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ABSTRACT: Recently, we showed that S100A8/A9 were secreted from phorbol ester-stimulated neutrophil-
like HL-60 cells, thereby carrying arachidonic acid [Kerkhoff et al. (1999)J. Biol. Chem. 274, 32672-
32679]. The present study was undertaken to evaluate whether the secreted S100A8/A9-AA complex
might be involved in transcellular eicosanoid metabolism. In the presence of S100A8/A9, arachidonic
acid was rapidly taken up by human umbilical vein endothelial cells in a saturable and energy-dependent
fashion. Protein-facilitated arachidonate uptake was confirmed by its sensitivity toward the protein modifiers
bromobimane and phloretin. Both potassium and sodium depletion did not affect the arachidonate transport,
indicating that arachidonate influx was independent of endocytosis. The uptake of exogenous arachidonic
acid by HUVEC was predominantly mediated by FAT/CD36. This conclusion was drawn by the findings
that (i) arachidonate uptake was drastically inhibited by sulfo-N-succinimidyl oleate, a specific inhibitor
of FAT/CD36; (ii) the maximal inhibition of arachidonate uptake induced by SSO was similar to that
effected by ATP depletion; and (iii) the arachidonate transport was 2-fold higher in COS-7 cells transfected
with the pEF.BOS-CD36 expression vector than in the empty vector-transfected COS-7 cells. Kinetic
studies of arachidonate uptake were indicative for an interaction between fatty acid transporter and S100A8/
A9-AA complex that was confirmed by an in vitro protein-protein interaction assay. FAT/CD36 has
been suggested to be involved in inflammatory responses, and S100A8/A9 are released from activated
leukocytes at inflammatory loci. Therefore, it can be envisioned that their interaction might propagate
host response by perpetuating recruitment and activation of cellular effectors.

Adhesion of neutrophils to vascular endothelial cells is a
characteristic feature of inflammation and involves numerous
adhesion proteins that regulate their transmigration across
the vascular endothelial barrier. The microenvironment at
the interface between adherent neutrophils and endothelial
cells represents a strategic site for exchange, transcellular
synthesis, and metabolism of lipid mediators (for review,
see1-4). Transcellular metabolism of eicosanoid intermedi-
ates produced by one cell type in close contact with another
may amplify the formation of a given compound or result
in products that neither of the participating cell types can
generate alone (for review, see5, 6). In addition, several
reports indicate that endothelial cells and neutrophils utilize
both endogenous and exogenous arachidonic acid for
eicosanoid biosynthesis (7, 8). Thus, liberation of arachido-
nate from cellular membranes as well as uptake of exogenous
arachidonate increases the level of this otherwise rate-limiting
substrate. At present, little is known about the membrane
proteins involved in arachidonate uptake. The expression of

one putative fatty acid transporter, the plasma membrane-
bound fatty acid-binding protein (FABPpm),1 has been
demonstrated on the surface of endothelial cells (9), and the
participation of a yet unknown membrane protein in the free
fatty acid (FFA) uptake by neutrophils was found by Krischer
et al. (10).

Long-chain fatty acid (LCFA) uptake exhibits the kinetic
features of a facilitated transport, including saturation,
specificity, competitive inhibition (11-13), and sensitivity
toward protein modifiers (14-16). Extensive investigations
have determined that fatty acids are bound to albumin and
other proteins in the extracellular space. However, the free
fatty acid is the ligand for fatty acid transporters located at
the plasma membrane. Five candidate proteins have been
identified as putative FFA transporters: the plasma membrane-
bound fatty acid-binding protein (FABPpm) (17, 18), the 56-
kDa renal FABP (19), the 22-kDa plasma membrane protein
caveolin (13), the fatty acid transport protein (FATP) (20),
and the fatty acid translocase (FAT)/CD36 (21, 22). These
putative fatty acid transporters are expressed in a wide variety
of tissues. For many cell types, it is not clear what the
physiological significance of multiple transporters might
imply (for review, see23).
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Recently, we demonstrated that a protein complex formed
by the two myeloid-related proteins MRP8 (S100A8) and
MRP14 (S100A9) is secreted from phorbol ester-stimulated
neutrophil-like HL-60 cells, thereby carrying arachidonic acid
(AA) (24). The location of the effects induced by physi-
ological stimuli, such as the chemoattractants FMLP and C5a
(25), indicates that the secretion of S100A8/A9 takes place
at inflammatory loci. The presence of S100A8/A9 complexes
at sites of acute and chronic inflammation has long been
noted (26-28), and there is definitive evidence that these
proteins are specifically secreted into the extracellular space
upon phagocyte activation (29). Both S100A8 and S100A9
belong to the S100 family of calcium-binding proteins (for
review, see30, 31). They are expressed in cells of the
myeloid lineage and are predominantly localized in the
cytoplasm (32, 33). They specifically bind polyunsaturated
fatty acids in a calcium-dependent manner (34, 35) and
represent the exclusive AA-binding capacity in the neutro-
philic cytosol. To date, the exact functions of the proteins,
especially in the extracellular milieu, remain unknown. We
have speculated that S100A8/A9-AA complexes may serve
as a transport protein to move AA to its target cells,
representing a particular transcellular pathway for eicosanoid
metabolism.

