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ABSTRACT

Oxidant stress, induced under a variety of conditions, is known to lead to the molecular reprogramming of
the tissue-fixed macrophage. This reprogramming is associated with an altered response to subsequent in-
flammatory stimuli, such as lipopolysaccharide (LPS), leading to enhanced liberation of proinflammatory
chemokines and cytokines. Due to this altered response, dysregulated immunity ensues, leading to the devel-
opment of clinical syndromes such as multiple organ dysfunction syndrome (MODS). Although the mecha-
nisms responsible for this altered macrophage activity by oxidant stress remains complex and poorly eluci-
dated, it appears, based on recent research, that early and direct alterations within lipid rafts are responsible.
This early and direct interaction with lipid rafts by oxidants leads to the mobilization of annexin VI from
lipid raft constructs, leading to the release of calcium. This increased cytosolic concentration of this secondary
messenger, in turn, results in the activation of calcium-dependent kinases, leading to further alterations in
lipid raft lipids and eventually lipid raft proteins. Due to these lipid raft compositional changes, preassembly
of receptor complexes occur, leading to enhanced proinflammatory activation. Within this review, the com-
plexity of oxidant-induced reprogramming within the tissue fixed macrophage as currently understood is ex-
plained. Antioxid. Redox Signal. 9, 1485-1497.

INTRODUCTION characterized by the “two-hit” hypothesis (79, 101). According
to this hypothesis, ischemia and reperfusion result in repro-
gramming of immune cells, so that during subsequent infection

ISCHEMIA AND REPERFUSION RESULTS in the activation of the
an exaggerated host response occurs, resulting in MODS. Al-

innate immune system characterized by the systemic in-

flammatory response syndrome (SIRS) (3, 37, 124). Although
this state may persist, resulting in early development of multi-
ple organ dysfunction syndrome (MODS), the majority of pa-
tients suffering from ischemia and reperfusion develop a com-
pensatory response that is characterized by a state of
dysregulated immune responsiveness (7, 74, 91, 98). During
this state of dysregulated responsiveness, patients are at in-
creased risk for the development of opportunistic or nosoco-
mial infections (74, 98). If invasive infection occurs, an exag-
gerated inflammatory response ensues, leading to the
development of MODS (2, 15, 58, 87, 123).

The mechanism responsible for this dysregulated response
remains poorly understood. This state has been modeled and

though several factors are critical to the development of this
dysregulated response, oxidant stress appears to play a pivotal
role.

The tissue-fixed macrophages, in response to oxidant stress,
demonstrate altered activation of the Toll-like receptors (TLRs)
(6, 53, 115). Activation of these receptors by inflammatory fac-
tors, such as lipopolysaccharide (LPS) from the cell wall of
Gram-negative bacteria, leads to the liberation of various in-
flammatory mediators that are partly responsible for eradica-
tion of invading organisms. However, when exaggerated, as the
case following oxidant stress, liberation of the factors leads to
subsequent tissue injury and the development of MODS.

The mechanism in which the TLRs are activated and affected
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by oxidant stress remains an area of intense investigation. Re-
cently, it has been demonstrated that activation of the TLRs, in
particular TLR4, requires the formation of a receptor complex
with CD14 and other constituents on lipid rafts (16). In partic-
ular, attenuation and augmentation of this receptor complex for-
mation following oxidant stress results in dysregulated inflam-
matory mediator production (118).

TOLL-MEDIATED SIGNALING

The tissue-fixed macrophage is activated by pathogen-asso-
ciated molecular patterns (86). These are structures that are
characteristic of large groups of microorganisms, such as bac-
terial cell wall components and nucleic acid motifs. Unlike the
adaptive immune response which requires antigen-specific an-
tibodies, innate immune cells are able to respond rapidly to in-
vading organisms without the need for prior exposure.

In mammalian cells, the key components to this response are
the TLRs. These receptors are responsible for the recognition
of pathogen-associated molecular patterns and lead to the sub-
sequent activation of the macrophage. The founding member
of the TLR family is the Drosophila protein, Toll, which was
initially identified through its ability to control dorsoventral pat-
terning in the fruit fly (112). Subsequent analysis demonstrated
that fruit flies with Toll mutations are unable to produce dro-
somycin, a key antifungal peptide (31, 69). This mutation is as-
sociated with reduced survival during fungal infections. Recog-
nition of the importance of Toll in the Drosophila innate
immune response has prompted exploration for a possible mam-
malian counterpart.

