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The involvement of intracellular protein phosphorylation in macrophages in the bind-
ing and uptake of oxidized low density lipoprotein (oxLDL) was investigated. The treat-
ment of fibronectin-unstimulated and stimulated mouse thioglycolate-induced
macrophages with inhibitors of myosin light chain kinase, protein kinase C and protein
tyrosine kinase resulted in decreased macrophage binding of oxLDL, macrophage foam
cell formation, and whole intracellular protein phosphorylation. The treatment of fibro-
nectin-unstimulated and stimulated macrophages with inhibitors of protein serine/thre-
onine and tyrosine phosphatases caused enhanced macrophage binding of oxLDL, mac-
rophage foam cell formation, and whole intracellular protein phosphorylation.
Fibronectin, which stimulates macrophage activity, enhanced macrophage intracellular
protein phosphorylation. Myosine light chain phosphorylation may be involved in the
fibronectin stimulation of macrophages. Treatment of fibronectin-unstimulated and
stimulated macrophages with thiophosphate, which forms thiophosphate esters of intra-
cellular proteins that are not so susceptible to protein phosphatases, enhanced mac-
rophage binding of oxLDL. The above results indicate that intracellular protein
phosphorylation maintains and enhances macrophage binding and the uptake of
oxLDL.
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Ldpid-laden foam cells in the arterial wall of atherosclerotic
lesions are considered to originate from macrophages that
have accumulated cholesterol within the cells (1, 2). It has
been found that macrophages take up oxidized low density
lipoprotein (oxLDL) in vitro (2, 3), resulting m cholesterol
accumulation, and that oxLDL is present in atherosclerotic
lesions (4-6). These findings have confirmed the role of
oxLDL uptake by macrophages in atherogenesis.

Fibronectin enhances the scavenger receptor activity of
mouse macrophages (7) by increasing the number of scav-
enger receptors by either increasing transport from the
cytoplasmic receptor pool or by redistribution from cell
attachment sites to the apical surface of the cell (8). Fibro-
nectin stimulates macrophages through fibronectin recep-
tors (9-11) causing increased Ca2+ signaling and an en-
hancement of scavenger receptor activity.
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The aim of the present study was to examine whether
the intracellular protein phosphorylation of fibronectin-
unstimulated and stimulated macrophages is involved in
the binding and uptake of oxLDL. Intracellular protein
phosphorylation is induced by myosin light chain kinase
(MLCK) (12-15), protein kinase C (PKC) and protein tyro-
sine kinase (PTK) (17), and controlled by protein serine/
threonine (28) and tyrosine phosphatases (19). In the pres-
ent study, we used known inhibitors of protein Mnases and
phosphatases to investigate the participation of protein
phosphorylation in the binding and uptake of oxLDL by
macrophages. It was found that macrophage activity is
maintained and enhanced by the intracellular protein
phosphorylation of macrophages by MLCK, PKC, and PTK,
and that the activity is modulated by intracellular protein
dephosphorylation by protein phosphatases

MATERIALS AND METHODS

Materials—Fluid thioglycollate medium, RPMI 1640
medium (phosphate free) and penicillin-streptomycin were
obtained from Gibco Laboratories, Grand Island, NY. Fetal
calf serum (FCS) was from Bio Whittaker, Walkersville,
MD, and Hanks' balanced salt solution (HBSS) (without
phenol red) was from Nissui Pharmaceuticals, Tokyo. Cyto-
dex-1 and Amphohne (pH 3.5-9.5) were from Pharmacia
Biotech, Uppsala, Sweden, and iV-2-hyroxyethylpiperazine-
W-2-ethane sulfonic acid (HEPES) was from Dojindo Labo-
ratories, Kumamoto. Nonidet P-40 (NP-40), bovine serum
albumin (BSA, 7-globulin free), phenylmethylsulfonyl fluo-
ride (PMSF), and oil-red-0 were purchased from Sigma
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Chemical, St. Louis, MO. Diisopropyl fluorophosphate
(DFP), leupeptin, herbunycin A, genistein, okadaic aad,
sodium orthovanadate (vanadate), and Mayer's hematoxy-
lin solution were obtained from Wako Pure Chemical In-
dustries, Osaka. Protein kinase inhibitors, ML-9, ML-7,
and H-7, were obtained from Seikagaku, Tokyo. Staurospo-
rine was from Kyowa Hakko Kogyo, Tokyo. H3

32PO4 was
from ICN Biomedicals, Costa Mesa, CA. Sodium thiophos-
phate was from Aldrich Chemical, Milwaukee, MI.