The present study was performed to characterize the fatty
acid transporter on endothelial cells and to investigate
whether AA was taken up by target cells in the presence of
S100A8/A9. We present evidence that (1) the uptake of
exogenous arachidonic acid by human umbilical vein en-
dothelial cells (HUVEC) was predominantly mediated by
FAT/CD36AA and (2) S100A8/A9 was bound to FAT/
CD36, representing the first functional identification of a
receptor for S100A8/A9.

EXPERIMENTAL PROCEDURES

Cell Culture. Human umbilical vein endothelial cells
(HUVEC) were cultured in endothelial growth medium
(EGM) supplemented with 12µg/mL bovine brain extract,
10 ng/mL human epidermal growth factor, 1µg/mL hydro-
cortisone, 0.1% GA-1000 (gentamicin, amphotericin-B), and
5% fetal bovine serum (Clonetics).

Measurement of Arachidonic Acid Uptake.S100A8 and
S100A9 were purified from human neutrophils according to
the method of Kerkhoff et al. (24). The arachidonate/fatty
acid-binding protein complexes were formed as described
earlier (24). HUVEC were plated at a density of 5× 105

cells/well onto 24-mm tissue culture dishes for 24 h at 37
°C in EGM containing the above supplements. Prior to use,
the cells were washed twice with serum-free medium and
then incubated with either [3H]AA -BSA or [3H]AA -
S100A8/A9 complexes at 4 and 37°C for different time
intervals as indicated. The [3H]AA uptake was stopped by
adding ice-cold 0.9% NaCl, 0.5% fatty acid-free BSA, and
thereafter the cells were incubated for a further 5 min at 4
°C. The supernatant was then discarded, and the cells were
washed again with the stop solution. Next, the cells were
solubilized in 200µL/well 0.2 M NaOH for 2 h at 37°C.
After the addition of 0.2 M HCl and 1.5 M Tris-HCl, pH
8.8 (200µL each), the cell homogenate was transferred into
scintillation vials, and cell-associated radioactivity was

determined after the addition of 5 mL of scintillation cocktail
using a LKB 1211 rackbeta counter.

Physiochemical ManeuVers of AA Uptake.For ATP
depletion, the cells were incubated for 30 min at 37°C prior
to AA uptake measurements with ATP depletion buffer [140
mM NaCl, 20 mM HEPES (pH 7.4), 1 mM CaCl2, and 1
mM MgCl2] containing either 5 mM NaN3 and 50 mM
2-deoxyglucose (ATP-depleted) or NaN3 and 50 mM glucose
(control). For potassium depletion, the cells were incubated
for 30 min at 37°C prior to AA uptake measurements with
KCl depletion buffer [140 mM NaCl, 20 mM HEPES (pH
7.4), 1 mM CaCl2, 1 mM MgCl2, and 5.5 mMD-glucose]
with 10 mM KCl (control) or without KCl (potassium-
depleted). Carbonyl cyanidem-chlorophenylhydrazone (CCCP,
10 µM) and valinomycin (3µM) were added to the cells 30
min at 37°C prior to AA uptake measurements. Nigericin
(3 µM), colchicine, democolcine, nocadazole, monesin,
cytochalasin B, or cytochalasin D (each 10µM) was added
60 min prior to AA uptake measurements. Sulfo-N-succin-
imidyl oleate (SSO) was prepared according to the method
of Harmon et al. (16) with a few modifications. HUVEC
were incubated with medium containing increasing concen-
trations of bromobimane (p-sulfobenzoyloxybromobimane,
Calbiochem), phloretin (Sigma), or SSO for 30 min at 37
°C as indicated prior to measurements of arachidonate uptake.