Currently, a total of 10 human TLRs have been identified
that share structural homology and signaling components (68).
Each of the described TLRs, except for TLRY, are transmem-
brane molecules. The extracellular amino termini have variable
leucine-rich repeat domains, which are involved in the recog-
nition of pathogen-associate molecular patterns. The intracel-
lular domains contain a conserved Toll/interleukin-1 (IL-1)
receptor (TIR) domain (127). The TIR domain, a defining char-
acteristic of the Toll/IL-1 receptor superfamily, is involved in
the association with downstream signaling molecules that me-
diate the response to TLR stimulation.

Toll-like receptor 4 is part of a complex that recognizes LPS.
During Gram-negative infections, the highly conserved lipid A
component of LPS activates the immune system, leading to gen-
eralized inflammation, manifested clinically as sepsis and sep-
tic shock (25, 66). Activation of TLR4 requires the binding of
LPS to the acute phase protein, LPS binding protein (LBP) (62).
Binding to LBP allows LPS to interact with the glycosylphos-
phatidyl-inositol (GPI)-anchored recognition receptor, CD14,
which is found on lipid rafts (32). Once CD14 bound, LPS in-
teracts with TLR4 and MD2, resulting in activation of several
different signaling cascades, leading to inflammatory mediator
liberation (Fig. 1) (43). Several kinases are thought to be es-
sential for optimal activation, such as interleukin-1 receptor-as-
sociated kinase (IRAK) and mitogen-activated protein kinases
(MAPK), consisting of p38, ERK 1/2 and JNK/SAPK (23, 51).
Kinase activation is followed by activation of various nuclear
factors that are responsible for transcription of mediators re-
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quired for immune regulation. Although this is critical, the
mechanisms underlying receptor complex formation following
initial infectious remains poorly defined but appears to require
binding of LPS to CD14 on lipid rafts (17, 118).

Membrane-bound CD14 is a 53-kDa glycoprotein present on
the surface of myelomonocytic cells, and embedded in the
plasma membrane via a GPI-anchor (107). CD14 is essential
as both a functional receptor and scavenger for LPS. This di-
chotomy is based on the observation that certain anti-CD14
monoclonal antibodies (mAbs) suppress LPS-induced cell ac-
tivation but do not interfere with LPS internalization, whereas
other mAbs suppress LPS internalization without affecting
LPS-induced cell activation (36, 125). Moreover, these obser-
vations indicate that while LPS signal transduction and LPS
clearance utilize both LBP and CD14, these two pathways bi-
furcate after LPS binding to CD14. LPS is internalized within
minutes in monocytic cells, and the initial rate and extent of in-
ternalization increase with the size of LPS aggregates (34, 61).
Although the functional role of CD14 was first established us-
ing mAbs, recent work has verified this role through the trans-
fection of CD14-negative cells with CD14 demonstrating en-
hanced sensitivity to LPS (67). Similarly, mice with a disrupted
CD14 gene do not respond to low doses of LPS (46). Under
physiological conditions, LPS-induced cell activation involves
the formation of a ternary complex with LBP and CD14 within
lipid rafts (36).

LIPID RAFTS

The classical fluid mosaic model proposed by Singer and
Nicolson in 1972 has been modified in recent years to accom-
modate a role for distinct microdomains in the cell membrane,
which appear to serve as signaling platforms (109). The cell
membrane is composed of glycerophospholipids, sphingolipids,
and cholesterol. The headgroups of sphingolipids trigger a lat-
eral association of lipids of this class with one another, which
is further enhanced by hydrophobic interactions between satu-
rated side chains. Cholesterol seems to fill voids between the
large glycerosphingolipids, and tightly interacts with sphin-
golipids, in particular sphingomyelin, by hydrogen bonding.
The tight interaction of sphingolipids with one another and cho-
lesterol results in the segregation of these lipids into discrete
membrane structures characterized by a gel-like phase, while
glycerophospholipids in the bulk of the cell membrane reside
in a more fluid liquid-disordered phase (8).
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FIG. 1. LPS mediated signaling. Diagram representing LPS-
mediated intracellular signaling through the TLR4 receptor.
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These distinct membrane microdomains are considered to be
floating in an “ocean” of phospholipids, and hence have been
termed lipid rafts (109). In addition to the selective lipid com-
position, selected proteins are preferentially targeted or constitu-
tively found within the lipid raft. Within mononuclear cells, these
proteins modified are composed of saturated acyl-chain proteins,
including GPI-anchored proteins, such as CD14, and double acy-
lated proteins (5, 77, 90). Other receptor proteins, such as the
TLRs, are not constitutively found on rafts, but during activation
they are recruited into rafts through an unclear mechanism, re-
sulting in the formation of receptor complexes and the presenta-
tion of the inciting stimulus (16, 119). This proposed assembly
is consistent with previous data that demonstrated that LPS ac-
tivation occurs in the plasma membrane by lateral diffusion of
the intercalated LPS molecules to transmembrane proteins that
then initiate signaling by steric stress (106).