Fibronectin was purified from pooled human plasma by
affinity chromatography on gelatm-Sepharose 4B columns
according to the method of Engvall and Ruoslahti (20) with
minor modifications as described previously (21). Phos-
phate-free fibronectin was prepared by dialysis against 10
mM HEPES (pH 7.4)/0.02% NaN/saline, and stored in the
presence of 1 mM DFP. The fibronectin concentration was
determined spectrophotometricaUy using E (1%, 1 cm) at
280 run = 12 8 (22). Mouse macrophage myosin was puri-
fied according to the procedures described elsewhere (23,
24).

Coating of Culture Substrates with Fibronectin—Round
coverslips, 18 mm or 15 mm diameter, in microplate wells
were loaded with 200 or 140 |xl of a solution of fibronectin
(100 ng/ml), respectively, incubated at room temperature
for 12-24 h, rinsed several times with Dulbecco's phos-
phate-buffered saline (DPBS), and used immediately.

Cytodex-1 beads, microcarner beads for cell culture,
stored in 70% ethanol at 6 mg/ml, were washed four times
with buffer A, comprising 140 mM NaCl, 5 mM KC1, and
10 mM HEPES (pH 7.4), and twice with RPMI 1650 medi-
um (phosphate free) containing 20 mM HEPES (pH 7.2)
[RPMI-HEPES medium (phosphate-free)] by centrifugation
at 1,500 xg for 5 min. For fibronectin-coating, a mixture of
the phosphate-free fibronectin solution in buffer A at 100
p^/ml and Cytodex-1 beads in buffer A was incubated at
room temperature for more than 6 h with gentle shaking to
ensure coating of the beads with fibronectin. The beads
were washed with buffer A and successively with RPMI-
HEPES medium (phosphate-free), and resuspended in
RPMI-HEPES medium (phosphate-free) at 90 mg/ml. Cyto-
dex-1 beads not coated with fibronectin were similarly pre-
pared without the addition of fibronectin.

Macrophages—Macrophages were obtained from the
peritoneal cavity of 7-12-week-old male ddY mice 4 d after
intraperitoneal injection of 2-3 ml of 3% thioglycollate
medium. The peritoneal exudate cells obtained were wash-
ed twice with HBSS by centrifugation at 80 xg at 4°C for 10
min, and resuspended in RPMI-HEPES medium for usa
For ^-radiolabeling, the cells were washed twice with
RPMI-HEPES medium (phosphate-free) by centrifugation
at 80 xg at 4°C for 10 nun and resuspended in RPMI-
HEPES medium (phosphate-free) for use.

Isolation and Oxidation of LDL—LDL were isolated from
fresh human plasma as described previously (25). The LDL
fraction obtained was dialyzed against Ca2+- and Mg2+-free
DPBS [DPBS (-)], and subjected to Cu2+-catalyzed oxida-
tion (26) as described previously (7). The protein content in
the LDL was determined by the Lowry method (27) using
BSA as a standard.

Red Blood Cells Coated with oxLDL—Red blood cells
(RBC) coated with native LDL (native LDL-coated RBC) or
oxLDL (oxLDL-coated RBC) were prepared by incubating
mouse RBC with 1 M-g/ml of native LDL or oxLDL as de-

scribed previously (28). The coated RBC were suspended in
RPMI-HEPES medium at 2% cell suspension, and used
immediately. LDL protein (2-3 ng) was adsorbed to 106

RBC (28).
Binding of oxLDL-Coated RBC to Macrophages—In the

binding of oxLDL to macrophages, a simple method devel-
oped by us (28) was employed. A 200 |JL1 suspension of
mouse macrophages in RPMI-HEPES medium (8.5 x 106

cells/ml) was loaded onto a fibronectin-uncoated (plain) or a
fibronectin-coated coverslip 18-mm diameter, and incu-
bated at 37°C for 1 h in a 5% CO2 incubator. Nonadherent
cells were removed by washing three times with DPBS (-)
To investigate the effect of inhibitors of protein kinases and
protein phosphatases, the macrophage monolayer was pre-
incubated with 200 ^1 of RPMI HEPES medium containing
an inhibitor at the indicated concentration at 37°C for 2 h.
The monolayer was washed with DPBS (-), and 200 \xl of a
2% cell suspension of native LDL-coated RBC or oxLDL-
coated RBC was loaded onto the monolayer. After incuba-
tion at 37°C for 1 h, nonadherent coated RBC were re-
moved by gentle washing with DPBS (-) and the cells were
fixed with 1.25% glutaraldehyde in DPBS (-). The number
of macrophages binding two or more coated RBC on their
surface was scored for random fields of the coverslip under
phase-contrast microscopy. At least 200 macrophages were
examined for binding of coated RBC, and the percentage of
macrophages binding two or more coated RBC was deter-
mined.