125I-Labeling of S100A8 and S100A9.Radioactive iodine
was incorporated into the proteins as described by Markwell
(36). Briefly, IODO-BEADS Iodination Reagent (Pierce) was
added to 1 mCi of [125I]NaI for 5 min at room temperature
prior to the addition of 300µg of S100A8/A9. The reaction
was allowed to proceed for 15 min at room temperature and
stopped by removing the solution from the beads. Finally,
the radiolabeled protein was purified from excess [125I]NaI
or unincorporated [125I]I 2 by gel filtration using PD10
desalting columns (Pharmacia).

RNA Preparation and Northern-Blot Analysis.Total RNA
was prepared from liver or HUVEC by the acid guanidium
thiocyanate-phenol-chloroform extraction method. Northern-
blot analysis was performed according to standard protocols.
The complementary synthetic oligonucleotides used for
Northern-blot analysis were derived from published se-
quences: 5′-aacctataactggattcactttacaatttgcaaaacggctgcaggt-
caac-3’ for FAT/CD36 [corresponding to nucleotide numbers
1331-1380 of the published human sequence (37, 38)
(GenBank accession number M24795)]; 5′-ctgtattccaacccac-
ctctcaatggggcccggatcgcagcaaccatcct-3’ for mAspAT [corre-
sponding to nucleotide numbers 971-1020 of the published
mouse sequence (39) (GenBank accession number U82470)];
5′-accgcactggggacacgttccgctggaaaggtgagaacgtgtccaccaccg-
aggtg-3’ for FATP [corresponding to nucleotide numbers
1504-1560 of the published human sequence (40) (GenBank
accession number AF055899)]. After hybridization, mem-
branes were washed and autoradiographed with an intensify-
ing screen at-80 °C.

Transient Transfection of Plasmid cDNA into COS-7 Cells.
The COS-7 cell line was routinely cultured in DMEM
supplemented with 10% FCS. Transient transfection of
plasmid DNA into COS-7 cells was performed using either
the pEGFP-C1 or the pEF.BOS expression vector containing
the human CD36 cDNA (41) insert as described by Melkon-
yan et al. (42) After electroporation, the cells were cultured
for 48 h at 37°C and 5% CO2 before analysis of AA uptake.
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Preparation of Platelets and Triton-X114 Solubilization.
Isolation of human blood platelets and solubilization were
performed according to Kronenberg et al. (44) with slight
modifications. Briefly, platelets were solubilized for 30 min
at 4 °C in 10 mM Tris-HCl (pH 7.4) containing 5 mM
EDTA, 1% (v/v) Triton-X114. The suspension was centri-
fuged at 15000g for 1 h at 4 °C. The supernatant was
carefully overlayered with 3 times its own volume of 6%
sucrose in 154 mM NaCl, 1 mM EDTA, 0.06% (v/v) Triton-
X114, 10 mM Tris-HCl (pH 7.4), rewarmed to 37°C, and
thereafter centrifuged at 1100g for 10 min at room temper-
ature. The Triton-X114 phase was removed, and the upper
phase was adjusted to 1% (v/v) Triton-X114 followed by
sucrose gradient centrifugation as described above. The
yellow Triton-X114 phases were collected and pooled.

Pull-Down Assay.Recombinant histidine-tagged proteins
and glutathione-S-transferase (GST) fusion proteins were
prepared as described earlier (43). Ten micrograms of GST-
S100A8 fusion protein and 10µg of his-tagged S100A9 were
incubated in interaction buffer (TBS buffer supplemented
with 20 mM imidazole and 1 mg/mL BSA) for 1 h atroom
temperature in a total volume of 500µL. Then, either
HUVEC membrane solubilizate or thrombocyte Triton phase
was added, briefly vortexed, and incubated for a further 1 h
at room temperature in a final volume of 1 mL. The 5%
Ni-NTA magnetic agarose bead suspension (Qiagen) was
washed in interaction buffer 3 times, and 50µL of bed
volume was added to the mixture. After 1 h incubation, the
tubes were placed on a magnetic separator for 1 min, and
the supernatants were discarded. The tubes were then
removed from the magnet and the pellets washed twice with
interaction buffer. Finally, SDS sample buffer was added to
the pellets, the mixture was heated to 95°C for 5 min, and
the proteins were subjected to 12% SDS-PAGE (45). The
Western-blot analysis was performed using standard proto-
cols.

Protein Determination.Determination of protein content
was performed according to Smith et al. (46), using BSA as
standard. The concentrations of the purified proteins were
accurately determined using the extinction coefficient of
0.998 for S100A8, 0.526 for S100A9, or 0.762 for S100A8/
A9 at 280 nm, respectively.