Lipid rafts were originally identified by their resistance to
nonionic detergent lysis (109). The existence of rafts was ini-
tially controversial, but following an array of analysis their ex-
istence in both intact cells and model membrane systems has
been verified (14). Rafts appear more prominent and more cen-
tral to the function during activation of various cells, including
the monocyte and macrophage (16, 35, 45, 64, 85, 119). In rest-
ing cells, rafts appear small and unstable, and are smaller than
the optical diffraction limit (250 nm) (65). Upon stimulation,
the raft-preferring receptors are clustered through a poorly de-
fined mechanism leading to the generation of lipid raft
macrodomains, allowing LPS to be briefly released into the lipid
bilayer where it finally interacts with the complex of receptors,
including TLR4 (Fig. 2). Although the mechanism responsible
for this clustering remains incomplete, it appears that modula-
tion of lipid raft fluidity through the incorporation of ceramide
is critical to this event.

CERAMIDE

Ceramide generation within the macrophage requires the ac-
tivation of sphingomyelinase that occurs through the rapid hy-
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drolysis of lipid raft sphingomyelin (70). Mammalian cells uti-
lize three distinct forms that are discriminated by their pH op-
timum, the acid, neutral and alkaline sphingomyelinases, to ef-
fect ceramide generation (88, 116). Only the acid and neutral
sphingomyelinases are known to be involved in signal trans-
duction in mammalian cells. However, only acid sphin-
gomyelinases appear critical to mononuclear cell activation (40,
63,71, 92, 113, 122).

Ceramide and acid sphingomyelinase play critical roles in a
number of different biological systems. Although many of these
systems are involved in the institution of apoptosis, some in-
volve internalization of bacteria, differentiation, and cellular ac-
tivation (41). Common to these various biological systems is
the reorganization of lipid rafts. Recent work has demonstrated
the consumption of sphingomyelin within rafts to generate ce-
ramide results in a dramatic alteration of these small rafts (44).
Ceramide, which has the unique property of fusing membranes,
appears to drive the coalescence of raft microdomains to form
large, ceramide-enriched membrane platforms, which exclude
cholesterol (8). A mechanism for the formation of ceramide-
enriched membrane platforms was indicated from in vitro stud-
ies of Nurminen and colleagues (84). They demonstrated, us-
ing a phosphatidylcholine/shingomyelin-composed unilamellar
vesicle, that ceramide generation was followed by the forma-
tion of ceramide patches that coalesced rapidly into a macro-
domain. Their study suggested that this fusagenic function re-
sulted from hydrogen bonding and van der Waal forces between
ceramide molecules themselves.

The formation of these ceramide-enriched membrane plat-
forms serves to cluster specific receptor molecules, and poten-
tially exclude other receptor complexes (44). The best studied
within mononuclear cells involves the crosslinking of the Fcy
receptor IIA and IIC (FcyRII) (1). In a series of studies, Fc-
YRII crosslinking resulted in the membrane localization and ac-
tivation of acid sphingomyelinases. Activation of acid sphin-
gomyelinase resulted in ceramide generation, which fused
within the lipid raft forming macrodomains and the recruitment
of FcyRII receptors into the raft. Exogenous exposure of Cie-
ceramide resulted in augmentation of the macrodomain forma-
tion and recruitment initiated by FcyRII crosslinking. Similarly

