239: EM1-E316.

. LanzaJacoby, 8., K. Feagans, and A. Tabares. 1989, Farry acid me-

tabolism in the heart during Eschernichia eoli sepsis in the ral.
Circ. Shock. 29: 361-370.

Friedman, G., V. Baruk, T. Chajek-Shaul, [. Eticnne, AL J. Treves,
O. Stein, and Y. Stein. 1991, Recombinant human imerteukin-1
suppresses lipoprotein lipuse activity. but not expression of lipo-
prowin lipase mRNA in mesenchymal rat heart cell culures. Bio-
chim. Biophys. Acla. 1089: 83-87.

Encrback, S.. H. Semb. J. Tavernier, G. Bjursell, and T. Olive-
crona. 1988. Tissuc-specific regulation of guinea pig lipoproiein
lipase: effects of nutrtional state and ol tumeor necrasis factor on
mRNA levels in adiposce tissue, heart and liver. Gene. 64: 97-106.
Feingold, K. R., M. Marshall, R. Gulli, A. H. Moser, and C. Grun-
feld. 1994. Effect of endotoxin and cytokines on lipoprotein Y-
pase activity in mice. Artenoscler, Thromb. 14: 1866-1872.

Beuter, B., and A. Cerami. 1986. Cachectin and lumour necrosis
factor as two sides of the same biological coin. Nature. 320: 584—
588.

2. Patton, J. 5., H. M. Shepard, H. Wilking, G. Lewis, B, B. Aggarwal,

T. E. Eessalu, L. A. Gavin, and C. Grunfeld. 1986, Interferons and
tumor necrosis factors have similar catabolic ¢ffecis on 3T3 L1
cells. Proc. Natl. Acad. Sa. USA. 83: 8313-8317.

Grunfeld, C., R. Gulli, A. H. Moscr, L. A. Gavin, and K. R, Fein-
gold. 1989. Effect of tumor necrosis lactor administration in vivo
on lipoprolein lipase activily in various lissucs of the mac [ Lipid
Res. 30: 579-585.

Feingold. K R., M. Soucd, S. Adi, I. Staprans, ]. Shigenaga, W.
Docrrler, A. Moser, and C. Grunfeld. 1990. Tumor necrosis
fuclor-increased hepaltic very-low-density lipoprotein production
and increased serum triglyceride levels in diabetic ras, Diabetes.
39: 1569-1574.

Hardardouir, L., |. Sipe. A. H. Moser, C. J. Fielding, K. R. Fein-
gold, and C. Granfeld. 1997, LPS and cywkines regulae coxtra
hepatic mRNA levels of apolipoproteins during the acute phase
response in Syrian hamsters. Biorhim. Biophys. Acta. 1344: 210-
220,

Lanza-Jacoby, S.. S. 1. Wong. A. Tabares, D. Bacr, and T.
Schnaeider. 1992, Disturbances in the composition of plasma lipo-
proteins during gram-negalive sepsis in the rat. Biochim. Biophys.
Acia. 1124: 233-240.

Pheuweplace, H., M. Maniscalco, and S. Lanza-Jacohy. 1994, The
catabolism of apolipoproicin B from very low density lipoprotein
and tnglyceride-rich lipoproiein remnants in fasted septic rats.
Shock. 1: 217220,

Feingold, K. R., A. 8. Pullock, A. H. Moscr, j. K. Shigenaga, and C.
Gruniele. 1995. Discordant regulation of proteins of cholesterol
melabolism during the acute phase response. [ Ligrid Res. 36:
14741482,

Mcmon, R. A, L Shechter, A, H. Moser, |. K. Shigenaga, C. Grun-
feld. and K. R. Feingold. 1997. Endotoxin, tumor necrosis faclor,
and interleukin-1 decrease hepatic squalenc synihase acuvity,
protein, and mRNA levels in Syrian hamsters [ Lipid Hes. 38:
1620-1629,

Mockerjea, 8., T. Coolbear, and M. L. Sarkar 1983 Key role of
dolichol phusphate in glycoprotein biosynthesis. Can. [ Biochem,
Cell Biol. B1: 10321040,

Sarkar, M., and S. Mookerjea. 1988, Differential cffect of inflam-



wr

ud

w4

wh

K

wi

1t

10]

[IEAN

1%

107.

108,

110.

111.

112,

natken and desariethasone
sviithess Ko hem ¢ rli Bud 66: B R P
Hardwdotan, T A T Moner B Moo o
TRid Ffheers of INE ML,
Buth avtokines an cholesterol anetade i i
L ymphoking Cstikine Rex 1% 161 Qe

Sprygns, Y ROM 1T Shennan HE Mebhe v Vidon K T
muta, [P Wilimoee, FoFren od a1V W kaite P8 Recoenly
rant hiemaoy tuteor e oy L bt ashiansae vedd as o Uk b e
thave nous ainlusion A plhase Tand plaonan Glogn st o Nad
Caneer s B0 LU0 Livgd

Rosenrwend. 11 1Y A Wirclw P C Boaden 38 Stonen, ol BS
Shrage 1957 Plasnua bpsopaaden changes i loomans nuloced by
brutintericron  Lihmawimngs 67 U061 067

Nimer, 3 DR F Champhn, and 1D W Gaolere 985 Semm cha
Testerol hwertngg wotvan o gaanubsos e e epliagge colonvsone
wlating tactin [ 4m Med Axus 2R0: 47T o

Stovdempe, | B oand MW Guane ke 10l
nant human macrophage colomosmnalating tactor sae plamia
cholesterol lesels Hhwd 77 7000 700

Feanger, W 1 F A Miller, T R Soneh aned oS Paads it I
Tevt ot mecteaban ©oalpha con Igeopnorem Tipids me ovnemindgus
Huw hien by

fooli bl sond ab i bk prhosplene

toanteld, ol KR

Feinpoht il ahe coanlanatus il

“wrian hunsnons

Fitects of veconnhg-

monkess CEOPTIERATINGHE Loy Diknes] Do fosay factor
Acta 112N = qul

Fromger, W H OV K Varma, M Sotor Theanas, S Parks, RO
Sgmen, TR O Smh arel BB Averdens DR 6 stohimaes deorease
apbipepr oo e nmubatcn noednnn treen HeptUoells Ane
fhrem? T4 n-10
~ Kol

e o

s hieciman . R A Maelber, b6 Baoden, aned A H

Kisaetuah PR The eflect o mtetloton o the metalweham ol
TIM s Aetmuader fhroend 12 0504 ol
Moo N and A Nibven toan Faodeacoan anhiebns o anadsehsaan ot

T e ity Do oe s s vivae
Seand f thn ab Inies 5b: 0
WM Ruodiag, el B
preswes mouse lepatu
son via s pathwav independens ot the Tl ke secepiea 4 Hlepa
tedegry 30 P22 1006

Mosaby, ¢ DO E Ghesardn, T Dhvves, €0 e, ansd DOE
Bosver 100 Transhoroeng grosth Lactos bera §and cieedden
ki1 bets simulate LD vecepina actnoey in Bleop Gl cells Athen
wimoaay 97001 U

Lo, Woared ¢ M Flonery s
lates expressien of law densan hpopeotem rocepoas om ”t.'['(-'..'
celby Hepatalgn 175 mas oy

Byorkhem, 1 and G Fpperien DI Ceenies iivalvedlan it
steps of Tale el aviatheus ey tdpan Lapadol 12: 97103
Russcll, D W S The ensvines, regulation, ated geneios of bale
actd sstithess Annu K Boahea T2 13T 174

arcxge nrnental stads s the
]

Anpehin Eodotoxim saage
bow denany Lpepiataem recepion expnes

Laan el

Tvite o s 1omas L b dprregu.

CCTraunes, M oCand |oL Boser TOHES Bade st timesporiers moleon:

lar charactenizatuon, tuncton, and aegulanon Phyool Kee B3:
633-671.

Yu, L. R E Haunmes, | THawbhins, K Vom Berginane, 1Y Lo
hann, | €. Coben, I H O Bobbs, KO F Berge | DY Thonen G0 A
Graf, W. I Lo, B 11 Camzarel . T oaehimsen, amel A Whare 200027 Thse
ruphion of Abcgh and Al gH o nneee seveals thew anoal tobe
biliary cholesterol sesrenon Frec Natf Nead S 854 99 10247
L6242,

Yu, L. ] Li-Hawkins, R F Hamma, Kk Berge. | D Elonon,
J €. Caohen, H B Hobbs, € A G, W P Lo, R DY Geraad, %
Gehssen, and A, White 20027 Oerexpresaon of ARCGH aned
ABUGE promotes billary holesierol searcnon and reduces e
tional absorption of dictry cduddesterad f dn inoed 1100 07 1-
680,

. Feingoid, K R, D. K. Spady, A S, Polloack, AT Mover aoud O

Grunfeld. 1996, Endotoxin, TNE and 111 deaease sholesieral 7
atpha-hydroxylase mRNA levels and ooty f Tapud Res 37 203
228.

Memon, R, A, A H. Moser, . K. Shigenaga, C Grundeld, o
K. R. Feingold, 2001. In vive and in vira regulation of sterol 27
hydroxylase in the liver during the aciie phase rosponse. Poten-
tal role of hepatocyte nuckear facor-1. f Mol Chem, 276: 30118
30126.

Green, R. M., D. Beier, and J- L. Gollan. 1996, Regulation of
hepatocyte bile salt transporters by endotoxin and inflammaory
cytokines in rodenis. Gastroenterology, 111: 193-)U8.

Moscley, R. H., W. Wang, H. Takeda, K. Lown, L. Shick, M. Anan-

Khouvidhunlat et al.

11

e

e

124

120,

127

18,

1249,

130.