RESULTS

Arachidonic Acid Uptake by HUVEC.To compare arachi-
donic acid (AA) uptake in the presence of either S100A8/
A9 or bovine serum albumin, human umbilical vein endot-
helial cells (HUVEC, 105 cells/well) were incubated with 1
µM [3H]AA and either 0.3µM BSA or 2 µM S100A8/A9 at
4 or 37 °C for different time intervals as indicated. Based
on the reported binding constant of AA for S100A8/A9 (24,
35) and the BSA-AA constants published by Kleinfeld and
colleagues (47), we calculated free fatty acid (FFA) con-
centrations at these fatty acid:fatty acid-binding protein ratios
of 135 nM for BSA and 150 nM for S100A8/A9. Subse-
quently, cell-associated radioactivity was determined as
described under Experimental Procedures.

As shown in Figure 1, the AA transport was significantly
lower at 4 °C in the presence of both fatty acid-binding
proteins. At 37°C, the uptake of [3H]AA was faster and
revealed linearity during the incubation time, indicating that

the FA uptake represents an energy-dependent transport
process. Furthermore, the arachidonate uptake was signifi-
cantly higher in the presence of S100A8/A9 than in the
presence of BSA.

Next, we performed arachidonate uptake experiments in
the presence of different fatty acid:fatty acid-binding protein
ratios to estimate the kinetic constants of AA transport into
HUVEC in the presence of either S100A8/A9 or BSA
(Figure 2). When plotted as a function of free arachidonate
concentrations, calculated by using the corresponding as-
sociation constants (24, 47), the rates of arachidonate uptake
displayed saturation kinetics with a Michaelis-Menten
relationship. Analysis of the data yieldedVmax and KM

estimates of 14.1( 4.1 pmol min-1 (105 cells)-1 and 173(
88 nM for S100A8/A9, 13.6( 2.1 pmol min-1 (105 cells)-1

and 2.2( 0.7 nM for BSA, respectively. The calculatedVmax

values were in a similar range, although theKM for
arachidonate was significantly higher in the presence of
S100A8/A9 than in the presence of BSA, indicative of
competitive inhibition.

We then investigated whether the fatty acid was taken up
in conjunction with S100A8/A9. Analogous uptake experi-
ments using radioiodinated S100A8/A9 were performed as
described above for the arachidonate uptake. However, there
was neither a time- nor a temperature-dependent increase in
cell-associated radioactivity (data not shown). Therefore, we
conclude that the fatty acid was transported via the fatty acid
transporter with S100A8/A9 remaining at the cell surface.

Cellular AA Uptake Exhibits Kinetic Features of Facili-
tated Transport.To characterize the molecular mechanism
by which AA is taken up by HUVEC, two approaches were
used: (i) cells were treated with inhibitors of oxidative
phosphorylation, ionophores, or cytoskeleton-disrupting agents
prior to AA uptake measurements; (ii) the participation of
membrane receptors in AA transport was investigated using
cell-impermeable protein modifiers.

Lowering the temperature to 0°C diminished the initial
arachidonate uptake to 10% of the control value (Figure 3A).
Both ATP depletion of cells by sodium azide and uncoupling

FIGURE 1: Time course of arachidonate uptake in HUVEC in the
presence of either BSA or S100A8/A9. AA uptake was assayed
by adding 1µM [3H]AA in the presence of either 0.33µM BSA
(b,O) or 2 µM S100A8/A9 (9,0) to HUVEC (105 cells/well) at 4
°C (A) or 37°C (B). Details of the experiment are described under
Experimental Procedures. Shown are means of triplicate determina-
tions ( SD. (b) [3H]AA -BSA, 37°C; (O) [3H]AA -BSA, 4 °C;
(9) [3H]AA -S100A8/A9, 37°C; (0) [3H]AA -S100A8/A9, 4°C.
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oxidative phosphorylation by 10µM CCCP significantly
lowered arachidonate uptake to 22.4( 1.7% and 45.0(
5.0% that of nondepleted cells, respectively (Figure 3A).
These data clearly show that movement of arachidonate
across the membrane represents an energy-dependent process.

The depletion of potassium as well as the preincubation
of the cells with nigericin or valinomycin, both potent
potassium ionophores, did not have a significant effect on
the initial arachidonic acid uptake (Figure 3A). Preincubation
of HUVEC with increasing concentrations of ouabain did
not result in significant differences between the control and
the depleted cells (data not shown). These data indicate that
arachidonic acid uptake is independent of the formation of
coated pits and endocytotic vesicles.