FIG. 2. Lipid raft receptor clustering. Di-
agram representing LPS-mediated TLR4 re-
ceptor clustering consisting of CD14, TLR4,
HSP70, HSP90, CD55, and CXCRA4.
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to these events, we have demonstrated that initial binding of
LPS to CD14 results in the activation of acid sphingomyeli-
nase, resulting in the liberation of ceramide, and the formation
of the TLR4 raft complex (20). The mechanism, however, re-
sponsible for acid sphingomyelinase activity remains unre-
solved but appears to occur through the activation of phos-
phatidylcholine (PC)-specific phospholipase C (PC-PLC).
Activation by LPS is associated with the activation of several
lipid modulating enzymes in addition to acid sphingomyelinase,
most notably PC-PLC (13, 78, 102, 120, 130). Activation of PC-
PLC was first described in peritoneal macrophages stimulated with
LPS (42). At the time, the potential effect of PC-PLC activation
was uncertain. It was, however, associated with the early induc-
tion of diacylglycerol (DAG). It was not until recently that an as-
sociation with PC-PLC and ceramide liberation was proposed. In
a recent series of experiments, it has been demonstrated that PC-
PLC activation occurs within alveolar macrophages stimulated
with LPS (78). This activation was essential to the early produc-
tion of ceramide by acid sphingomyelinase. Although these stud-
ies focused on the subsequent role that PC-PLC played in ERK
1/2 activation, we have demonstrated that PC-PLC activation plays
a critical role in TLR4 complex assembly on lipid rafts (18). In
these series of experiments, we were able to demonstrate that early
activation of PC-PLC results in the sequential generation of DAG,
the activation of acid sphingomyelinase and the generation of ce-
ramide (Fig. 3). Interestingly, the activation of PC-PLC by LPS
was only dependent on binding to CD14 and not TLR4.
Although the CD14-dependent mechanism for the activation
of PC-PLC by LPS remains incomplete, it appears based on re-
cent work by us that membrane activation of the phospholipid
flippase, p-glycoprotein (P-gp), is required. This specific flippase
found on the plasma membrane, within nonclassic lipid raft com-
ponents, is responsible for the externalization of phosphatidyl-
serine (PS) and the internalization of PC (47, 72, 96). As a re-
sult of this internalization of PC, the substrate for PC-PLC is
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provided, leading to its activation and generation of DAG. In fact,
the activation of PC-PLC and eventual generation of ceramide is
prevented by the P-gp inhibitor LY335979 (Fig. 3). Thus, initial
binding of LPS/LBP to CD14 results in the sequential activation
of several kinases eventually leading to the formation of lipid raft
macrodomains through the generation of ceramide (Fig. 4).

As a result of the generation of ceramide and alterations in
sphingolipid content within lipid rafts, marked fluidity changes
occur within the raft leading to alterations in lipid raft protein
content. The full characterization of the protein content within
lipid rafts remains incomplete, and has lead to a number of in-
vestigations attempting to determine the changes associated
with LPS exposure and other inflammatory conditions.

RAFT-ASSOCIATED PROTEINS

The high degree of organization observed within lipid raft
structures, coupled with their dynamic nature, appears to be im-
portant in modulating and integrating signals by providing a
signaling microenvironment that is tailored to produce specific
biological responses (118). Changes in protein or lipid compo-
sition, size, structure, or membrane localization could poten-
tially affect the functional capabilities of these domains in sig-
naling with important consequences. Thus, clustering of lipid
rafts and receptor proteins appears to be an efficient means in
signal regulation. This alteration, induced in part by ceramide,
may be involved in not only augmenting signaling but could
also negatively regulate signaling by sequestering or excluding
signaling components in an inactive state. Among the proteins
that are targeted to form clusters within rafts are those anchored
in part on the outer leaflet of the membrane and can covalently
attach to the GPI-protein, CD14 (119). Examples of such pro-
teins include TLR4, HSP70, HSP90, CXCR4, and CD55 (119).
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FIG. 3. LPS-mediated ceramide generation. PMA differentiated THP-1 ceramide production following 100 ng/ml LPS was
determined by HPLC from cellular lipids extracted following 5 min of exposure. Selected cells were pretreated for 30 min with

0.5 M LY335979 (a P-gp inhibitor), 100 1M D609 (a PC-PLC

inhibitor), or 5 wM imipramine (an acid sphingomyelinase in-

hibitor). Values represent the mean + SEM for four separately performed experiments (*p < 0.05 compared to LPS treated).
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FIG. 4. Mechanism of ceramide gener-
ation. Diagram representing mechanism
responsible for ceramide generation fol-
lowing initial binding of LPS/LPB to
CD14.

Ceramide

Other proteins that are linked to saturated acyl chains, such as
the SRC family of kinases, in particular Lyn and HCK, and var-
ious integrins, such as Cdc42, CD11b, and CD18, are also tar-
geted to rafts and may additionally affect raft morphology and
function (56, 57, 128). In fact, substantial alterations in the lipid
raft protein content following LPS exposure of a variety of dif-
ferent TLR receptor complex proteins occurs, including CD14
(Fig. 5). Although formation of this complex is critical to acti-
vation, the effect of ischemia and reperfusion on the formation
of these complexes is not well characterized.