131,

v, and F ] Sichy 1996, Effect of endotoxin on bile
actd anspetin pa bver g potential model for sepsis-associated
Vholestaeas Am J Phyuol 271: G1A7-G 146,

Fravnen, MM Arrese, HL Lee, |0 L Boyer, and S. . Karpen.
e Endonoan downregnulites ral hepatic nicp gene expresson
Vi decieased aemnary of cnical transcription factlors. J Ctn In-
sead BOT: 2002wy,

Hartreann, G0 A Ko heung, and M. Piquete-Miller. 2002, 1i-
tionrmatary cvtadunes, but not bale acids, regulaie expression of
ninrtne hepand amon aansportens in endotoxemis f Pharmacol,
Fxpr Pher 303 2735-2K1,

Vi, I" AL G ] Howaveld, 1B Koning, 8. Childs. D K Meyer, H.
Moshage, P L. ool M Muller. 1998 Up-regulation of the
mulidingg tesiszmee genes, Mrpl and Mdrlb oand down-regula-
tom of the aagame amon transporier. Mrp?, and the bile sali
ansponten Spge i endotaxenic rat liver Hepatology. 28: 1637
JLE B

Ivgstrup, N R Bangere, Poon and HL Co Bogaard, 2002, Mes-
songer RNA protles m e igury and stress a companson of le-
thal il nanbethal 1ur models Biochem, Brophys  Kes. Commun
290: A tx-HU0

hhondhiinbie Wo A H Moser | K Shigenaga, C. Grunfeld, and
h K Femgold 2004 Fadotosin down-regulates ABCGS and
ARCCH I moase Tner and ABCAL and ABCGT in J774 munne
marophages ditterenual tole of LXR. . fapnd Res 442 1728
1740,

Soannn, AM Lipoprotein(ad and the ac dhrombuuc
prrevcess s hantie msaghis and cdhimcal smplica s Cure Ath-
osder flep 5o lime- LT3

howsbuna, 5 A M 10 Fhsad, | Gondevenos, K. C Stamupaoutas,
L Sudee sl A D Bwelepns 199 PAF-acetylbvdrolase actsy
ol pras betore aed donmg Ca2+ andoced oadanve modilica-
ten i sittee Athsreu dmngs 135: 10 =144,

Sacdba, S0 Al M Sentina, K Makino, A Noma. and M
haw wle 9=t Tranaent changes of senum lipoprotein(a) as an
AcGle e protein Atheros foay 78z 145150
Wallbesr o Tonneon, 50 A Hddhammar, G Dahlen, and 8, Ranes-
pact Pahbgense 1495 Lipoprowenra) in relation o sonte phase re-
Aacnon an panenty with theumatosd arthnns and  pobmvalga
thewinauea Scund | Gl fab Invest 55 300-31 5,

Andreasen. v KoK Bergo and H Torsvik. 1994, Changes in
Lptn ipopsotem aad ather plasima proteins dunng acule myo-
candbialinfarcuan Cien Cirmer 46: 410416

Movner. VUM M Berger. L Tappy. € Cayenx, 8. M Marcovina,
Rothob, PoNiod, and R Clialere, 2000, Major rediuction in
prlasma Lpaay devels dunmg sepsis and burns Artenoscier Thromb.
Vieae Hiod 20: T137-1142

Cabana, V G O] N Siegel, and 5. M Sabesin 1989 Effec s of the
acute phase 1esponse un the concentration and density distribu-
tion ol plasma hipids and apohpoproteins. J fipud Res. 30: 3949,
Clilfton, P ML A M Mackinnon, and P ], Barter. 1984, Effects of
serum amvtond A protein (SAA) on compaosition, size, and den-
sy of hagh dlensity hpoprotems i subjects with m- cardial in-
fare s f Japrd Res 262 13RU- | 30K,

Cabana, ¥V G, |0 R Lukens. Ko S Rice, T. J. Hawkins, and G, 8,
Ger 19u6 HDL content and composition in acule phase re-
spunse in three specics: tnglyeende enrichment of HDL a laclor
in s decrease. J Hiped Res 37: 2662-2674,

Frucank, W, E. Swianskl, F. (. de Beer, M, G de Beer, A. Ra-
vandi, anil A, Kuksis. 2000, Comparitive analysis of lipid compo-
sbon of nornild and acute-phase high density lipoproicins. .
faprd Kes, 41: 10351047,

Moemon, ROAL W M. Holleran, A H. Moser, T Scki, Y Uchida, J.
Fuller, ]. K. Shigenaga, C. Grundeld, and K R. Feingold. 1998. En-
dutoxin and cytekines increase hepatic sphingolipid biosynthesis
and produce lipoproteins enriched in ceramides and sphingomy-
chn. Artevioscler. Thromb. Vase. Biol 18: 1257-1265.

Hoflmun, J 5., and E P. Bendiu. 1982, Changes in high density
lipuprotein content {ollowing endotoxin administration in the
mouse. Formation of serum amyloid protein-rich subfractions. J.
Hrol. Chem. 257: 10510-10517.

Lindhorst, E., 1. Young., W. Bagshaw, M. Hyland, and R Kisi-
levsky, 1997, Acute infllammation, acute phase serum amyloid A
and cholesteral metabolism in the mouse. Biochim. Biophys, Adta,
1339: 143-154.

Sakaguchi, 8. 1982, Mciabolic disorders of serum lipoproteins in
endotoxin-poisoned mice: the role of high density lipoprotein

KL TRY

Infection, inflammation, and lipid metabolism 1189




132.

133.

135.

139,

140

141.

142

143

147.

148,

1190

(HDL) and rriglyceride-rich lipoproteins. Microbiol. Immunol, 26:
1017-103+4.

Barlage, S., D. Frohlich, A. Boucher, M. Janhiainen, H. P Muller,
F. Noctzel, G. Rothe, G. Schutt, R. P. Linke, K. J. Lackner, C.
Ehnholm, and G. Schmiwz. 2001, Apol.containing high density
!ipoprou:ins and phospholipid tmnsker prowin activity increase
;Haal,:&iw with a systemic inflammatory response, /. Lipid Res. 42:
Hardardduir, L, 8. °T. Kunitake, A, H. Moser, W. T. Docrrley, | H.
Rapp, .. Grinfeld, and K R. Feingold. 1994, Endowoxin and oy
tokines increase hepatic messenger RNA levels and serum con-
centrations of apolipuprotein [ (clusterin} in Syrian hamsiers. J
Clin. fnuvest. 94: ) 304-§304.

- Van Lenten, B[, 8. Y Hamiy, F. . de Beer, D M. Stafforini, T. M.

Mclntyre, S, M. Prescott. B. N. La Du, A. M. Fogelman, and M.
Navah. 1995 Amti-inammatory HDL becomes pro-indlammatory
during the acute phase response. Loss of protective ceffect ol
HDL against LDL vxidation i aortic wall cell cocultures. J Chn
Inuvest. 96: 2TRR-276G7.

Van Lenten, B |, AL Co Wigmier, D, P Nayak, 5. Hama, M. Navab,
and A. M. Fagelman. 2001 High<lensity lipoprotein loses 1is anti-
inflammatory propertics during acute intlucusa ainfecnon. G
culation. 103: 228128,

Ly. i1, O. L. Fruncone, C. | Ficlding, | K. Shigenaga, A, H.
Moser, (L Grunfeld, and K R. Feingold. 195, Endotoxin and
UNF lead to reduced plasima LUAT acivay andd deereased heputic
LCAT mRNA levels in Syrian hamsiers, J Lapud Res. 36: 1954
1263,

Masucor-Magoulas. L, P Moalin, X, G Jaang. 1L R hardson, A
Walsh, [ L. Breslow, and A Tall. 19495 Decreaseil v holesteryl es-
ter trunsfer protein (CETPY mRNA and protein and increased
high densiy hpoprotein lollowing hpopobsiaceharde adnmistra.
tion 1n human CETP tansgeme mwe. f f4n Inved 95: 15K7-
1594.

Hardardouir, 1. AL HL. Moser, | Fuller, € Fielding, K Feimgguld,
and L. Grinfeld. G Endotoxin and cvtokines e rease sennm
levels and extra hepanc protem amd mBNA levels of holesas ey
ester transfer protem in Svmian hamstens J fdin dneea 975 2085
2592,

Femngold, KL R . RCA. Memon, A H Moser, | K. Shagenaga, aned
C. Grunleld. 1'w9 Emdowsan and ainterleukion 1 deorease hepate
lipase mRNA loevels, Atheowlrmas 142 1700867

Femnpgold, KK R, KA Memon, A Mosern, amd € Caorunteld
TOUR Paraoxonase wotnaty i the serorm aned hepooue inRNA levels
decrease dunng the acute phose respuonise Athroslrnay 139
307-315.

Memoun, ROAL] Fuller, A H Maoser, K R Fenggodd, and O Grune
feld. 14499, In vive replaton of plisma plateleta uvanng Lactor
acewythydrolase dunng the acute phase reaponse Am [ Physol.
277: R94-R 103,

Jrmg Xo G and C Bruce, 1995, Regubatien ol minrime plasima

. ospholipid ransfer protcin annvity and mRNA levels by
hpepolysaccharide and high cholesterod dier f Hud ¢ hen 270
17133171338,

Hudgins. L. ¢, T § Parker, D M Levine, W R e, 5 D
Saul, X. C. Jiang, CE Scidman, | D Tremanb, [ bao, and A L
Rubin. 2003, A single mtravenous dose o endotosan rapndiy al-
ters serum lipoproteins and lipid trnsfer promns mnomal val-
unteers. [ Laped Res, 44: 14H9-1 404,

Pruzanski, W., P. Vadas, and |. Hrowiang 1993 Secretory non-
pancreatic group IT phospholipase A2 role in phvaologc and ine
flammarory processes [ fapid Mediat. 8: 161 -167

. Cabana, V.G U A Reardon, B Wer, ] R Lukens and 62 5 Gt

1999, SAAanly HDI. lurmed during the acie phase sesponse in
apoA-I+ /7 + and apoA-1 -/ - mice. [ Laped Res 4D JRI0- 103
Husebekk. A, B Skogen, and G Hushy, 1983 High-densiy lijpres
pretein has different hinding vapaciy Ior dbilerent apoprotems
The amyluidogenic apoproteins are eascr ooshsplace trom high-
density lipoprowin. Srand. J. Imomnunol. 28: 603-658.

Coewce, G. A, A F Suachan, 1. R van der Westhuyeen, oG
Hoppe, M. 8. Jeenah, and F. (Lo de Beer LIRG Serum amylond
A<conuining hwnan high density hpoprowain 3 Densy, size,
and apolipoprotein compaosition. . Hel ¢hem 261 963440671,
Hoftman, |. 5., and E. P. Bendut, 1983, Plasma cleano e ke s
of the amyloid-related high density hpoprowin apopiotein, e
rum amyloid protein CapoSAA), in the mause. Fyvudenes for rapad
apoSAA clearunce. J Clin. Invest. T1: 926104

Journal of Lipid Research Volume 45, 2004

149.

150.

151.

153,

154,

105

M

157

158

| =4

G

Thl

162

1IN

1+4

hth

166

In7

[LT,]

Hosoai, H., N. R. Webb, J. M. Glick, U. J. Tictge, M. 8. Purdom,
F. C. de Beer, and D. J. Rader. 1999, Expression of serum amyloid
A protein in the absence of 1the acule phase response docs not re-
duce HDL cholesicrol or apoA-l levels in human apoA-T wrans-
genic mice. J. Lipid Res. 40: 648653,

de Beer, F, C., M. C. de Beer, I, R, van der Westhuyzen, L, W, Cas-
wellani, A, |. Lusis, M. E. Swanson, and D. S. Grass. 1997, Scere-
lory non-pancreatic phosphulipase A2 inflluence on lipoprolein
metaholism, [ Fipid Res 38: 2232-2239.

