vhanges iy KRB catabohian 11 6 has no ettect onoserom KB
Tesels 0354 1EN o s hlllh.hl- v, Tow dloses of TEN-
mcrease et R levels T nobalizateen ol FA subserare,
whereas higher doses have noetlect (030 TEN y simalanes
adipone tivae hpobeas imoreasing sernm and hiepate KB
fesels (64

FA uptake and coandaiom decrease s heant aned skeletal
mus e dunng the APK. shittmg then metabohsim frean FA
as the |ll('h'llt't'| fuel aalerrale to gllu [REY L whise |l]|l.||u'
and nobizatton e increased (7577 Thias makes mmore
FA avanlable to Iner and other nasues, suck as those of the
immune ssxtem 1D L but ot TNEF decreases TP oo
mm the heart (78-300 1S PNEFood 1L decrease the
MRNA expresaon of FA pansport and bindmg proteins
and ACS 1 heart and musele (67, 71y T bikely that this
conndinated decrease e FA oansport anet Loadimg pros
tems aned ACS s the e haausn Lo the decreased uptake
and ubnhzation F 1A oo heart el oscle duaring intes-
ton antlamunation

Precreased VI Cvsanne Titlee o mman alsor e re ase ses
rumm L levels b deareasing AT DL dleasrtance Farlv an
st studies shosed that TNE deareases 1L CApTessiom
m s ultared adipeaaaes 310N T, humever, there s
hitle estdenn e that b prertog e errde o s artnibaatable 1o
decreased TP ooy Foase althongeh TNE redaces 111
acnvits an epadidvinat b pouds o rodenis es00 53 thas e
crease tequares nnany hours whereas the TNE mdoced m-
crease an o serurn P lesels vnenes vers 'l.lpl.(”\ 2 N -
ondTNE adinmasoanon daoes neot decrease TELD oty i
[RITTTIN
TNEF-neuttabhizimge annbwaties oo bk the LES i ed n-

other adipose tane sites o b mmascle cfl 5%

cresse tosennn TG lesels mnomiee ba thies oo o hilew k
LS imduced andatanon o 1R
aaan dssootmg the LIS iondvaced morease sicsenum Tow

L tmsise addiprose tiasae,

fromm chuges m LPL ooy 0350 Fimalls, TNE does nen
decrease the dleararoe o chsv oo rans ot VDL Broan the
arculatnon, the mechanmin Iy which changes e L°]
might immtuence TG lesels ], -, 840,

Like TNF -1 -6, aned LIF abso requine seseral hours
to decrease LPL Gctivity o vivo e tnouse adipnose Hssue
(80). IFN<x and FN>y inerease senman T levels in hae
mans (38, 39) but do ot anrease TG levels an rodents,
despite decreasing P aoovievan culiared muarme 3174011
far cells (64, 52 agun showimg discondance between 1ML
activity and TG levels.

There may be a 1ole ot the decreased 1 learance off
TG with high dases of TS Low doses of 1LPS enhanee
hepatic VI.DL secrenon and increase serum TG Jleveh
without alfecting TG clearanoe inosats. In contrast, high
doses of LPS inhitat the clearance of TGrich lipoproteins
(26). Morcover, high doses ot 1LPS decrease postheparin
plasma LPL activity and LPL acnvity in adipose tssue aod
muscle (B0).

LPS and cytokines also decrcase apoE mRNA in mny
tissues, including the liver, and VLDL. has lower amounts
of apoE. during infection (54, 85, 86}, Because apoF. is re-
quired for the clearance of TGerich lipoproteins, de-
creased apoE could contribute 1o the delayed clearance
observed in rats with infection (87).
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Cholesterol metabolism

Fhere are marked alterations in the metabolism of cho-
lesterot, 1., HDIL, and RCT during infection. LLPS and
vvtokines decrease total serum cholesterol levels in i
nuates, whereas in rodents they incerease cheolesternd levels
by sonlatimp de nove hiodesterol synthesis, decreasing
hpoptotemn clearandce, and decreasing the converuon of
cholesterol o bile acids. Such speaies-specific responses
m the APR are conunon, but the underlying mechanisms
responsble tor these difterences are not ver understood,
There are haseline dillerenees in serum « hiolesterol levels
amuong spedies, with rodents having low LDL levels and
primastes huving relative s high T.DL levels, Baseline levels
are otten related 1o the dhirection of changes in the APR.
here are classie positse anute-phase praotems that are ex-
l!l'l'\\l'll gt ll.!\!‘]”'ll' 117 Saaphie” \’]("'i('\'. il.nl’ l!](‘_\' f'i) natl in-
crease duning the APR i those species,

Hepuiite shalesterod vynihens In todents, 1S stimulates he-
73 (Table 2). In contrast 1o,
the aonte offect ol LIS o de novo FA ssmthesas, the ctterr

pratae «cholesteral svnthesys (2

of LIS on hepane choldesterol svnthesis is delaved. - rour-
g Lo bealter almmmisiration: (273, LPS stimulates hepatic
cholesterol synthess T amncreasing the trseription mte.
IRNA expression, preden mass, aned o ovity of HMGACoA
teddin tase. the rate imtnge enzyme n the biossynthetie
pathway o cholesteral Liver 127, 853 The eftect of [PS on
HINGL 00y - v the mMRNA expression
ol several othier enzvmes i the cholestern!d ssnthe e path-
war mncludign FIMOG CoA senthase and farnesd pyrophaos.
phate ssnthuse, whinh are usually coardinately regulated
with FHHMOC-Coy redhue tase under nutnnonal or pharnnaco-

eddun e s e

logneal mamipulations, s not altered by LPS treatment (2,
51 FE. 2) Muorcover LEPS sanll upregulates HMG-CoA re-
ductse mRNA expresaon when us hasal expression s in-
vreased Iy teatment with hale acid bindimg resins or de-
creased by fecding o high< holesterol dier (8%, Thus, the
snnulary ctlect of LES o HMO-CoA redud Gise is inde-
pendent of dietary regulation and persists over a wide
ranpge of basal expression.

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.
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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
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