Uptake of oxLDL by Macrophages and the Staining of
Lipid Droplets within Cells—A 140 JJLI suspension of mouse
macrophages in RPMI-HEPES medium (8.5 x 105 cells/ml)
was loaded onto a fibronectin-uncoated (plain) or a fibronec-
tin-coated coverslip, 15-mm diameter, and incubated at
37°C for 1 h in a 5% CO2 incubator. Nonadherent cells were
removed by washing three times with DPBS (-), and the
coverslips with macrophage monolayers were placed in the
wells, 16-mm in diameter, of a culture plate. To the wells
was added 0.5 ml of RPMI 1640 medium containing oxLDL
(100 ^ protein/ml), 5% heat-inactivated FCS, and an in-
hibitor of protein kinase or phosphatase, and the cells were
incubated at 37°C for 24 h. The macrophage monolayer was
washed with DPBS (-), fixed with formalin, and neutral
lipid droplets within the cells were stained with oil red O,
after which the nuclei were stained with Mayer's hematox-
ylin solution. The number of macrophages containing lipid
droplets stained red was scored for random fields of the
coverslip. At least 200 cells were examined, and the per-
centage of positively stained cells was determined.

Viability of Macrophages—For the test of cell viability
during incubation with inhibitors for 2 h, a mixture of 200
(xl of the suspension of mouse macrophages in RPMI-
HEPES medium (8 x 106 cells/ml) and 200 (JLI of RPMI-
HEPES containing the inhibitors at a concentration 2-fold
of that used in the binding assay in a siliconized glass tube
was incubated at 37°C for 2 h in a 5% CO2-incubator. For
the test of cell viability during incubation with inhibitors
for 24 h, 140 |j.l of the cell suspension in a siliconized tube
was centrifuged at 80 xg at 4°C for 10 min, and washed
with RPMI medium. To the pellet, 500 ^1 of RPMI-medium
containing inhibitors at the indicated concentration was
added and the mixture was incubated at 37CC for 24 h. Cell
pellet was obtained by centrifugation at 80 xg and 4°C for
10 min, resuspended in 50 p,l of RPMI-HEPES, and an
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equal volume of a solution of 0.16% Trypan blue in saline
was added. The percentage of viable cells among more than
200 cells was determined.

^P-Phosphate Radiolabehng of Macrophage Soluble Pro-
teins and Their Analysis—A 20 ml suspension of mouse
macrophages in RPMI-HEPES medium (phosphate free) (1
x 107 cells/ml) was mixed with 20 ml of plain Cytodex-1 or
phosphate-free fibronectin-coated Cytodex-1 suspension m
a sihconized glass tube, and incubated at 37°C for 1 h with
gentle swirling The mixture was incubated with RPMI-
HEPES medium (phosphate-free) containing each of the
protein kinase inhibitors at the indicated concentration at
37°C for 1 h, and subsequently with RPMI-HEPES medi-
um (phosphate-free) containing 500 |xl of H3

32PO4 solution
(1 mCi/250 \xl) in 0.9% NaCl at 37°C for 2 h, or the mixture
was incubated with the Hg^PO, solution at 37°C for 1 h
and subsequently with RPMI-HEPES (phosphate-free) con-
taining each of the protein phosphatase inhibitors at 37°C
for 2 h The mixture was allowed to stand under cooling to
precipitate the Cytodex-1 beads. After removal of the super-
natant, the Cytodex-1 beads were washed with buffer B,
composed of 50 mM NaF, 5 mM Na4P2O7,100 mM NaCl, 10
mM Tris-HCl (pH 7.4), several times by sedimentation, and
finally by centrifugation at 2,000 xg at 4°C for 10 min.

The cells in the pellet were solubilized in an equal
amount of NP-40 buffer composed of 2% NP-40, 100 mM
NaF, 50 mM Na4P2O7, 500 mM NaCl, 10 mM EGTA, 5 mM
EDTA, 50 (xg/ml leupeptin, 4 mM DFP, 2 mM PMSF, and
25 mM Tns-HCl buffer (pH 7.9) by freeze-thawing twice
between dry ice/acetone and 37°C. The suspension was cen-
trifuged at 2,000 xg at 4°C for 10 min to precipitate the
Cytodex-1 beads, and the supernatant was centnfuged at
18,000 xg at 4CC for 10 min to obtain solubilized macro-
phage proteins. The protein content in the supernatant was
determined by the Lowry method (0.2-0.6 mg protein/ml).