Tietge, U ., C. Maugeais, W, Cain, [} Grass, ]| M. Glick, F. C. de
Beer, and I3 [ Rader. 2000, Overexpression of secretory phos-
phulipase A(2) canses rapid catabolisin and altered tissue uplake
of high density ipopruwein cholesteryl esier and apolipoprotein
A-l } Biol Chem. 275: 1007710044

2. Ticige. UL ], C. Mangeais, 8. Tund-Kate, D). Grass, F. C. DeBeer,

and D] Rader. 2002 1lunin seerctory phospholipase A(2) me-
diates decreased plasma levels of HDL cholesternl and apoA-l in
1espotise W inflapination in lonnan apoA-Lirnsgenic mice. Arte.
noscler. Thromb Vase, Biol 22: 1213-121H

Jaye, M., K. [ Eynah, | Krwier, Tr Marchadier, Co Maugceais, K.

Doan, ¥V South, I Amin, M. Perrone, and DL | Rader, 1999 A
novel endothelial-derived lipsse that meedulaes HDE metabo-
hism ANat Cirmrt. 210 424-42H

Mo, Ko ML Gilgarogha, ] 18 Ovos, €0 ML Ballantyne, A, |. Mar-
ann, aned L Chan, 2000 Frdothelial Tipase o major genetc de-
ermman for hygh=bensity hpoptoaten conoentration, stnuciure,
anvd metabolistn Py Nt Acad Ser 1%A 1000 27482753,
Ishiela, 1.8 Chon B K Kowlda, Ko Thraw, oM Robin, A D
Coaper, a1 Questenmons 214048 Faulothelial lipase 18 a major
deterrnmnant of TIDL Yesel f Ol durest 1112 4472355

WS Millan U Broedl ] M Cle ko and Y| Rader, 2003

Intubimon of endothelal hipase camses nnoeased DL choles
terol levels tnvives J Cdn doed 111 3577462

J, W S Sun, T SMarchader, oo, 1M Ghick, and
[V ] Rueder 200% Fadoahebial cells seceere tnghveerde Tipase aned
phospholipune aonviies on tesgeoense oy tukines asoa result of en-
dihiehiad Tipase ane Fa 20 tebd 07

Kunenbeaen, ] AL H Pouhadd | ERL ] Brohlich, G Assmann,
and | Kastelemn 1997 The mdes sl pathabiogn ot bedithineches
lesterel anslnansterase L CAT L ebeboenoy windraomes [ fapad
AV ¢ O R B A T

Latarche, IV, K D Udbehman, A Laapenuet, | S Cohne G
Stevner, PO Baarreo, anel e ol erule ennch
ment b HI evbune ey i vive e tabalo clearane e of BDL ape
Alm bheabthwvanen [ Can Inoed 104 100 11000

Freldimg, ¢ [ and " B Fieldigg et Mobevadar phivsiologey of
riverse shalesteral rranspeae foLipnd Heo 36 211 -200K

ver Fokapdviems, VO TR NG e 6 Yl bhigh
ey Illllll!!llll‘l”\ atud grier e ooy Rale of cholestend of-
Hax el reverse cholesiersl aransport Artemosddes Fhromb Vase
fleod 20 1427

Baramewa, U T Vishoavaboaa, v T hanen, f
lew ] Seank, UL byerrman el AP
freodvsacs laude down tepndates both scavonger recepitor B oaml
ATE By cassette teaasporier Al o RAW el Infed Immun
FO: M5 a3

Rhovudhambar, W | K Shogenaea, v T Moser, KR Femnold,
and 0 tennmfeld 200 Chodesterad eifhiy by cte-phase high
denay ipepratein Raole ol leoitinn holesterol s vliiranslerase,
{apud ey 42: TN

Rhowcdbgnba, Wo A H Moser, | K Shigenaea, € Grundeld, and
K R Fengold 2000 Regulation of seavenger recepton Jdas B
vpe Tan hatstes Tver and HegdSlt el b endososan and v
kines f Fapud Res 42: 0o fredd

Memoen, R0oA . W M O Holleran, Y Uiknda, A 1L Muoser, S
Iehikawa ¥ Hirabavashn, € Grunteld, amd KR Feongold 1R
Repulanon o glhvcosphangahpud meiabolian aa ey dunng the
At phose tesponse Bl Chem 2740 10T0T 10713

Memon, BOA W M Hoberan, ¥ Uhihiedbae v B Mower, 47 Goaune
feld, and K R Fongold 2001 Regubaton ol sphangohpnd and
glvorsphimgohipad metabodisa me esteahepans nssies by endis
asy fobapacd Hes 420 452 40

Kavano, T ] Cal Y Kocrakao U Tonna, ¥ Kaneko, K Mook, H
Ve, R Nakagawa, L Saec B Kaaudon TE Rosesa, amd M Tane
197 CD T cestrnoesd e TR miealiaded acination o
valpha L NK el by ylyvoos b eramindes soaeece 378 1nln- 10200,
Waorgn, MO 1 Xae, N a1 Pl 8 Maiathe, A Johine,

BoLoewas

Lssriann

f hene AT Rema-
et M2 T iywr

e



169.

170.

171.

173.

174.
175.
176.

177.

178.

179.

180.

181.

182.

183.

184.

185.

187.

188.

P. W. Gold, E. Hirsch, K. |. Williams, ]. Licinivu, and I. Tabas. 2000.
Acute systemic inflamination up-reputates scerclory sphingomy-
clinasc in vivo: a possible link between inflammatory cylokines

tor alpha-induced downregulation of peroxisome proliferator-
activated receptor gamma mRNA in differendated 3T3-L1 adipo-
cytes. Metabolism. 50: 36—40.

and athcrogencsis. Proc. Natl, Acad. Srr. USA. 97: R681-86806. 190. Waiie, K. ., Z. E. Floyd, P. Arbour-Reily, and ]J. M. Stephens. 2001,
Delogu, G., G. Famutaro, F. Amali, L. Signore, A. Anlonucci, V. Interferon-gamma-induced regulation of peroxisome prolifera-
Trinchieri, L. Di Marzio, and M. .. Cifune. 1999. Ceramide con- 1or-activaled receptor gamma and STATSs in adipocytes. [ Biol
centrations in seplic paticnts: a possible marker of muliiple or- Chem. 276: 7062-7068.
gan dyslunction syndrome. Cnt. Care Med. 27: 24132417, 191. Meng, L., J. Zhou, H. Sasano, T. Suzuki, K. M. Ze¢iloun, and S. E.
Drobnik, W, G. Licbisch, F. X, Audcebert, D Frohlich, T. Gluck, P. Bulun. 2001. Tumor necrosis factor alpha and interleukin 11 se-
Vogel, G. Rothe, and G. Schmitz. 2003. Plasrma ceramide and creted by malignant breasi epithelial cells inhibit adipocyte dif-
lysophosphatidylcholine inversely correlate with mortality in sep- ferentiation by selecuively down-regulaing CCAAT/enhancer
sis patients. f. Lipid Res. 44: 754761, binding protein alpha and peroxisome proliferator-activated re-
Nikolova-Rarakashian, M., E. T. Morgan, C. Alexander, D. C. Li- ceptor gamma: mechanism of desmoplastic reaction. Cancer Res.
owa, and A. H. Merrill, Jr. 1997, Bimedal regulation of cerami- 61: 2250-2255.
dasc by interleukin-1bela. Implications for the regulation of cyio- 192. Feingold, K., M. 8. Kim, ]. Shigenaga, A. Moser, and C. Grunfeld.
chrome p450 2C11. J. Biol. Chem. 272: 18718-18724. 2004. Altered expression of nuclear hormone receptors and co-
. Xia, P, [. R. Gamble, K. A. Rye, L. Wang, C. 8. Hii, P. Cockerill, Y. activalors in mouse heart during the acule-phase response. Am. J.
Khew-Goodall, A. G. Bert, P. J. Barter. and M. A. Vadas. 1998. Tu- Physiol. Endocrinol. Metab. 286: E201-E207.
mor necrosis factor-alpha induces adhesion molecule expression 193. Fajas. L., M. B. Dcebril, and ]. Auwerx. 2001. Peroxisome prolifer-
through the sphingusine kinase pathway. Proc. Natl. Acad. Sci. alor-activaled recepiorgamma: from adipogenesis o carcinogen-
USA. 95: 14196-14201. esis. J. Mol. Endocrinel 2T: 1-9.
Baumann, H., K R. Prowse, S. Marinkovic, K A. Won, and G. P. 194, Willson, T. M., M. H. Lambert, and 5. A. Kliewer. 2001. Pcroxi-
Jahreis. 1989. Siimulation of hepatic acule phase response by cy- somc prolifcrator-activated receptor gamma and metabolic dis-
tokines and glucucorticoids. Ann. N. ¥ Acad. Sa. 557: 280-295. case. Annu. Rev. Biochem. T70: 341-367.
Kishimowo, T.. T. Taga, and S. Akira. 1994, Cyrokine signal trans- 195. Fruchari, ]. C., P. Duriez, and B. Staels, 1999. Peroxisome prolif-
duction. Cell 76: 253-262, erator-activated receptor-alpha aclivators regulate genes govern-
Mangelsdorf, D. J.. and R. M. Evans. 1995. The RXR her- ing lipoprotein metabolism, vascular inflammation -1 athcro-
erodimers and orphan receplors. Cell. 83: 841-850. sclerosis. Curr, Opin. Lipidol. 10: 245-257.
Blumberg. B., and R. M. Evans. 1998. Orphan nuclcar recep- 196. Wang, Y. X., C. H. Lee, S. Tiep, R. T. Yu, ]. Ham, H. Kang, and
tors—new ligands and new possibilitics. Genes Dev. 12: 3149-3155. R. M. Evans. 2003. Peroxisome-prolifcrator-aciivated receptor delia
Kliewer, §. A., ]. M. Lchmann, and T. M. Willson. 1999. Orphan activales fal metabolism 1o prevent obesity. Cefl 113: 159-170.
nuclear recepiors: shifling endocrinology into reverse, Scence. 197. Lehman, J. J.. and D. P. Kelly. 2002. Gene regulatory mechanisms
984: 757-760. governing energy metabolism during cardiac hypertrophic growth,
Chawla, A., J. J. Repa, R. M. Evans, and D. ]J. Mangelsdorf. 2001. Heart Fail. Rev. 7: 175-185.
Nuclear receplors and lipid physiology: opening the X-hles. Sa- 198. Schounjans. K, B. Stacls, and J. Auwerx. 1996. Role of the perox-
mece. 294: 1866-1870. isome n-oliferator-activaled receptor (PPAR) in mediating the ef-
Lec, C. H., P. Olson, and R. M. Evans. 2003. Minircview: lipid me- feets of fibrates and fatty acids on gene expression. f. Lipid Res.
abolism, mctabolic diseases, and peroxisume proliferatoracu- 37:907-925.
valed receptors. Endocrinology. 144: 2201-2207. 199. Bagby, G. I, and ]. A. Spitzer. 1980. Lipoprotein lipase activity in
Peet, D. ]J., B. A. Janowski, and D. ]J. Mangelsdorf. 1998. The rat heart and adipose lissue during endotoxic shock. Am. J. Phys-
LXRs: a new class of oxyswerol receptors. Curr. Opin. Genel. Dev. 8: ol 238: H325-H330.
571-575. 200. Bagby, G. ]., and . A. Spitzer. 1981. Decreased myocardial extra-
Edwards, P. A., H. R. Kast, and A. M. Anisfeld. 2002, BAREing it cellular and muscle lipoprotein lipase activities in endotoxin-
all: the adoption of LXR and FXR and their roles in lipid homeo- treated rats. Proc. Soc. Exp. Biol. Med. 168: 395-398,
stasis, f. Lipid Res. 43: 2-12. 201. Sinal, C. ]., M. Tohkin, M. Miyaia, ]. M. Ward, G. Lamber, and
Francis, G. A., E. Fayard, F. Picard, and ]J. Auwerx. 2003. Nuclear F.]. Gonzalez. 2000. Targeied disruption of the nuclear receptor
receptors and the control of mewabolism. Annu. Rev. Physiol 65: ;’XR/BAR impairs bile acid and lipid homcostasis. Cell 102: 731-
261-311. 44.
Beigneux, A. P, A. H. Moscr, ]. K. Shigenaga, C. Grunfeld, and K. 202. Kast, H. R., C. M. Nguyen, C.]. Sinal, 8. A. Jones, B. A. Laffite, K.
R. Feingold. 2000. The acute phase response is associaled with Reue, F. J. Conzalez, T. M. Willson, and P. A. Edwards. 2001. Far-
rednoid X receptor repression in rodent liver. J. Biol Chem. 275: nesoid X-activated receptor induces apolipoprotein C1I tran-
16390-16399. scription: a molecular mechanism linking plasma wiglyceride few
Kim, M. 8., ]. Shigenaga, A. Moscr, K Feingold, and C. Grunfeld. els 1o bile acids. Mol. Endocrinol 15: 1720-1728.
2003, Repression of farnesoid X receptor during the acute phase 203. Mak, P. A, H. R. Kasi-Woelbern, A. M. Anisfeld, and P, A. Ed-
response. . Biol. Chem. 278: 89888995, wards. 2002. Identification of PLTP as an LXR target gene and
Beigncux, A. P, A. H. Moser, . K. Shigenaga, C. Grunfeld, and apoE as an FXR target gene reveals overlapping targets for the
K R. Feingold. 2002. Reduction in cytochrome P-450 enzyme ex- two nuclear receptors. J. Lipid Res. 43: 2037-2041.
pression is associated with repression of CAR (constitulive an- 204. Berg, D. T, D. S. Calnek, and B. W. Grinncll. 1995. The human
drostane receptor) and PXR (pregnanc X receplor) in mouse apolipoprotein E gene is negatively regulated in human liver
liver during the acute phase response. Biochem. Biophys. Res. Com- HepG2 cells by the transcription factor BEF-1. J. Biol. Chem. 270:
mun. 293: 145-149. 15447-15450.
Hill, M. R., M. D. Young. C. M. McCurdy, and J. M. Gimble. 1_997. 205. Berg, D. T, D. 8. Calnck, and B. W. Grinnell. 1996. Trans-repres-
Decreascd expression of murine PPARgamma in adiposc tissuc sor BEF-1 phosphorylation. A potential control mechanism for
during endotoxemia. Endecrinclogy. 138: 3073-3076. ] human ApoE gene regulation. J. Biol. Chem. 271; 4589—4592.
Zhang, B., ]. Berger, E. Hu, D. Szalkowski, S. White-Carringion, 206. Oram, |J. F., and R. M. Lawn. 2001. ABCAI. The gatckeeper for
B. M. Spicgelman, and D. E. Monller. 1996. Negalive regulation of eliminating excess tissue cholestero!. /. Lipid Res. 42: 1173-1179.
peroxisome prolifcrator-activaled reccplorgamma gene cxpres- 207. Vc_nk_al.eswamn, A., B. A. Laffiue, 8. B. Joseph, P. A, Mak, D. C.
sion contributes 1o the antiadipogenic effects of umor necrosis Wilpitz, P. A. Edwards, and P. Tontonoz. 2000. Control of cellular
factor-alpha. Mol. Endocrinot. 10: 1457-1466. cholesterol efflux by the nuclear oxysterol recepror LXR alpha.
Xing, H.,]J. P. Northrop, ]. R. Grove, K. E. Kilpatrick, J. L. Su, and Proc. Natl. Acad. Sci. USA. 97: 12097-12102.
G. M. Ringold. 1997. TNF alpha-mediatcd inhibition and reversal 208. Costet, P, Y. Luo, N. Wang, and A. R. Tall. 2000. Sterol-depen-
of adipocyte diffcrentiation is accompanied by suppressed ex- dent u-:msaclimdon of the ABC1 promoter by the liver X recep-
pression of PPARgamma withoul effects on Pref-1 cxpression. En- tor/retinoid X receptor. f. Biol. Chem. 275: 28240-28245.
docrinology. 138: 2776-2783. 209. Casuillo, A., S. B. Joseph, S. A, Vaidya, M. Haberland, A. M.
Perrey, S., 8. Ishibashi, N. Yahagi, J. Osugs. R. Tozawa, H. Yagyu, Fogelman, G. Cheng, and P. Tontonoz. 2003. Crossialk between
K. Ohashi, T. Goloda, K. Harada, Z. Chen. Y. lizuka, F. Shionoiri, LXR and TolHike receptor signaling mediates bacterial and viral
and N. Yamada. 2001. Thiazolidinedione- and tumor necrosis fac- antagonism of cholesterol metabolism. Mol Cel!. 12: 805-816.
Khovidhunkit el el.  Infection, inflammation, and lipid metabolism 1191