To verify this conclusion, analogous AA uptake studies
were performed in the presence of cytoskeleton-disrupting
agents since there is an intimate functional connection
between the cytoskeleton and both receptor-mediated and
fluid phase endocytosis (48, 49). Only small effects were

seen with colchicine, democolcine, and nocadazole (Figure
3B). These agents display antimicrotubular activity. Cyto-
chalasin B has been shown to perturb the actin filament and
suppressed the AA uptake by 40%. In addition to its
cytoskeletal effects, cytochalasin B is an effective inhibitor
of glucose uptake. Therefore, we also used cytochalasin D
that is similarly effective as a cytoskeleton-disrupting agent
but has no effect on glucose transport (50). Treatment with
cytochalasin D did not affect the AA uptake by HUVEC.
Thus, this study clearly indicates that the cytoskeleton is not
involved in the uptake of AA bound to S100A8/A9.

To learn whether AA transport was facilitated by plasma
membrane proteins, we incubated HUVEC with the protein
modifiers bromobimane and phloretin prior to the uptake
measurements (Figure 4). Bromobimane is not able to
penetrate cells and reacts with thiol groups of membrane-
bound proteins (51), thereby inhibiting receptor-mediated
transport processes. Phloretin is described as potent nonspe-
cific inhibitor of membrane transport proteins (52).

The inhibition of AA uptake was concentration-dependent
for both agents, and an inhibition of 50% was reached at 10
µM bromobimane and 100µM phloretin (Figure 4). The
uptake kinetics and the inhibition of the arachidonate influx

FIGURE 2: Kinetics of [3H]AA uptake. Initial uptake of [3H]AA
was assayed at 37°C for 120 s with free arachidonate concentrations
from 20 to 250 nM in the presence of S100A8/A9 (A) or from 2.6
to 136 nM in the presence of BSA, respectively (B). Free fatty
acid concentrations were determined using the published S100A8/
A9-AA and BSA-AA binding constants (7, 47). Insets: Corre-
sponding Lineweaver-Burk plot of the same data. Linear regression
yielded Vmax and KM estimates of 14.1( 4.1 pmol min-1 (105

cells)-1 and 173( 88 nM for S100A8/A9 (r2 ) 0.95), 13.6( 2.1
pmol min-1 (105 cells)-1 and 2.2( 0.7 nM for BSA (r2 ) 0.97),
respectively. Values are means( SD of n ) 4 experiments.

FIGURE 3: Influence of temperature reduction, ATP, sodium and
potassium depletion (A), and depolymerization of the cytoskeleton
(B) on initial arachidonic acid uptake rates. Uptake of [3H]AA was
assayed for 5 min with 1µM AA/S100A8/A9 in the presence of
the different agents as indicated. The details of the experiment are
described under Experimental Procedures.
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by bromobimane and phloretin strongly indicate that the
uptake of AA in HUVEC was facilitated by a membrane
receptor-regulated pathway. In control experiments, these
agents had no effect on the fatty acid-binding capacity of
the S100A8/A9 protein complex (data not shown).

Inhibition of Arachidonic Acid Uptake by Sulfo-N-succin-
imidyl Oleate.The fatty acid analogue sulfo-N-succinimidyl
oleate (SSO) has been described as a specific, nontoxic,
membrane-impermeable inhibitor of FAT/CD36 when pre-
incubated with adipocytes for 25 min (16). When a similar
procedure was applied here, AA uptake by HUVEC was
drastically inhibited by SSO in a concentration-dependent
manner (Figure 5). The half-maximal effect was seen at a
concentration below 0.5 mM SSO with the maximal inhibi-
tion of AA uptake being∼80-90%, similar to that effected
by ATP depletion. Together with the observed maximal
inhibition by ATP depletion and temperature reduction
(Figure 3A), we assume that FAT/CD36 represents the major
fatty acid transporter on HUVEC although these results do
not exclude the participation of other transport proteins.

AA Uptake in CD36-Transfected COS-7 Cells.To test
whether FAT/CD36 promotes AA transport, the pEF.BOS
expression vector containing a CD36 cDNA insert was

transiently transfected into COS-7 cells (41). Plasmid DNA
from the vector alone was transfected into COS-7 cells as a
control. Cells were harvested 48 h after transfection, and cell
lysates were analyzed for CD36 expression by Western-blot
analysis. CD36 protein expression in vector-transfected
COS-7 cells was very low, whereas the cells transfected with
pEF.BOS-CD36 vector expressed higher levels of CD36
(data not shown). Immunohistochemical analysis of pEF-
.BOS-CD36 vector-transfected cells revealed that CD36
protein was expressed on the cell surface and that 20-30%
of the cells were positive for CD36 (data not shown).