Trichloroacetic acid (TCA)-precipitable proteins were
obtained as follows. To the solubilized 1% NP-40 fraction,
whose protein amount was adjusted at 0 1 mg, TCA solu-
tion was added to a final concentration of 10%. The mixture
was kept under cooling for 10 nun, and then centnfuged at
18,000 xg and 0°C for 10 min to obtain a pellet. The pellet
was washed with 90% acetone below 0°C by centrifugation
at 18,000 xg for 10 min. The pellet was solubilized in 2%
sodium dodecylsulfate (SDS), and the radioactivity was
counted.

For SDS-polyacrylamide gel electrophoresis (PAGE) of
the macrophage solubilized proteins in 1% NP-40, 20 JJLI of
a sample solution containing 1 mg protein/ml was subjected
to SDS-PAGE with Laemmli's discontinuous buffer system
(29) using a 5-20% polyacrylamide gradient gel (PAGEL,
ATTO, Tokyo) and a 4.5% stacking gel For two-dimen-
sional electrophoresis (30) of TCA-precipitable proteins, 10
(JLI of sample solution dissolved in 0.5% SDS at 1 mg pro-
tein/ml was mixed with 130 |xl of 30% TCA, and the mix-
ture was kept at 0°C for 10 nun. The protein precipitate
obtained by centrifugation at 15,000 xg for 10 min was
washed with 90% acetone, and dissolved in 10 jjul of 1%
SDS. The solution was diluted 2-fold with water to obtain
20 yl of sample solution in 0.5% SDS. To the sample solu-
tion, 20 mg of urea and 5 (xl of a mixture of 16% NP-40,
44% Ampholine (pH 3.5-9.5), and 38% 2-mercaptoethanol
were added for electrophoresis. For electrophoresis in the
first dimension, isoelectrofocusing using a 10% polyacryl-

amide gel with Amphohne (pH 3.5-9.5) was performed. In
the 2nd dimension,'the^protein bands obtained in the 1st
dimension electrophoresis were transferred to a gel for
SDS-PAGE, and SDS-PAGE was performed. Protein bands
were stained with Coomassie Brilliant Blue R-250. For
fluorography, the gel was rinsed in 10% acetic acid for 1-2
h to fix the proteins m the gel. After removal of the acetic
acid, the gel was shaken in EN3HANCE for 1 h. After
removal of the EN3HANCE, the gel was shaken in ice-cold
water for 1 h, and dried. The radioactivity in the gel was
visualized using Kodak XAR-5 X ray film (Tokyo) with the
aid of lightning plus (Dupont de Nemours, Wilmington,
DE) at -80°C. Molecular weight markers for the protein
bands in SDS-PAGE, human RBC ghost, bovine serum
albumin (66,300), soybean trypsin inhibitor (21,500), lyso-
zyme (14,300), and mouse macrophage MLC (15,000 and
20,000), were used.

Effect of Thiophosphorylation of Intracellular Proteins on
Macrophage Binding to oxLDL-Coated RBC—A 200 \il
macrophage suspension in RPMI-HEPES medium (8 5 x
106 cells/ml) was loaded on a plain or fibronectin-coated
covershps, 18 mm in diameter, and incubated at 37°C in a
5% CO2 incubator. Nonadherent cells were removed by
washing with saline. To the monolayers, 200 JJJ of normal
RPMI-HEPES medium or RPMI-HEPES medium (phos-
phate-free) containing sodium thiophosphate was added,
and the monolayers were incubated at 37°C for 1 or 2 h
After removal of the reagents, the ability of the macro-
phages to bind Native LDL- or oxLDL-coated RBC was
assessed.

Statistical Analysis—Data were analyzed by Student's t-
test.