210.

215.

216.

218.

219,

220.

225,

226.

227.

228.

229.

230.

1192

. Beign:

Tall, A. R, X._]ian.g, Y. Luo, and D. Silver. 2000. 1999 George Ly-
man Duff memorial lecture: lipid ransfer protcins, HDL metab-

?Ili;gl. and athcrogenesis. Artenioscler. Thromb. Vase. Biol. 20: 1185

- Luo, Y, and A. R. Tall. 2000. Sterol upregulation of human CETP

expression in vitro and in transgenic mice by an LXR cf I
Clin. Invest. 105: 513-520, & & clement. /.

- Urizar, N, L, D. H. Dowhan, and D. D. Moore. 2000, The [ame-

soid X-activated receplor mediates bile acid aclivation of phos-
pholipid vansfer prowin gene expression, J. Biol Chem. 275:
39313-59317.

- Krieger, M. 2001. Scavenger receptor class B type 1 is a mulili-

gand HDL receptor that influcnces diverse physiologic systems. /.
Clin. Invest. 108: 795797, physiologic sys 4

- Malerod, L., M. Sporstol, L. K Juvet, A. Mousavi, T. Gioen, and T.

Berg. 2003, Hepatic scavenger receplor class B, type 1 is stimu-
lated by peroxisome proliferator-activated receptor gamma and
hepatocyte nuclear factor dalpha. Biochem. Biophys. Res. Commun.
305: 557-565.

Lambert, G.. M. J. Amar, G. Guo, H. B. Brewer. Jr., F. ]. Gonzalez,
and C. ]. Sinal. 2003. The famesoid X-receptor is an essential reg-
ulator of cholesterol homceostasis. /. Biol, Chem. 278: 2563-2570.
Lehmann, J. M., S. A. Kliewer, L. B. Moore, T. A. Smith-Oliver, B.
B. Oliver, J. L. Su, 8. 5. Sundscth, D. A. Winegar, D. E. Blanchard,
T A. Spencer, and T. M. Willson. 1997, Activation of the nuclear
receptor LXR by oxysterols defines a new hormone response
prathway. J. Biol. Chen, 272: 3137-3140.

- Peet, D. ].. 8. D. Turlcy, W. Ma, B. A. Janowski, ]. M. Lobaccaro.

R. E. Hammer, and D. J. Mangelsdorf. 1998. Cholesterol and bile
acid melabolism are impaired in mice lacking the nuclear oxy-
sterol receptor LXR alpha. Cell 93: 693—704.

Makishima, M., A. Y. Okamoto, J. J. Repa, H. Tu, R. M. Leamned,
A. Luk, M. V. Hull, K D, Lustig, D. J. Mangelsdorf, and B. Shan.
1999. Ideniification of a nuclear receptor for bile acids. Srence.
284: 1362-1365.

Chen, J. Y., B. Levy-Wilson, 5. Goodart, and A. D. Cooper. 2002
Mice expressing the human CYP7A) gene in the mouse CYP7AL
knock-out background lack induction of CYP7AI expression by
cholesterot feeding and have increased hypercholesierotemia
when fed a high fat dict. J. Biol. Chem. 277: 1238842505,

Lu, T. T., M. Makishima, ]. ]. Repa, K Schoonjans, T. A. Ker, |.
Auwerx, and D. ]. Mangelsdorf. 2000. Molecular basis for feed-
back regulation of bile acid synihesis by nucle: r receptors. Mol.
Cell. 6: 507-515.

- Gupua, 8., W. M. Pandak, and P. B. Hylemon. 2062. LXR alpha is

the dominant regulalor of CYP7Al wranscription. Biochem. Bio-
phys. Res. Commun. 293: 338-343.

. Chiang, J. Y. 2002. Bile acid regulation of gene expression: roles

of nuclear hormone receptors. Endoer Rev. 23: 443163,

. Wang, B., 8. R Cai, C. Gao, F. M. Sladck, and K P. fander. 2001.

Lipopolysaccharide results in a marked decrease in hepatocyte
nuclear factor 4 alpha in rat liver. Hepatology. 34: 979989,

.A. P, A H. Moser, J. K Shigenaga, C. Crunfeld, and
K. R, Fuingold. 2003. Sick cuthyroid syndrome is associuted with
decreased TR expression and DNA binding in mouse liver. Am. [
Physiol. Endocrinol. Metab. 284: E228-E236.

del Castillo-Olivares, A., and G. Gil. 2000. Alpha l-fetoprotcin
ranscription factor is required for the expression of swerol
12alpha-hydroxylase, the specific enzyme for cholic acid synthe-
sis. Potental role in the bile acid-mediaied regulation of gene
transcription. J. Biol Chem. 275: 17793-17799.

Zhang, M., and J. Y. Chiang. 200]. Transcriptional regulation of
the human sterol 12aipha-hydroxylase gene (CYP8BI1): roles of
hepatocyte nuclear factor 4alpha in medialing bile acid repres-
sion. J. Biol Chem. 276: 416901699,

Burke, P. A., M. Drotar, M. Luo, M. Yaile, and R. A. Forsc. 1994,
Rapid modulation of liverspccific transcription faciors aficr in-
Jjury. Surgery. 116: 285-292.