We then performed analogous AA uptake experiments as
described above for HUVEC using control and CD36-
expressing COS-7 cells. The cells were incubated with 1µM
[3H]AA -S100A8/A9 (molar ratio of fatty acid to fatty acid-
binding protein 1:1) at 4 and 37°C for different time intervals
as indicated. The cell-associated radioactivity was determined
as described under Experimental Procedures.

As shown in Figure 6A, CD36 expression resulted in a
2-fold increase in the initial arachidonic acid uptake at all
time points measured when compared to vector-transfected
COS-7 cells. The arachidonate uptake mediated by CD36
expressed by COS-7 cells was temperature-dependent, since
the uptake at 4°C was only 10% of that at 37°C (data not
shown). This suggested that a specific carrier-mediated
process was involved in FA transport systems in COS-7 cells,
and that the saturable component of fatty acid uptake could
be modulated by CD36 expression. Kinetic studies of [3H]-
AA uptake revealed Michaelis-Menten constants of 666.7
( 133.3 nM for CD36-negative and 1250( 250 nM for
CD36-positive cells with maximum velocities of 8.6( 1.9
pmol min-1 (105 cells)-1 for CD36-negative and 18.0( 3.7
pmol min-1 (105 cells)-1 for CD36-positive cells, respectively
(Figure 6B). These values were significantly different from
each other.

Protein-Protein Interaction Assay with CD36 and S100A8/
A9. We then used the in vitro pull-down assay to establish
whether S100A8/A9 directly interacts with CD36 (Figure
7). CD36 partially purified from either thrombocytes or
HUVEC was incubated with either the fusion protein GST-

FIGURE 4: Inhibition of initial AA uptake by increasing concentra-
tions of phloretin (A) and bromobimane (B) as indicated. HUVEC
(105 cells/well) were preincubated with the agents as described
under Experimental Procedures, and the uptake of [3H]AA was
assayed at 37°C for 5 min. Values are means( SD expressed as
percent deviation from control.n ) 3 experiments.

FIGURE 5: Inhibition of initial AA uptake by increasing concentra-
tions of SSO as indicated. HUVEC (105 cells/well) were preincu-
bated with SSO as described under Experimental Procedures, and
the uptake of [3H]AA was assayed at 37°C for 5 min. Values are
means( SD expressed as percent deviation from control.n ) 3
experiments.
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S100A8, histidine-tagged S100A9, or a combination of both
recombinant proteins. Ni-NTA magnetic agarose beads were
then added and washed twice with interaction buffer, and
the proteins were eluted by the addition of SDS sample
buffer. The proteins were subjected to 12% SDS-PAGE
followed by Western-blot analysis.

Possible nonspecific binding of the CD36 protein to the
affinity matrix was excluded by the finding that CD36 did
not bind to the affinity matrix either in the absence of
recombinant proteins or in the presence of GST alone. CD36
protein did bind to the Ni-NTA magnetic agarose beads by
interaction with GST-S100A8/hisS100A9 or hisS100A9.
Further analysis revealed that S100A8/A9 interacted with
an 88-kDa protein partially purified from thrombocytes and
with a 78-kDa protein from HUVEC membranes.

DISCUSSION

In the present study, we provide evidence that the uptake
of exogenous arachidonic acid by HUVEC is predominantly
mediated by FAT/CD36. Furthermore, this report describes
the first functional characterization and identification of a
cell surface protein that functions as a receptor for S100A8/
A9. Our conclusions are based upon pharmacological
(inhibition of CD36/FAT by its specific inhibitor SSO),
protein (protein-protein interaction assay), and functional
analyses (arachidonate uptake by HUVEC as well as CD36-
transfected COS-7 cells).