In addition to these essential receptor components, we have
recently demonstrated and characterized alterations in lipid raft
CD16 content. The importance of CD16 lipid raft expression and
its role in inflammation has only been recently discovered. The
composition of CDI16 within mononuclear cells has led
to the categorization into two subpopulations. These populations
consist of cells with CD16 surface expression but diminished
CD14 expression (CD14+CD16+) and one without CD16 ex-
pression (CD14++CD16—). The population of CD14+CD16+
mononuclear cells normally represents about 10% of the popu-
lation in healthy adults (131). These CD14+CD16+ cells dem-
onstrate proinflammatory features characterized by enhanced and
altered liberation of proinflammatory factors, increased HLA-DR
expression and little to no anti-inflammatory factors (132). Al-
though not well investigated following ischemia and reperfusion,
the percentages and absolute number of CD14+CDI16+
mononuclear cells have been shown to be significantly increased
in patients with monocytosis associated with cancer, septicemia,
and chronic renal failure undergoing dialysis (33, 52, 94, 97, 105,

108, 110, 114). These findings, in addition to those following
trauma, suggest that CD14+CD16+ cells may play a key regu-
latory role during oxidative stress (54).

OXIDATIVE STRESS REPROGRAMMING

Oxidative stress is known to reprogram macrophages for in-
creased responsiveness to subsequent stimuli, such as LPS. This
reprogrammed state leads to increased susceptibility to infec-
tion and sepsis, leading to MODS development (79, 80, 104).
Patients suffering from ischemia and reperfusion appear to have
dysregulated immunity which is central to the development of
these clinical syndromes. The effect of ischemia and reperfu-
sion on mononuclear cell phagocytosis, killing of microorgan-
isms, antigen presentation, cytokine production, and induction
of cytotoxic effector cells has been characterized (89, 103, 126).
However, the mechanisms responsible remain unknown due to
both exaggerated pro- and anti-inflammatory responses. In-
sights into the mechanisms involved have partially been deter-
mined through both in vitro and in vivo modeling of factors in-
duced during oxidant stress.

The effect of oxidative stress on the regulation of TLR4
signaling, although not fully elucidated, appears to result in
enhanced activation of macrophage to subsequent stimulation
by LPS (Fig. 6). This enhanced activation has been demon-
strated to result in excessive generation of various proin-
flammatory molecules, including TNF-a and IL-8 (26, 28,
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29). The mechanism responsible appears to result in enhanced
TLR4 mediated signaling through augmented nuclear translo-
cation of NF-«kB, leading to altered transcription and transla-
tion of proinflammatory genes. This altered signaling has been
demonstrated to be associated with a preceding activation of
Src family of kinase members (59). Activation of the phos-
phoinositide (PI) 3-kinase due to SRC activation appears to be
involved in the altered downstream signaling events leading to
augmented NF-«B activation (60). Due to these findings, sev-
eral different hypotheses have been suggested and studied, at-
tempting to elucidate the mechanism responsible for this altered
signaling. These have included alterations in membrane com-
ponents, including both lipid raft lipids and proteins.

OXIDANT-INDUCED LIPID
RAFT SIGNALING

Although the signaling effects induced by oxidants remains in-
complete, mobilization of the secondary messenger calcium ap-
pears critical to the initial signaling induced by oxidant exposure.
Although several studies have demonstrated this transient change
in intracellular calcium following oxidant exposure, the source
of calcium remained controversial (48, 49, 60, 81). Several po-
tential sources included extracellular transport through selective
plasma membrane calcium channels, or intracellular sources from
the endoplasmic reticulum and/or mitochondria through IP3-sen-
sitive gating. However, a less commonly discussed source can
occur through the membrane dissociation and cytoplasmic mo-
bilization of the phospholipid and calcium-bound protein annexin
VL This potential source of oxidant-induced calcium flux has
been characterized previously in a series of studies that demon-
strated significant membrane dissociation of annexin VI follow-
ing exposure to z-butyl hydroperoxide within macrophages (50).
As a result of this dissociation, it is believed that calcium bound
to annexin VI is released transiently into the cystol inducing a
cytosolic calcium flux.