Garuti, R., M. A. Croce, L. Piccinini, R. Tiozzo. S. Berolini, and
S. Calandra. 2002. Funcuional analysis of the promoter of human
sterol 27-hydroxylase gene in HepG2 cells. Gene. 283: 133143,
Roc, A. L., 5. M. Poloyac, G. Howard, S. [. Shedlofsky, and R. A,
Blouin. 2001. The effect of endotoxin on hepatocyte nuclear fac-
tor 1 nuclear protein binding: potential implications on CYP2EI
expression in the raw f. Pharm. Pharmacol. 53: 1365-1371.
Ananthanarayanan, M., N. Balasubramanian, M. Makishima, D. J.
Mangelsdorf, and F. J. Suchy. 2001. Human bile salt export pump

Journal of Lipid Research Volume 45, 2004

251.

232.

233,

234,

236.

237.

238.

24].

promoter is transactivated by the farnesoid X receptor/bile acid
receptor. [ Biol. Chem. 276: 2B857-28865.

Kast, H. R., B. Goodwin, P. T. Tarr, S. A. Jones, A. M. Anisfeld,
C. M. Sioltz. P. Tonwonoz, S. Kliewer, T. M. Willson, and P. A, Ed-
wards. 2002. Regulation of muliidrug resistance-associated pro-
tein 2 {ABCC2) by the nuclcar receplors pregnane X recepior,
famcesoid X-activaled recepior, and constitutive androstane re-
ceptor. J. Biel. Chem. 277: 2908-2915.

Repa, ]. J.. K E. Berge, C. Pomajzl, J. A. Richardson, H. Hobbs,
and D. |. Mangclsdorf. 2002. Regulation of ATP-binding cassette
sterol transporters ABCGS and ABCG8 by the liver X recepiors
alpha and beua. J. Biol. Chem. 277: 18793-18800.

Kok, T., V. W. Bloks, H. Woliers. R. Havinga, P. L. Jansen, B,
Staels, and F. Kuipers. 2003, Peroxisome proliferator-activated re-
ceptor alpha (PPARalpha)-medialed regulavon of mulidrug re-
sistance 2 (Mdr2) expression and function in mice. Biochem. J.
360: 539-547.

Libby, P., D. Egan, and 5. Skarlatos. 1997. Roles of infectious
agents in atherosclerosis and restencsis: an assessment of the evi-
dence and need (or future research. Circulation. 96: 40954108,

. Epsicin, 5. E.. Y. F. Zhou, and J. Zhu. 1999. Infeclion and athero-

sclerosis: emerging mechanistic paradigms. Circulation. 100: ¢20-
c28.

Becker, A. E., O. ]. de Boer, and A. C. van Der Wal. 2001, The role
of inflammation and infection in coronary ariery disease. Aanu.
Rev. Med. 52: 289-297.

Leinonen, M.. and P. Saikku. 2002. Evidence for infectious agents
in cardiovascular discase and atherosclerosis. Lancet Infect. Dis. 2:
11-17.

Saikku, P., M. Leinonen, L. Tenkanen, E. Linnanmaki, M. R. Ek-
man, V. Manninen, M. Manuari, M. H. Frick, and J. K Huttunen.
1992. Chronic Chlamydia pneumoniac infection as a risk factor
for coronary heart discase in the Helsinki Heart Study. Ann. In-
tern. Med. 116: 273-278,

. Melnick, ]. L., E. Adam. and M. E. Debakey. 1993, Cytomegalovi-

rus and atherosclerosis. Eur. Heart /. 14 (Suppl. K): 30-38,

. Mendall, M. A, P. M. Goggin, N. Molincaux, J. Levy, T. Toosy. D.

Strachan, A. J. Camm, and T. C. Nerthfceld. 1994, Relaton of
Helicobacier pylor infection and coronary heart discase. Br.
Heart J. T1: 437439,

DeSwelano, F., R F. Anda, H. S, Kahn, D. F. Williamson, and C. M.
Russcll. 1993, Dental discase and risk ol coranary heart discase
and mortalire. B/ 306: 688-691.

242. Jousilahti. P, E. Varuainen, | Tuomilehto, and P. Puska. 1996.

251.

Symptoms of chronic bronchius and the risk of coronary disease.
Lancei. 348: 567-572,

.Kiechl, 8., . Egger. M. Mavr, C. ]. Wicdermann, E. Bonora, F

Oberhollenzer, M. Muggeo, Q. Xu, G. Wick, W. Pocwe, and J.
Willeit. 2001. Chronic inwwractions and the risk of carotid athere-
sclerosis: prospective resules frum a large population study. Gireu-
lation. 103: 10641070,

. Monson, R.R.,and A P. Hall. 1976. Mortaluy among arthridies. f

Chronic fhs. 29: 459-457.

. McDonald, C. ].. and P. Culabresi. 1974, Psonasis and occlusive

vascitlar discase. Br. J. Dermatol 99: 169475,

. Asanuma, Y.. A. Quser, A, K Shinani, E. Turner, N. Otlsen, S.

Fazio. M. F. Linton. P. Raggi. and C. M. Swin. 2003. Premature
coronary-artery atherosclervsis in systemic lupus erythematosus.
N. Engl [ Med. 349: 2407-2415.

. Roman, M. }.. B. A. Shanker. A. Davis, M. D. Lockshin, L. Sam-

maritano, R. Simantov, M. K. Crow, ]J. E. Schwarwz, 5. A_ Paget,
R. B. Devercux, and J. E. Salmon. 2003, Prevalence and corre-
lates of accelerated atherosclerosis in systemic lupus erythemato-
sus. N. Engl. | Med. 349: 23909-2406.

. Havel, R. J. 2000. Remnant lipoprowins as therapeutic targets.

Curr. Opin. Lapidol. 11: 615-620.

- Malloy, M. ., and J. P. Kane. 2001. A risk lactor for atherosclero-

sis: triglycenide-rich lipoprotcins. Adv. Intern. Med. 47: 111-136.

. Ginsberg, H, N, 2002, New perspectives on atherogenesis: role of

abnormal inglyceride-rich lipoprotein metbolism. Circulation.
106: 2137-2142.

. Gianwrco, 8. H., 8 G. Eskin, L. T. Navarro, C |. Labarn, L. C.

Smith, and A. M. Gouo, Jr. 1980, Abnormal ¢ffects of hypertniacyl-
glycerolemic very low-densiy lipoproteins on hvdroxy-3methyl-
glutaryl-CoA reductase activity and viability of culmred bovine
aortic endothelial cells. Biorhem. Biophys. Acta. 618: 143~152,

Gianwarco, 8. H., M. P Ramprasad, R. Song. R. Li. M. L. Brown,



252,

253.

254.

255.

256.

257.

258.

2600,

261.

262.

263,

265.

266.

267.

268,

and W, A. Bradley. 1998, Apolipoproicin B-18 or its apolipupro-
tein B-100 cquivalent mediates the binding of triglyceride-rich
lipoprateins to their unique human monocyte-macrophage re-
ceplor, Arterioscler. Thromb. Vasc. Biol 18: 968-976.

Redgrave, T. G, V. Rakic, B. C. Mortimer, and J. C. Mamo. 1992
Effecis of sphingomyelin and phosphatidylcholine acyl chains on
the clearance of triacylglycerol-rich lipoprowcins [rom plisma.
Studices with lipid emulsions in raw. Biochim. Biophys. Acta. 1126:
65-72,

Fringold, K. R., R. M. Krauss, M. Pang, W. Docrrler, P. Jensen,
and C. Grunfeld. 1993. The hyperriglyceridemia of acquired im-
munodeficiency syndrome is associated with an increased preva-
lence of low density lipoprotein subclass paitern B, J. Clin. Endo-
erinol. Melab. 76: 142231427,

Nigon, F., P. Lesnik, M. Rouis, and M. ]J. Chapman. 1991. Discrete
subspecics of hurnan low density lipoproteins are heterogencous
in their interaction with the cellular LDL receptor. J. Lipid Res.
32: 1741-1753.

Hurt-Camecjo, E., G. Camcjo. B. Rosengren, F. Lopez, O. Wik-
lund, and G. Bondjers. 1990. Diffcrential uplake of proteoglycan-
selected subfractions of low density lipoprotein by human macro-
phagces. J. Lipid Res. 31: 1387-1398.

Chait, A., R. L. Brazg, D. L. Tribblc, and R. M. Krauss. 1993, Sus-
ceptibility of small. dense, low-density lipoproleins to oxidative
maodilication in subjects with the atherogenic lipoprotwin pheno-
type, pattern B Am. J. Med. 94: 350-1356,

Steinbery, Do, S. Parthasarathy, T. E. Carew, |. €. Khoo, and J. L.
Witztum. 1989. Beyond cholesterol. Modilications of low-density
lipoprotein that increase i1s atherogenicity. N. Engl. [ Med. 320:
915-924.

Mcmon, R, AL, L Staprans, M. Noor, W. M. Holleran, Y. Uchida,
A. H. Moser, K R Feingold, and C. Grunfeld. 2000, Infection
and inflammation induce LD oxidation in vivo. Arterioscler
Thromb. Vasr. Biol. 20: 15361542,

. Liubay, P, ). Persson, | Luoma, S. Yla-Heruuala, and E. Pesonen.

20008, Acute infections in children are accompanied by oxidative
modification of LDL and decrease of HDL cholesterol, and are
followed by thickening of carotid inlima-media. Eur Heart f. 24:
515-521.

Pepys, M. B, and G. M. Hirschficld. 2003. Cereactive prolein: a
critical updane. f. Clin. Invest. 1113 1305-1812.

de Beer, FoCLAD K. Sounar, M. L. Baliz, I M. Trayner, A. Fein-
stein, and M. B. Pepys. 1932, Low density lipoprotein and very
low density lipoprotein are selectively bound by aggregated
Cereactive prowin. f Fxp. Med. 156: 230-242,

Libby, P, and P. M. Ridker. 1999, Novel inflammatory markers of
coronary risk: theory versus practice. Circulation. 100: 1148-1180,
Chang, M. K.. C.]. Binder, M. Torzewski, and |, 1. Witzium, 2042,
Cereactive protein hinds 1w buth oxidized LDL and apoptotic
cells through recognition of a common ligand: phosphorvicho-
line of oxidized phospholipids. Proc. Natl Acad. S U'SA. 99:
1304313048,

. Hakala, ). K., K OQorni, M. (3. Pentikainen, E. Hur-Camejo, and

P. T. Kovanen. 2001, Lipulysis of LDL by human seeretory phos-
pholipase A(2) induces particle fusion and enhances the rewn-
tion of IDL 10 human aortic proleoglycans. Arierioscler. Thromb.
Vase. Biol. 21: 10531058,

Ivandic, B., L. W. Gastellani, X. P. Wang, J. H. Qino, M. Mchra-
bian. M. Navah. A. M. Fogelman, D. S Griss, M. . Swanson,
M. C. de Beer, F. de Beer, and AL} Lusis. 199% Role of group
Il sccretory phospholipase A2 i atherosderosis. Increased
atherogenesis and aliered hipoprolems i transgenid mice ex-
pressing group Ha phospholpase A2 drtmuder Phromb, Vase
Biol. 19: 12841790

Stafforini, D. M., T. M. McInoie, M F. Carter.and 5 M Prescon
1987, Human plasma platclet-achvating factor acenvihvdroluse
Association with lipoprotein particles and rolein the deuradation
of platelet-activating factor. f. Hiol Chrm 262: g o
Steinbrecher, U. P, and P. 11, Pritchard. 159 Hydrobsis of phos
phatidylcholine during LDL. oxidation 1s mediated b plateler-
activating factor acervibvdrolase. J. Lipud Hes. 301 305315

Quinn, M. T, S, Parthasarathy, and b, Steanbery luns Lvsophos
phatidylcholine: a chemotactic facior for human monooies and
its potential role in atherogenesis. Proc Nail A.ad Sa 1’54 85:
28051809,

Kugiyama. K. $. A. Kerns, |. D. Morrisctt, R, Reberts amd P DY
Henrv. 1990, Impaimment of endothelium=lependent arteraa re-

Khoiwihunkt et al. Infection, inflammation, and lipid metabolism

270.