The AA uptake by HUVEC exhibited many characteristic
properties of a protein-mediated transport process: (i) The
fatty acid uptake was shown to be temperature-dependent
since the uptake at 4°C was only 10% of that at 37°C
(Figure 3A). (ii) The kinetic studies revealed evidence that
the FA uptake was dependent on an equilibrium between
the free fatty acid concentration and the fatty acid-binding
proteins (Figure 2). (iii) The AA uptake was inhibited by
protein modifiers, indicating that membrane proteins are
involved in arachidonate transport (Figure 4). (iv) The
depletion of intracellular ATP as well as the exposure of
the cells to metabolic inhibitors, such as CCCP, significantly
lowered arachidonate uptake to 35% and 45% of that for
nondepleted cells, respectively, indicating that the uptake is
energy-dependent (Figure 3A). (v) Potassium plays an
important role in the formation of coated pits and endocytotic
vesicles. However, neither the depletion of potassium nor
the preincubation of the cells with nigericin or valinomycin,
both potent potassium ionophores, effected the movement
of AA across the cell membrane (Figure 3A). In addition to
the results from our studies using agents displaying cytosk-
eleton-disrupting activity (Figure 3B), our conclusion that
fatty acids are taken up independently of endocytosis is in
agreement with a hypothetical model for FA transport
proposed by Abumrad and colleagues (23). They presented
a model in which CD36, one of the fatty acid transporter
candidates, facilitates AA transport by the formation of a
multimeric pore or channel. In addition, Thorne et al. (41)
reported that FAT/CD36 forms covalently associated dimers
and multimers.

On the other hand, the uptake of arachidonate in the
presence of S100A8/A9 complexes had some properties that
differed from the reported mechanism of fatty acid transport.
It was demonstrated by Abumrad and colleagues that free
fatty acid but not the BSA-bound form is the ligand for
CD36. However, our kinetic studies revealed evidence for
an interaction between FAT/CD36 and S100A8/A9 because
although the calculatedVmax values were in the similar range
theKM values were quite different, indicative of competitive
inhibition (Figure 2). In addition, the fatty acid transport was
significantly higher in the presence of S100A8/A9 than in
the presence of BSA. The protein-protein interaction assay
revealed evidence that S100A8/A9 directly interacts with
CD36 (Figure 7). Therefore, we suggest that the interaction
of the S100A8/A9-AA complex with CD36 may accelerate
the dissociation of the complex, which in turn would facilitate
the uptake of fatty acids by the cells. The uptake experiments
using radiolabeled S100A8/A9 exclude the possibility that
S100A8/A9 itself is taken up by the cells. Thus, the fatty
acid must be transferred from the complex to CD36 prior to

FIGURE 6: Time course of arachidonate uptake by CD36-expressing
COS-7 cells 2 days posttransfection. The AA uptake was assayed
by adding 1µM [3H]AA and 1 µM S100A8/A9 at 37°C. Shown
are means of representative experiments( SEM. (b) CD36-positive
cells; (O) CD36-negative cells. Inset: Lineweaver-Burk plot of
the kinetics of [3H]AA uptake in CD36-transfected cells. Linear
regression revealed Michaelis-Menten constants of 666.7( 133.3
nM for CD36-negative and 1250( 250 nM for CD36-positive cells
with maximum velocities of 8.6( 1.9 pmol min-1 (105 cells)-1

for CD36-negative and 18.0( 3.7 pmol min-1 (105 cells)-1 for
CD36-positive cells, respectively. Shown are means of representa-
tive experiments( SEM. (9) CD36-positive cells; (0) CD36-
negative cells.

FIGURE 7: Protein-protein interaction assay. Prior to addition of
magnetic beads, GST-S100A8, His6-tagged S100A9, or partially
purified CD36 from different fractions was incubated for 1 h at
room temperature as indicated. The magnetic beads were washed
followed by addition of SDS sample buffer. Then the suspension
was heated to 95°C, and the proteins were subjected to 12% SDS-
PAGE followed by Western-blot analysis. (A) His6-tagged S100A9
+ Triton phase; (B) Triton phase; (C) His6-tagged S100A9+ GST-
S100A8+ Triton phase; (D) His6-tagged S100A9+ GST-S100A8
+ Triton phase+ 1 mM CaCl2; (E) thrombocytes; (F) His6-tagged
S100A9+ GST-S100A8+ HUVEC membrane solubilizate.
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its transport. However, we cannot for certain exclude the
alternative that S100A8/A9-AA forms an equilibrium and
that the free AA is then transported.