In a series of experiments, we were able to verify that in-
creases in intracellular calcium occurs following oxidant expo-
sure (19, 22). The source of this calcium flux did not appear to
be dependent on calcium stores from either the endoplasmic
reticulum or the extracellular environment. Rather, this increase
in calcium is associated with a loss in lipid raft-associated an-
nexin VI. These data are consistent with a previous observation
by Hoyal and colleagues (50). Novel to these observations is
that annexin VI is found within lipid rafts, and it is this frac-
tion that is mobilized into the cytosolic component following
oxidant exposure (Fig. 7). Furthermore, the integrity of the lipid
raft is essential for the responsiveness of the macrophage to ox-
idant exposure. This was demonstrated by cholesterol depletion
by methyl-B-cyclodextrin (MBCD), attenuating the mobiliza-
tion of annexin VI and bound calcium into the cytosol, but was
associated with redistribution from the lipid raft to other cellu-
lar locations. This redistribution of annexin VI in response to
cholesterol modulation is consistent with a previous observa-
tion in CHO cells treated with the cholesterol sequestering
agent, digitonin (24).

Although these data clearly demonstrate an increase in intra-
cellular calcium from the lipid raft component of the plasma
membrane, it provides little insight into the potential effects that
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calcium may have as a secondary messenger. Previously, we
demonstrated that following either adherence or exposure to PAF,
mononuclear cells are reprogrammed through CaMK 1I activa-
tion (21). In a similar fashion, we have recently demonstrated
that oxidant exposure is associated with the phosphorylation and
activation of CaMK I, and that this molecular event requires a
stabile lipid raft and an increase in cytosolic calcium (22). As a
result of these events, significant alterations in both lipid raft
lipids and proteins occur that appears to be partially responsible
for the reprogramming induced following oxidant exposure.

OXIDATIVE EFFECT ON LIPID
RAFT LIPIDS

Oxidant stress is associated with significant alterations in
membrane lipids. Oxidant exposure is known to result in oxi-
dation of lipids, and is responsible for several clinical condi-
tions such as atherosclerosis (4, 27, 76). The role of this lipid
alteration in inflammatory mediated events, however, has not
been as thoroughly investigated. Recent data has demonstrated
that oxidant exposure results in the oxidation and externaliza-
tion of PS (4, 27, 76). This event is critical to apoptosis, how-
ever, it may also be responsible for alterations in P-gp and gen-
eration of ceramide (12, 55, 82, 100, 111, 121).

Ceramide generation is important to changes in lipid raft flu-
idity that may be responsible for changes in lipid raft protein
kinetics. Generation of ceramide following oxidant exposure is
well established in a number of different cell types, and appears
critical to programmed cell death. In fact, generation of ce-
ramide within these cell types are dependent on acid sphin-
gomyelinase activation (39, 129). However, generation of ce-
ramide following oxidant exposure within the macrophage has
not been as well documented. As a result, we have set out to
determine if oxidant exposure in addition to the effects on PS
results in the generation of ceramide through acid sphin-
gomyelinase activation.

Our current unpublished data demonstrates that oxidant ex-
posure results in the activation of acid sphingomyelinase.-
Following the activation of acid sphingomyelinase, ceramide
is generated, resulting in the generation of lipid raft macro-
domains. The generation of ceramid and lipid raft macro-
domains appears dependent on acid sphingomyelinase acti-
vation. However, the generation of ceramide and lipid raft
macrodomain occurs to a lesser extent than that demonstrated
by LPS. But this generation of ceramide is associated with sig-
nificant alterations in lipid raft proteins.

OXIDATIVE EFFECT ON LIPID
RAFT PROTEINS

As a result of the alterations in lipid composition and fluid-
ity within lipid rafts following oxidant exposure, protein com-
position appears markedly altered. This alteration is believed to
be responsible for the subsequent altered activation induced by
subsequent stimuli, such as LPS. Recent work has focused on
the molecules clustered in the TLR4 receptor that include CD14,
HSP70, HSP90, CXCR4, and CDS55.
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FIG. 5. LPS-mediated lipid raft protein alterations.
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PMA differentiated THP-1 lipid raft protein alterations were determined

following 100 ng/ml LPS exposure for 60 min by reverse phase liquid chromatography by capillary RPLC coupled to an 11-tesla
Fourier Transform Ion Cyclotron Resonance mass spectrometer. Representative TLR4 receptor complex components are dem-

onstrated.

Recent data by Powers and colleagues have demonstrated
that mobilization of TLR4 into cell surface lipid rafts occurs
during oxidant stress (93). This mobilization within their model
was critical to the augmented cellular responsiveness seen to
subsequent LPS. Mobilization of TLR4 to lipid rafts by oxida-
tive stress, similar to that seen following LPS, was prevented
by the cholesterol-depleting agent MBCD (16), thus demon-
strating that maintenance of lipid raft microdomain integrity is
critical for TLR4 recruitment to the plasma membrane by oxi-
dant stress. It appears that the oxidative-induced recruitment
occurs through clustering of SNARE proteins within the raft
domain resulting in TLR4-containing vesicles to translocate to
the plasmalemmal rafts directly (38, 95). Interestingly, the full

effects of oxidant induced signaling were not fully attenuated
by MBCD treatment, thus suggesting other potential effects that
are directly induced by oxidant exposure.