277.

278.

279.

280.

281.

285k,

287,

ORK,

laxation by lvsolecithin in maditied low-density lipoproweins. Na-
ture. 344: 160-162.

Khovidhunkit, W, R. A, Memon, J. K Shigenaga, M. Pang. M.
Schambelan, K. Mulligan. K. R. Feingold, and C.. Grunfeld. 1499,
Plusma platclet-aciivating factlor acetylhydrolase activity in hune
man immunodeficiency vitus infection and the acquired imnng-
nodeficiency syndrome. Meiabolism. 48: 1524-153]1.

. Packard, €. [.. D. S. O'Reilly, M. J. Gaslake, A. D. McMahon, |

Ford, J. Cooncy, C H. Macphee. K. E. Suckling, M. Krishn., F E.
Wilkinson, A. Rumley, and G. D. Lowe. 2000. Lipuprotcin-asso-
ciated phospholipase A2 as an independent predictor of coro-
nary heart discase. West of Scodand Coronary Prevention Study
Group. N. Engl. J. Med. 343: 1148-1155.

. Schissel, 8. L., ]. Tweedic-Hardman, ). H. Rapp. G. Gruham, K. |.

Williams, and I. Tabus. 11196. Fabbit aoria and human athesascle-
rotic lesions hydrolyze the sphingomyelin of relained low-density
lipoproicin. Proposed role for arierial-wall sphingomyclinase in
subendothelial retenuon and aggregalion of atherugenic lipo-
prowins. J. Clin. Invest. 98: 1455-1464.

. Mukhin, D. N, F. F. Chao, and H. 8. Kruth. 1995. Clycosphin-

golipid accumulation in the aortic wall is another feawure of hu-
man atherosclerosis. Anterioscler. Thromb. Vase. Biol 15: 1607-1615.

. Jeong, T., 8. L. Schissel. |, Tabas. H. ]. Pownall, A. R. Tall, and X.

Jiang. 1998. Increased sphingomyelin content of plasma lipopro-
teins in apolipoprotein E knockout mice reflects combined pro-
duction and cawbolic defects and enhances reactivir - ith mam-
malian sphingomyelinase. f. Clin, Invess, 101: 905-91°.

. Jang, X. C.,, F. Paulire, T. A. Pearson, R. G. Reed, C. K. Francis,

M. Lin, L. Berglund, and A. R. Tall. 2000. Plasma sphingomyclin
levet as a risk {actor for coronary artery discase. Arerioscler.
Thromb. Vasr. Biol. 20: 2614-2618.

5. Xu, X. X, and [ Tabas. 1991. Sphingomyclinase enhances low

density lipoprotein uptake and ability to induce cholesteryl
ester accumulation in macrophages. J Biol. Chem. 266: 24849-
24854,

Anl, A, G, Marsche, S, Lestavel, W. Sattler, and F. Malle. 2600,
Role of scram amyloid A during metibolism of acute-phase HDL
by maciophages. Arterioscler. Thromb. Vase. Biol 20: 763-772.
Pussinen. P ]., M. favhiainen, T. Vilkuna-Rautiainen, J. Sundvall,
M. Vesanen, K. Matiila, T. Palosuo. G. Alfthan, and S. Asikainen.
2004. Prriodontitis deereases the antiatherogenic potency of
high density lipoprowin. J, Lipid Res. 45: 139-147.

Artd, A, G. Marsche, P Pussinen, G. Knipping, W. Saider, and E.
Malle. 2002. Impaired capacity of acute-phase high density lipo-
protein particles to deliver cholesteryl ester 1o the human HUH-7
hepatoma cell linc. fnt. f. Biochem. Cell Biol 34: 370-381.
Kunitake, 5. T., M. R. Jarvis, R. L. Hamilton, and J. P. Kane. 1992,
Binding of tramsition metals by apolipoprowin A-lcontaining
plasma lipoproteins: inhibition of oxidation of low density lipo-
proteins. Proc. Natl. Acad. $q. USA. 89: 69936997

Shih. D. M., L. Gu, Y. R Xia, M. Navub, W. F. Li, S. Hama, L. W.
Castellani, C. E. Furlong, L. G. Costa, A. M. Fogelman, and A, J.
Lusis. 1994, Micc lacking serum paraoxonase are sum eptible 1o

organophosphale toxicity and atherosclerosis. Nature 394: 284—
287,

. Goldswein, 1. M., H. B. Kaplan, H. S. Edclson, and G. Weissmann.

1982. Ceruluplasmin: an acute phase reactant that seavenges oxy-
gen-derived free radicals. Arn. N. ¥ Acad. Sa. 389: 368~379.

. Ehrenwald, E., G. M. Chisolm, and P. 1.. Fox. 1994, Intsct human

ceruloplasmin uxidauvely modifies low density lipoprotein, f
Cln Invest. 93: 1493-150] .

lamb, D. |.. and D. $. Leake 1994, Acidic pH cnables cacrulo-
plasmin to catalyse the modification of low-density lipoprotwin.
FEBS Lett 338: 122-126.

- Buucnschoen. K., D. C. Butenschoen, D. Berger, € Vasileseu, S.

Schafheutle, B. Goclienboth, M. Seidelmann, and H. G. Beger.
2001. Endotoxemia and acute-phase proteins in major abdomi-
nal surgerv. Am /. Surg 181: 3643

Oiknine, |, and M. Aviram. 1992. [ncreased susceptibility to acu-
vanon and increased uptake of low densuy ipoprotein by choles-
terol-loaded macrophages. Artenoscler. Thromb 12: 745-753,
Funk.]. L. K R. Feingold, A. H. Moser, and €. Grunfeld. 1993,
Lipopolysaccharide sumulation of RAW 264 7 marrophages in-
duces lipid accumulation and foam cell formation  Atherasclrross.
98: 67-82

Ruan, X Z. Z Varghese, S H Powis. and | F Mourhead. 200].
Dvaregulation of LDL receptor under the influence of inflamma-

1193



289,

292,

293,

295.

298.

299,

300.

302,

303.

304.

307.

308.

1194

Lory cytokines: a new pathway for foam cell formation. Kudney ne,
60: 1716-1725.

K'a!ayoghl. M V. and G. I. Byme. 1998 A Chlamydia pneumne
mac component that induces macrophage foam cell furmauon is
chlamydial lipopolysacchande. Infect. Immun. 66: 5067-5072.

- Rall. D. P. J. R. Gaskins. and M. G. Kelly. 1957. Reduction of fe-

bll-ilc response 1o bacterial polysaccharide following incubation
with scrum. Am. J. Physiol. 188: 559-562.

- Skarnes, R.C, F. 8. Rosen, M. ]. Shear, and M. Landy. 1958 Inac-

tvation of endotuxin by a humoral component. 1. Interaction of
endotoxin with serum and plasma. J. Exp. Med. 108; G855,
Ulevitch, R .. A R. Johnston, and D. B. Weinstein, 1979, New
function for high density lipoproteins. Their participation in in.
travascular reactions of bacterial hpopolysaccharides. f. Cha. In
vest. 64: 1516-1524,

Munford, R. §., (.. L. Hall, J. M. Lipton, and J. M. Dicischy. 1982,
Biological activity. lipoprotein-binding behavior, and in vivo dis-
position of extracted and native forms of Salmonclla wphimu-
rium lipopolysacchurides. J. Clin. Invest. 70: 877-858.

. Van Lenten, B. ], A. M. Fogelman, M. E. Haberland, and P. A

Edwards. 1986. The role of lipoproteins and receptor-mediated
cndocytosis in the transport of bacierial lipopolysacchande. Proc.
Natl Acad. Sa. USA. 83: 2704-2708.

Harris, H. W., C. Grunleld, K. R. Fringold, and J. H. Rapp. 1990.
1Timan very low density lipoproteins and chylomicrons can pro-
wect against endotoxin-induced death in mice. J. Clin. Invest. 86:
696-702.

. Eichbaum, E. B., H. W. Harris, |. P. Kane, and ]. H. Rapp. 1991.

Chylomicrons can inhibit cndotoxin activity in vitro. /. Surg. Res.
51: 413-416.

. Harris, H. W E. B. Eichbaum, J. P. Kane. and J. H. Rapp. 1991.

Dewection of endutoxin in triglyceride-rich lipoproteins in vitro.
J- Lab. Clin. Med. 118: 186-193.

Emancipator, K., G, Csako, and R. ]. Elin. 1992 In vitro inactiva-
tion of bacterial endotoxin by human lipoproteins and apolipo-
proteins. Infec. fmmun. 60: 596-601,

Netea, M. G., N. de Bont, P. N. Demacker, B J. Kullberg, L. E. Ja-
cobs, T. J. VerverJansen, A. F. Sialenhocef, and |. W. Van der Meer.
1998. Lipoproicin(a) inhibits lipopolysaccharide-induced tumor
necrosis factor alpha production by human mononuclear cells.
Infect. Fmmun. 66: 2365-2367.

Parker, T. 8., D. M. Levine, J. C. Chang, J. Iarer, C.. C. Coflin, and
A. L. Rubin. 1995. Reconstituted high-densivv lipoprotein ncu-
tralizes gram-negative bacterial lipopolysaccharides in human
whole blood. Iafect. immun. 63: 253258,

. Grunfeld, C., M. Marshall, ]. K. Shigenaga, A. Fl. Moser. P. Tobias,

and K R. Feingold. 1999. Lipuproteins inhibit macrophage acti-
vation by lipoteichoic acid. J. Lipid Res. 40: 245-0252.

Bhakdi, 8., J. Tranum-Jensen, G. Utermann, and R. Fussle. 1983,
Binding and pardal inactivation of Staphylococeus aureus alpha-
10xin by human plasma low density lipoprotein. J. Biol Chem. 258:
5899-5504.

Levels, J. H., P. R. Abraham, A. van den Ende, and S. J. van De-
venter. 2001, Distribution and kinetics of lipoprotein-bound en-
dotoxin. fafect. Immun, 69: 28212828,

Levels, ] H., P. R. Abraham, E. P. van Barreveld, |. C. Mejjers, and
5. J. van Deventer. 2003, Distribution and kinctics of lipuprotein-
bound lipeteichoic acid. fnfect. Immun. 71: 3280-3284.

