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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 -
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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