Although this work provides significant insight into the
mechanism responsible for oxidative-induced reprogramming
of macrophages, this enhanced surface expression of TLR4 re-
mains inconsistent and has not been validated in human cells.
We have therefore focused on the other proteins involved in
TLR4 signaling, most notably HPS70, HSP90, and CD55. To
study this, we have used an in vitro model that consists of ex-
posing PMA-differentiated THP-1 cells to hydrogen peroxide.
With this model, we have consistently demonstrated mobiliza-
tion of each of these components to lipid rafts (Fig. 8). Inter-
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FIG. 6. Oxidant effect on LPS-mediated cytokine produc-
tion. PMA differentiated THP-1 TNF-« production following
100 ng/ml LPS for 8 h was determined by ELISA (Assay De-
sign, Inc., Ann Arbor, MI). Selected cells were pretreated for
60 min with 100 mM hydrogen peroxide. Values represent the
mean * SEM for four separately performed experiments (¥p <
0.05 compared to LPS treated).

estingly, we have not been able to demonstrate the mobiliza-
tion of TLR4 to these raft components. However, similar to the
previous report, exposure to MBCD results in attenuation in the
mobilization of these proteins.

It is therefore our hypothesis that oxidant exposure results in
the assembly of TLR4 receptor components, prior to subsequent
LPS exposure, such that the receptor complex is poised to respond
rapidly when subsequently exposed to LPS (Fig. 9). This pre-
assembly, in addition to altered lipid raft fluidity, results in en-
hanced activation leading to altered signaling and enhanced LPS-
mediated inflammatory mediator production. This hypothesis is
supported by recent evidence demonstrating the responsiveness
of macrophage to LPS and its analogues is dependent on the pro-
tein composition of the LPS receptor complex that varies with
stimulus and may influence downstream signaling (118).

In addition to these findings, we have also been able to clearly
demonstrate marked alterations in the lipid raft content of the

RAFT NON-RAFT

Annexin VI . — Annexin VI .
sre [N Actin ‘

Control Hz0: Control ]-Ez

FIG. 7. Oxidant effect on lipid raft annexin VI. PMA dif-
ferentiated THP-1 cells exposed to 100 mM hydrogen peroxide
for 5 min underwent lipid raft protein extraction by sucrose gra-
dient centrifugation. Annexin VI was determined by im-
munoblot analysis. Selected representative gel demonstrated.
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proinflammatory marker CD16. As previously described, sur-
face expression of CD16 is only present on ~10% of mononu-
clear cells. Exposure to oxidant stress, either in vitro or ex
vivo, results in a marked alteration with ~25-30% of cells
demonstrating surface expression of CD16 (unpublished
observations). Additionally, these specific subsets of cells ap-
pear to liberate preferential proinflammatory factors in response
to inflammatory stimuli.

OXIDANT-INDUCED CYTOSKELETAL
AND MEMBRANE ALTERATIONS

Although the effects of oxidant stress may be merely attrib-
uted to alterations in lipid raft fluidity, these alterations may
actually be due to alterations in protein synthesis. In various
other cell types, oxidant stress contributes to cell surface re-
ceptor density through alteration in the stability of newly syn-
thesized protein in the endoplasmic reticulum, by inducing
translocation of new proteins from the endoplasmic reticulum

H202 - +

FIG. 8. Oxidant induced TLR4 receptor component mobi-
lization to lipid rafts. PMA differentiated THP-1 cells ex-
posed to 100 mM hydrogen peroxide underwent immunoblot
analysis of lipid raft proteins isolated by sucrose gradient cen-
trifugation. Representative gel demonstrated.
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FIG. 9. Mechanism of oxidant induced preassembly of lipid raft receptor components.

idant exposure on receptor clustering.

to the Golgi compartment and vesicular transport to the plas-
malemma (75). Consistent with this mechanism, two distinct
strategies aimed at preventing exocytosis of CD11b-containing
intracellular vesicular compartments in macrophages, also pre-
cluded oxidant-induced upregulation of TLR4 components (73).
Specifically, polymerization of actin cytoskeleton with cy-
tochalasin D and calcium depletion inhibit the preassembly of
TLR4 components on lipid rafts by oxidant stress.