. Kitchens, R, L., and P. A. Thompson. 2003. Impact of sepsis-

induced changes in plasma on LPS inweractions with monocywes
and plasma lipoproteins: roles of soluble CD14, LBP. and acute
phase lipoprowins. f. Endoloxin Res. 9: 113-118.

. Kitchens, R. L., P. A. Thompson, R. S, Munford, and G. E.

O'Keefe. 2003. Acute inflammation and infection maintain circu-
lating phospholipid levels and enhance lipopolysaccharide bind-
ing to plasma lipoproteins. J Lipid Res. 44: 2339-2348.
Eggesbo, J. B, T. Lyberg, T. Aspelin, 1. Hjermann, and P. Kierulf.
1996. Different binding of 1251-LPS5 10 plasma proteins from per-
sons with high or low HDL. Scand. J. Clin. Lab. Invesi. 56: 533-
543.

Harris, H. W, C. Grunfeld, K R. Fringold. T. E. Read, J. P. Kance,
A. L. Jones, E. B. Eichbaum, G. F. Bland, and J. H. Rapp. 903
Chylomicrons alier the faie of endotoxin, decreasing tumor ne-
crosis factor relcase and preventing death, . Chn. Jnvest. 91:
1028-1034.

. Hubsch. A. P, F. §. Powell, P. G. Lerch, and |. E. Doran. 1993, A

reconstituted, apolipoproicin A-l containing lipoprotein reduces

Journal of Lipid Research Volume 43, 2004

310,

311

a1z

313,

317.

318,

323.

324,

327.

324,

320

wmor necrosis factor release and attenuates shock in endolox-
emic rabbits. Crre Shork. 400 1423

Hubsch, A, P A T Casas, and | E Doran. 1995, Prowciive of-
feers of reconstituted high-densiey lipopiuwem in rabbit gram-
negative bacteremia models f fab. Cin. Med, 126: 548-558.
Casus. A. T, A P Hubsch. and ] F Doran 1'%%16 Effecw of recon-
stituted high-density lipoprotein in perastent gram-negative bac-
tereymaa Am Surg 62: 350-355.

Read, T E.. (. Grunteld. 7 Kumwenda, M. G Cathoun, ] P
Kane. K. R Feingold. and ] 1. Rapp. 18995 Trighvenide-rich lipo-
prowins improve survivit when given after endotoxin in rats. Sur-
gy, 117: G267,

Read, T E.. € Grunlfeld, 7 L. Kumwendu, M. C. Calhoun, | P
Kane, K. R Feingold. and | H Rapp. 1995, Trighyceride-rich lipo-
proleins prevent septic deathon rats, [ Exp. Med. 182: 267-272,

. Feinguld, K R.. J. 1. Funk. A, H. Moscr. |. K Shigenaga, | H.

Rapp., and C. Grunteld. 1995, Role for circulating lipoproteins in
prutection [rom endotoxin wixicity fafect. Immun. 63: 2041-2046.

5 Levine, D M., T, S Parker. T M. Donnelly, A, Walsh, and A, L.

Rubin. 1993, In vivo protection against endotoxin by plasma high
density lipoprotein, Proc. Nail, Acad. Sa. USA90: 12040-12044,

. Newa, M. Gl PN Demacker, B, . Kullberg, O. C. Boerman, 1.

Verschueren, A, F. Stalenhoel and |0 Wovan der Meer 1996, Low-
density lipoprotein receptor-deficient mive are protected against
lethal endooxemia and severe grun-negative infections. J Clin.
Invest. 97: 13661372,

Netea. M. G., P N. Demacker, B, J. Kullberg, L. E. Jacobs. T. J.
Verver-Jansen, O. C. Boerman, A, F. Stilenhoef, and J. W. Van der
Meer. 1998, Bacterial lipopolysacchande binds and stimulates cy-
tokine-producing cells befure neutrulizition by endogenous lipo-
proteins can occur. Cytokine, 10: 766-772.

Pajkri. D..]. E. Doran, F. Koster, P G. Lerch, B. Amet, T. van der
Poll, J. W. ten Cate, and 8. J. vun Deventer. 1996, Andinflamma-
tory cflects of reconstituted high-density lipoprotein during hu-
man endotoxemia, . Exp. Med. 184: 1601-1608.

. Harris, H. W, |. A. Johnson, and 8. |. Wigmore. 2002. Fndoge-

nous lipoproteins impact the respunse Lo endotoxin in humans,
Crit. Care Med. 30: 23-31.

. van der Poll, T., C. C. Braxton, 5. M Coyle, M. A. Boermecster,

J. C. Wang, P. M. Jansen, W. | Momegut, 8. E. Calvano, C. E. Hack,
and S. F. Lowry. 1995, Efcct of hypertriglyceridemia on endo-
(oxin responsiveness in humans. Iafect. fmmun, 63: 3396-3400.

. Read, T E., 1. W. Harris, C. Grunfeld, K. R, Feingold, M. C. Cal-

houn, J. P. Kane. and ]. H. Rapp. 1993, Chylomicrons enhance
endotoxin excretion in bile. fafect. Immun, 61: 3496-3502,

. Kumwenda, Z. L., C. B, Wong, [. A. Johnson, J. E. Gosnell, W. J.

Welch, and H. W. Harris. 2002 Chylomicron-bound endoloxin
selectively inhibits NF-kappaB activation in rat hepatocyles. Shock
18: 182-188.

Ficgel, W, A, A. Walpl, D. N. Mannel, and I, Northoft. 1989. In-
hibition of endotoxin-induced activation of human monocytes by
human lipoproteins, Mnfect. frmmun, 57: 2237-2245,

Cavaillon, J. M., C. Fitting. N. Haeffner-Cavailion, $. J. Kirsch,
and . S. Warren. 1990, Cylokine response by monocyles and
macrophages o free and lipoprotein-bound lipopelysaccharide.
Infect. Immun, 58: 2375-2382,

. Baumberger, C.. R. J. Uleviich, and [. M. Dayer, 1991. Modulation

of endotoxic aciivity of lipopolysaccharide by high-density lipo-
protin. Pathobiology. 59: %78-383.

. Weinstock, C., H. Ullrich, R. Hohe, A. Berg, M. W. Baumstark,

I. Frey, H. Northoff, and W. A, Flegel. 199:. Low density lipo-
prowins inhibit endoloxin aclivation of monocyles. Arterioscler.
Thromb, 12: 341-347.

Flegel, W. A, M. W, Baumsiark, C. Weinstock, A, Berg, and H.
Nornthoitl, 1993, Prevention of endotoxin-induced monnkine re-
lease by human low- and high-density lipoprotcins and by apo-
lipoprowin A-l, Mnfect. fmmun. 61: 5140-5146.

Kichens, R. L., G. Wolfbauer, |. J. Alers, and R, 5. Munford.
1999, Plasma lipoprolcins promote the release of bacterial lipo-
polysaccharide from the monooyte celt surface [ Hiol Chem. 274:
34116-34123.

Vicloroy, A. V., N. V. Medvedeva, E. M. Gladkaya, A D. Moroskin,
E. A. Podree, V. A. Kosykh, and V. A. Yurkiv. 1989, Composition
and structure of lipopolysacchuride-humaun plasma low density
lipoprotein complex, Analytical ultrucentribugation, 31P-NMR,
ESR and fluurescence spectrascopy studies. Hinchem Hiophys. Acta.
984: 119-127.



330. Yan,]. ], J- S.Jung, ]. E. Lee, J. Lee, 5. O. Huh, H. 5. Kim, K. C.
Jung, J. Y. Che, ]. 5. Nam, H. W. Suh, Y. H. Kim, and D. K Song.
2004. Therapeutic effects of lysophosphatidylcholine in experi-
mental sepsis. Nal. Med. 10: 161-167.

381. Park, C. T, and 5. D. WrighL 1996. Plasma lipopolysaccharide-
binding protein is found associated with a parlicle conmining
apolipoprotein A-l, phospholipid, and factor H-related proteins.
J. Biol. Chem, 271: 18054—18060.

332, Wurfel, M. M., S. T. Kunitake, H. Lichenstein, J. P. Kane, and
S. D. Wright. 1994. Lipopolysaccharide (LPS)-binding protein is
carried on lipoproteins and acts as a cofactor in the neuiraliza-
tion of LPS. j. Exp. Med. 180: 1025—-1035.

$33. Vrcugdenhil, A. C., A. M. Snoek, C. van't Veer, J. W. Greve, and
W. A. Buurman. 2001, LP5-binding protein circulates in associa-
tion with apoB<ontaining lipoproteins and enhances endotoxin-
LDL/VLDL interaction. J. Clin, Invest. 107: 225-234.

334. Vreugdenhil, A. C., C. H. Rousseau, T. Hartung, J. W. Greve, C.
van't Veer, and W. A. Buurman. 2003. Lipopolysaccharide (LPS)-
binding protein mediates I PS detoxification by chylomicrons. f.
Tmmunol. 170: 1399-1405.

335. Vreugdenhil, A. C., M. A. Dentener, A. M. Snock, J. W. Greve,
and W. A. Buurman. 1999. Lipopolysaccharide binding protein
and serum amyloid A secretion by human intestinal epithelial
cells during the ucute phase response. f. Jmmunol 163: 2792-
2798.

336. Dentencr, M. A., A. C. Vreugdenhil, P. H. Hoct, J. H. Vernooy,
F. H. Nicman, D. Heumann, Y. M. Janssen, W. A, Buurman, and
E. F. Wouters. 2000. Production of the acute-phase prowin lipo-
polysaccharide-binding protein by respiratory type II epithelial
cells: implications for local defense to bacterial endotoxing. Am.
J. Respir. Cell Mol. Biol. 23: 146-153.

337. Jack, R. 5., X. Fan, M. Bernheiden, G. Rune, M. Ehlers, A. Weber,
G. Kirsch, R. Mentel, B. Furll. M. Freudenberg, G. Schmiwz, F.
Stelter, and C. Schuit. 1997. Lipopolysaccharide-binding protein
is required to combat a murine gram-negative bacterial infection.
Nature. 389: 742-745. ]

338. Lamping, N.. R. Detimer, N. W, Schroder, D. Pfe_ﬂ. W Hal-
laischek, R. Burger, and R, R. Schumann. 1998. LPS-binding pro-
tein protects mice from septic shock caused by LP5 or gram-ncg-
ative bacteria. J. Clin. Jnvest. 101: 2065-2071. .

339. Hailman, E., J. ]. Albers, G. Wolfbauer, A. Y. Tu, and S. D. Wright.
1996. Neutralization and transfer of lipopolysaccharide by phos-
pholipid transfer protein. f. Biol. Chem. 271: 12172-12178.