The participation of CD36/FAT in AA transport by
HUVEC is well documented by the following findings: (i)
The AA uptake was drastically inhibited by the fatty acid
analogue SSO (Figure 5). Several groups have confirmed
that SSO is a specific inhibitor of CD36. It binds covalently
to FAT/CD36 (16, 21, 53), and SSO inhibits LCFA transport
in tissues that express FAT/CD36 (muscle and heart) but
not in tissues in which FAT/CD36 is not expressed (i.e., liver)
(54). However, when performing analogous [14C]deoxyglu-
cose uptake studies, SSO showed little inhibitory effect upon
deoxyglucose uptake (data not shown). No decrease of 50%
in deoxyglucose uptake was found in the range of 0-2 mM
SSO. Maximal inhibition of deoxyglucose uptake was∼30-
40% at a 2 mMconcentration of SSO. Due to our findings,
that the maximal inhibition of AA uptake by SSO was∼80-
90% and the half-maximal effect was seen at a concentration
below 0.5 mM SSO, we conclude that SSO is more effective
in the inhibition of fatty acid uptake than in the inhibition
of deoxyglucose uptake. The maximal inhibition of AA
uptake by SSO was similar to that effected by ATP depletion
(Figure 3A). (ii) Five plasma membrane proteins have been
reported and proposed to function in fatty acid movement
across the plasma membrane (for review, see23). Of the
candidate transporters, three have been sequenced and cloned.
Northern-blot analysis revealed the expression of FABPpm,
FATP, and FAT/CD36 in HUVEC (data not shown). The
size of the mRNA transcripts was identical to those previ-
ously reported in other tissues (20, 22, 55). (iii) The
expression of one putative fatty acid transporter, FABPpm,
was demonstrated at the surface of endothelial cells (9). It
has been shown that the FABPpm-facilitated oleate uptake
by hepatocytes was sodium-dependent. The uptake was
diminished when Li+, K+, choline, or sucrose was substituted
for Na+ in the incubation medium, and was reduced by 46%
by ouabain, an inhibitor of Na+-K+-ATPase (17). In
addition, the Na+-dependent FA uptake was found to be
stimulated by valinomycin (56). However, in our studies the
preincubation with ouabain was without significant effect
on initial arachidonic acid uptake (Figure 3A). Therefore,
these data give additional evidence that FABPpm did not
represent the membrane protein facilitating AA uptake by
HUVEC. (iv) Strong evidence for CD36 as a fatty acid
transporter was established by transfection experiments with
COS-7 cells using the pEF.BOS-CD36 expression vector
(Figure 6). The calculated kinetic constants were in accor-
dance with our observation that CD36 protein expression
was very low in COS-7 cells, whereas the cells transfected
with pEF.BOS-CD36 vector expressed higher levels of
CD36. Note that the arachidonate uptake was not normalized
to the transfection efficiency of 20-30%.

CD36 is a 78-88-kDa cell surface glycoprotein present
on monocyte/macrophages, platelets, adipose tissue, and
microvascular endothelial cells. One of the striking features
of CD36 is the wide and overlapping ligand-binding speci-
ficity. CD36 binds a variety of ligands, including thrombo-
spondin (57), collagen (58), Plasmodium falciparum-infected
erythrocytes (59, 60), oxidized low-density lipoprotein (ox-
LDL) (61), anionic phospholipids, apoptotic cells, and fatty
acids (22, 62). The functional significance of many of these

receptor-ligand interactions is unknown. Studies with
isolated and cultured cells have provided evidence that FAT/
CD36 functions as a putative transporter of long-chain fatty
acids. The participation of FAT/CD36 in FA uptake and
metabolism in vivo has recently been shown by Coburn et
al. (63). They presented data that the FA transport is reduced
in heart, skeletal muscle, and adipose tissues of CD36
knockout mice.

Endothelial cells actively regulate their environment by
secreting humoral substances, including endothelin-1 and a
variety of eicosanoids, that have local actions. Under
inflammatory conditions, endothelial cells respond to po-
tential harmful conditions with the appropriate, adaptive
changes in function and mediator release. A considerable
body of evidence supports altered eicosanoid synthesis in
profile and quantity upon cell activation. Endothelial cell-
derived eicosanoids have been shown to regulate smooth
muscle contractility and thrombocyte aggregation, and to
modulate the adhesion of monocytes and neutrophils to
endothelium. The hallmark of S100A8/A9 complexes is their
accumulation at inflammatory loci as a consequence of
specific secretion from activated leukocytes (25, 29). These
S100A8/A9 complexes have been shown to carry arachidonic
acid (24) and are recognized by FAT/CD36 on endothelial
cells as shown in the present study. Furthermore, endothelial
cells utilize both endogenous and exogenous AA for trans-
cellular production of eicosanoids (7). Together with the
identification of FAT/CD36 as the major FA transporter on
HUVEC, we speculate that the secreted S100A8/A9-AA
complex may serve as a transport protein to move AA to its
target cells. AA is then taken up by bystander cells to be
metabolized to eicosanoids representing a particular trans-
cellular pathway for AA metabolism. This mechanism may
point to an important role in the initiation and regulation of
the inflammatory response.
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