In addition to these cytoskeletal changes, recent evidence sug-
gests that the flippase P-gp membrane expression is increased fol-
lowing oxidant exposure (unpublished observation). This flippase
appears critical to receptor complex formation; however, it re-
mains uncertain if increased expression is associated with any
change in substantial change in phospholipid movement. As a re-
sult, further investigation is obviously required.

ANTIOXIDANT-INDUCED LIPID
RAFT ALTERATIONS

Demonstrating the overall effect induced by oxidant expo-
sure itself, this raises the question if antioxidant exposure can

Diagram representing effects of ox-

result in attenuation in the potential responses, thus limiting
subsequent tissue injury resulting in improved outcome. As
demonstrated previously, production of inflammatory cytokines
is tightly regulated because excessive production would lead to
an amplified inflammatory response and devastating inflam-

Vitamin E
T\
L
i R|
/ ‘ Yy
SHIP . l
o MAPK
AT = (eRe, p3s, nK)
Cytokine Gene Expression
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FIG. 10. Mechanism of antioxidant effect on macrophage
activation. Diagram of mechanism responsible for anti-in-
flammatory effect of a-tocopherol succinate.
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matory states. Previously, we demonstrated that autocrine re-
lease of oxidants is critical to inflammatory-mediated regula-
tion of the macrophage (9, 10). It has been demonstrated that
pretreatment with the antioxidant vitamin E results in attenu-
ated endotoxin-mediated proinflammatory mediator production.
This seems to result from the specific membrane colocalization
of vitamin E within the lipid bilayer (11).

Vitamin E in the form of a-tocopherol succinate includes an
aromatic chromanol head and a 16-carbon hydrocarbon tail. The
antioxidant function is localized to a phenolic hydroxyl group
on the chromanol head, whereas the hydrocarbon tail is impor-
tant for rapid uptake and localization with the cell membrane
(117). This localization within the membrane is critical to the
biological effects attributed to a-tocopherol succinate. In addi-
tion to the antioxidant effects, a-tocopherol succinate also re-
sults in inhibition of various kinases, including protein kinase
C (PKC) (99). Together, the current data suggest that the effect
of a-tocopherol succinate is caused by membrane localization
of this lipid.

Although the regulation of TLR4-mediated signaling is com-
plex, recent reports have suggested that the PI3K/AKT pathway
plays a negative regulatory role. Previous observations demon-
strated that AKT activation is enhanced by antioxidant exposure,
and reversal of this activation attenuates the antioxidant induced
effects on TLR4-mediated signaling (19). Although the mecha-
nisms for these effects are incompletely understood, recent work
by Fang and colleagues have suggested that endotoxin-mediated
(SH)2-containing inositol 5-phophatase (SHIP) mobilization to
lipid rafts is important to the regulation of PI3K and AKT (30).
SHIP is an inositol phosphatase that is found within the cytosol
during unstimulated conditions. On stimulation, SHIP mobilizes
to the lipid raft and serves to dephosphorylate AKT. Exposure
to a-tocopherol, on the other hand, attenuates SHIP mobilization,
resulting in unabated AKT activation and inhibited macrophage
signaling and activation (19).

Thus, these data demonstrate a critical regulatory role of cel-
lular produced oxidants in macrophage activation. Antioxidant
exposure results in attenuation of inflammatory mediator pro-
duction through inhibition of SHIP mobilization to the lipid raft
(Fig. 10). These molecular data are intriguing when combined
with previous clinical studies that demonstrate a reduction in
the development of MODS in critically ill patients treated with
antioxidants (83). As a result, it seems that appropriate treat-
ment of critically ill patients with antioxidants may serve to reg-
ulate the immune response and potentially prevent the devel-
opment of dysregulated immune responses.

CONCLUSIONS

Ischemia and reperfusion resulting in the generation of oxi-
dant stress leads to the molecular reprogramming of the tissue-
fixed macrophage. As a result of this reprogramming, the mac-
rophage response to subsequent stimuli, such as LPS, results in
dysregulated chemokine and cytokine liberation. The mecha-
nism in which this occurs is complex, and appears to require
initial alterations in lipid raft annexin VI content, resulting in
the cytosolic accumulation of calcium. As a result, calcium-de-
pendent kinases are activated, eventually leading to the gener-
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ation of ceramide and the alteration in lipid raft protein con-
tent. Although these responses are critical to dysregulated im-
munity, antioxidant exposure results in reversal of these mo-
lecular changes and may serve as a means to reverse ischemia-
and reperfusion-associated development of MODS.
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