840. Recalde, D., M. A. Ostos, E Badell, A. L. Garcia-Otin, J. Pidoux,
G. Castro, M. M. Zakin. and D. Scotl-Algara. 2004. Human
apolipoprotein A-TV reduces sceretion off proipﬂ?mma_l.ory oo
kines and atherosclerotic effects of a chronic infection mim-
icked by lipopulysaccharide. Arterioscler Thromb. Vasc. Biol 24:
756-761.

%41. Van Oosten, M., P. C. Rensen, E. S. Van Amersfoort, M. Van Eck,
A. M. Van Dam, ]. J. Breve, T. Vogel, A. Panct, T. . ‘vran Berkel,
and J. Kuiper. 2001. Apolipoprotein E prolects against bacte-
rial lipopolysaccharide-induced lethality. A new therapeutic ap-
proach to reat gram-negative sepsis. J. Biol Chem. 276: 8820~

4.

342, 322Bom. N., M. G. Newea, P. N. Demacker, 1. Verschueren, B. J.
Kullberg, K. W. van Dijk, J. W. van der Meer, and A. F. Stalenhoef,
1999, Apelipoprotcin E knock-out mice arc highly suscepiible to
endotoxemia and Klcbsiclla pneumoniae infection. J. Lipid Res.
40: 680-685.

3438, de Bont. N., M. G. Netea, P N. Demacker, B J. Kullberg. J. W. van
der Meer, and A. F. Stalenhoef. 2000. Apolipoprotcin E-deficient
mice have an impaired immune response to Klebsiella pneumo-
niac. Eur. J. Clin. Invest. 30: 818-822.

$44. Mahley, R. W. 1988. Apolipoprotcin E: cho_lcsterol Lransport pro-
tein with expanding role in cell biology. Science. 240: 622-630.

345, Allen. R. G.,]. T. Barrew, and B. ]. Campbell. 1971. Lipoprotein
inhibitor of Newcaslle disease virus from chicken lung. Appl Mi-

crobiol. 21: 53-60. . .

346. Halonen, P E., P. Toivanen, and T. Nikkari. 1974. Non-specific se-
rum inhibitors of activity of haemagglutinins of rabics and vesicu-
lar stomatilis viruses. J. Gen, Virol 22: 309-318.

347. Segant, L., M. Grassi, P. Mastromarine, A. Pana, F. Super, and
M. Orsi. 1983, Acuivity of human serum lipoprotcins on the infec-
tivity of rhabdoviruscs. Micobiclogica. 6: 91-99. _

348, Shonnidge. K F.. W. K. Ho. A. Ova, and M. Kobayashi. 1975.
Swudies on the inhibitory activities of human serum lipoproteing

Khovidhunkit et al. Infection, inflammation, and lipid metabolism

349,

350.

351.

352,

353.

354,

355.

356.

357.
358,

359.

360.

361.

362.

363.

364,

366.

367.

368.

369.

for Japanese encephalilis virus. Southeast Asian J. Trop. Med. Public
Health. 6: 461466,

Shoriridge, K. F,, and W. K. Ho. 1976. Comparison of the activi-
tes in inhibition ol hacmagglutination by different wogaviruses
for human serum lipoproteins and their constituents. /. Gen, Vi-
rol 33: 523-527.

Chisari, F. V., L. K Curtss, and F. C. Jensen. 1981. Physiologic
concentrations of normal human plasma lipoproteins inhibit the
immortalization of peripheral B lymphocytes by the Epsiein-Barr
virus. J. Clin. Invest. 68: 329-336,

Huemer, H. P, H. J. Menzel, D. Potratz, B. Brake, D. Falke, G.
Utermann, and M. P. Dierich. 1988. Herpes simplex virus binds
to human scrum lipoprotein. Iniervirology. 29: 68-76.

Srinivas, R. V., B. Birkedal, R. J. Owens, G. M. Anantharamaiah,
J- P. Scgrest, and R. W. Compans. 1990. Andviral effects of apo-
lipoprotein A-l and its synthetic amphipathic peptide analogs.
Virology. 176: 48-57.

Owens, B. ]., G. M. Anantharamaiah, ]. B. Kahlon, R. V. Srinivas,
R. W. Compans, and ]. P. Segrest. 1990. Apolipoprotein A-1 and
its amphipathic helix peptide analogues inhibit human immuno-
deficiency virus-induced syncytium formation. j. Chin. muest. 86:
1142-1150.

Martiin, ., M. C. Dubois, T. Saecrmark, and J. M. Ruysschaen.
1992. Apolipoprotein A-1 interacts with the N-terminal fusogenic
domains of SIV (simian immunodecfRciency virus) GP32 and HIV
(human immunodeficicncy virus) GP41: implications in viral en-
try. Biochem. Biophys. Res. Commun. 186: 95-101.

Kane, J. P, D. A. Hardman, J. C. Dimpfl, and J. A. Levy. 1979.
Apolipoprotein is responsible for neutralization of xenotropic
type C virus by mouse serum. Proc. Natl Acad. Sd. USA. 76: 5957-
5961.

Singh, 1. P, A. K. Chopra, D. H. Coppenhaver, G. M. Ananathara-
maiah, and 8. Baron. 1999. Lipoproteins account for part of the
broad non-specific antiviral activity of human serum. Antiviral
Res. 22: 211-218,

Ho, V. K. 1977. Serum lipoproteins as inhibitors of hacmaggluti-
nation by rubella virus. Lipids. 12: 85-91.

Mastromarino, B, L. Segand, and N. Orsi. 1980. Relationship be-
rween enzymatic modifications of serum low density lipoproteins
and their haemagglutination inhibiling activity towards Sindbis
virus, Avch. Virol 65: 37-44.

Mastromarine, P, C. Conti, 8. Rieti, and N. Orsi. 1988, Identifica-
tion of lipid components of human serum lipoproteins involved
in the inhibition of 5indbis virus infectivity, hemagglutination,
and hemolysis. Arch. Virol 103: 243-252,

Masiromarino, P, C. Conti, 8. Rieti, and N. Orsi. 1989. Involve-
ment of lipids in the interaciion of Sindbis virus with goose eryth-
rocyles. Microbiologica. 12: 113-120.

Karlsson, K. A. 1989. Animal glycosphingolipids as membrane at-
tachrnent sites for bacieria. Annu. Rev. Biochem. 58: 309-350.
Fischer, D. G., N. Tal, D. Novick, S. Barak, and M. Rubinstein.
1993. An antiviral soluble form of the LDL receptor induced by
interferon. Scence. 262: 250-258.

Marlovits, T. C,, T. Zechmeisier, M. Gruenberger, B. Ronacher, H.
Schwihla, and D. Blaas. 1998. Recombinant saluble low density
lipoprotein receptor fragment inhibits minor group rhinovirus
infection in viuo. FASEB . 12: 695-703.

Marlovis, T. C., C. Abrahamsberg, and D. Blaas. 1998. Very-low-
density lipoprotein receptor fragment shed from Hela cells in-
hibits human rhinovirus infecton. J. Virol 72: 10246-10250.

. Hofer, ., M. Gruenberger, H. Kowalski, H. Machat, M. Huet-

tnger, E. Kuechler, and D. Blass. 1994. Members of the low
density lipoprotein recepior family mediate ¢ell enury of a minor-
group common cold virus. Prec. Natl Acad. Sa. USA. 91: 1839
1842,

Monazahian, M., 1. Bohme, §. Bonk, A. Koch, C. Scholz, 5. Grethe,
and R. Thomssen. 1999. Low density lipoprotein recepror as a
candidate receptor for hepatitis G virus. /. Med. Virol 57: 223-929.

Raper, J., R. Fung, ]. Ghiso, V. Nussenzweig, and S. Tomlinson.
1999. Characterization of a novel trypanosome lytic factor from
human scrum. Infect. Immun. §7: 1910-1916.

Raper, J.. M. P. Portela, E. Lugli, U. Frevert. and $. Tomlinson.
2001. Trypanosome lytic factors: novel mediators of human in-
nate immunity. Curx. Opin. Microbiol. 4: 402—408.

Vanhamme, L., F. Paturiaux-Hanocq, P. Poelvoorde, D. P. Nolan,
L. Lins, ]. Van Den Abbeele, A. Pays, P. Tebabi, H. Van Xong, A.
Jacquet, N. Moguilevsky, M. Dicu, J. P. Kane, P. De Baetselier, R.

1195



370.

371.

372.

373,

1196

Brasseur, and E. Pays. 2003. Apolipoprotein L is the trypano-
some lytic factor of human serum. Nature. 422: 83-87.

Bout, D., M. Joseph, M. Pontet, H. Vorng, D. Deslec, and A.
Capron. 1986. Rat resistance to schistosomiasis: platelct-medi-
ated cytotoxicity induced by C-reactive protein. Saence. 231: 153—
156.

Xu, X., H. G. Remold, and ]. P. Caulfield. 1993, Potential role for
scavenger receptors of human monocytes in the killing of Schis-
losoma mansoni. Am. [ Pathol. 142: 685—689.

Sinnis, P, T. E. Willnow. M. R. Briones, J. Herz, and V. Nussen-
zweig. 1996. Remnant lipoproteins inhibit malaria sporozoite in-
vasion of hepatocytes. [ Exp. Med. 184: 945-954.

Walion, K. A, A. L. Cole, M. Yeh, G. Subbanagounder, S. R.
Krutzik, R. L. Modlin, R. M. Lucas, ]J. Nakai, E. J. Smart, D. K
Vora, and J. A. Berliner. 2003. Specific phospholipid oxidalion
products inhibit ligand activation of Tolllike receptors 4 and 2.
Artevioscler. Thromd. Vase. Biol 23: 1197-1203.

Journal of Lipid Research Volume 45, 2004

374.

375.

376.

377.

378.

Bochkov. V. N., A, Kadl, J. Huber, F. Gruber, B. R. Binder, and N.
Leitinger. 2002. Protective role of phospholipid oxidation prod-
ucts in endotoxin-induced tissuc damage. Nature. 419: 77-81.
Hauron, D.. and R. I, Evans. 2002. Ultilisation of Faury acid and
riacylgiycerol by rat macrophages: the effect of endotoxin. Crll
Physiol. Biochem. 12: 293-304.

Kisilevsky, R., and L. Subrahmanyan. 1992. Serum amyloid A
changes high density lipoprotein’s cellular affinity. A clue 10 se-
rum amyloid A's principal function. Lab. Invest 66: 778-785.
Tieige, U. J.. C. Maugeais, W. Cain, and D. J. Rader. 2003. Acute
inflammation increases selective uptake of HDL cholesteryl es-
ters into adrenals of mice overexpressing human sPLA2. Am, [
Physiol. Endocrinol. Metab. 285: E403-E411.

Cuthbert, J. A., and P. E. Lipsky. 1987. Regulation of lymphocye
prolifcration by cholesierol: the role of endogenous sterol me-
tabolism and low density lipoprotein receptlors. MnL J. Tissue React.
9: 447157,



	MRG4680101_01
	MRG4680101_02