RESULTS

Effect of Inhibitors of Protein Kinases and Phosphatases
on Fibronectin-Unstimulated and Stimulated Macrophage
Binding and Uptake of oxLDL—In order to examine
whether intracellular protein phosphorylation and dephos-
phorylation are involved in fibronectin-unstimulated mac-
rophage activity, the effects of different types of inhibitors
of protein kinases and phosphatases on macrophage bind-
ing and uptake of oxLDL were investigated. Effects of in-
hibitors of MLCK, ML-9 and ML-7 (31, 32), inhibitors of
PKC, H-7 (31, 33), and staurosponne (34), and inhibitors of
PTK, herbimycin A (35) and genistein (36), on macrophage
binding to oxLDL were examined. Similarly, the effects of a
protein serine/threonine phosphatase inhibitor, okadaic
acid (37), and a protein tyrosine phosphatase inhibitor, van-
adate (38), on macrophage binding were examined. In the
oxLDL binding assay, mouse macrophages obtained from a
thioglycollate-induced peritoneal exudate were preincu-
bated with these inhibitors, and the simple assay of mac-
rophage binding to oxLDL (7, 28), in which human oxLDL
are coated on mouse RBC (2-3 mg LDL protein/106 RBC),
and macrophages bound oxLDL-coated RBC are counted
under phase-contrast microscopy, was employed. The bind-
ing of macrophages to oxLDL-coated RBC was inhibited by
pretreatment of the macrophages with ML-9, H-7, stauro-
sponne, herbimycin A, and genistein in a dose-dependent
fashion (Fig. 1A). Binding was enhanced by pretreatment of
macrophages with vanadate in a dose-dependent fashion,
whereas the binding was not enhanced by pretreatment
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with okadaic acid (Fig. IB). Foam cell formation was inhib-
ited when macrophages were incubated with oxLDL in the

presence of ML-9, ML-7, H-7, staurosporine, herbimycin A,
or genistein in a dose-dependent fashion (Fig. 2A), and en-

MLCK

Inhibitor
PKC
Inhibitor

PYK
inhibitor

Sarina/Thraonlno Tyroiina
phosphatue photohataw
Inhibitor inhibitor
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2
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Fig 1 Effect of inhibitors of protein ki-
nases and phosphatases on macrophage
binding to oxLDL-coated RBC Macrophage
monolayers on plain covershps were preincu-
bated with inhibitors at the indicated concentra-
tions at 37°C for 2 h After removal of the re-
agents, the ability of the macrophages to bind to
oxLDL-RBC was assessed Results are express-
ed taking the ability of untreated macrophages
as 100 Percent adhesion of control macrophages
to native LDL-coated RBC was 23 9% (for ML-
9), 26 3% (for H-7 and staurosporine), 5 44% (for
herbimycin A), 3 27% (for genistein), 22.0% (for
okadaic acid), and 14 7% (for vanadate), and
that of control macrophages for oxLDL-coated
RBC was 63 5% (for ML-9), 77 3% (for H-7 and
staurosporine), 96 0% (for genistein), 46 3% (for
okadaic acid), and 24 2% (for vanadate) Each
point represents the mean ± SD of triplicate cov-
erslips The decrease in the viability of macro-
phages treated with the concentrations employ-
ed here was less than 10%

PKC
Inhibitor

PTK
Inhibitor

B
Sarina/Tbfeonlne Tyro*ln«
phosphatasa phosphataja
Inhibitor inhibitor

w o 1 ra t M wo
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w n n
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Fig 2 Effect of inhibitors of protein ki-
nases and phosphatases on foam cell for-
mation. Macrophage monolayers on plain
coverslips were incubated with 100 fig/ml ox-
LDL in the presence of inhibitors at the indi-
cated concentrations at 37°C for 24 h Foam cells
were counted after staining with oil-red-0 Re-
sults are expressed taking the ability of un-
treated macrophages as 100 Percent foam cell
formation of control macrophages for oxLDL
was 43 0% (for ML-9, H-7, and staurosporine),
94 2% (for ML-7), 90 9% (for herbimycin A and
genistein), 31 9% (for okadaic acid), and 32 7%
(for vanadate) Each point represents the mean
± SD of triplicate covershps. The decrease in the
viability of macrophages treated with the con-
centrations employed here was less than 10%

2 30 -

Fig 3 Effect of a combination of a protein kinase
inhibitor (ML-9) and a phosphatase inhibitor
(okadaic acid or vanadate) on macrophage bind-
ing to oxLDL coated RBC (A) and foam cell for-
mation (B). Macrophage monolayers were treated
with inhibitors as described m the legends to Fig 1
and Fig 2. Each point represents the mean ± SD of tri-
plicate covershps. *SignificantJy different from none
p<001
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hanced when macrophages were incubated with oxLDL in
the presence of okadaic acid or vanadate (Fig. 2B). When

macrophages were pretreated with a combination of ML-9
and vanadate or a combination of ML-9 and okadaic acid,

ULCK Inhbitor PKC InhWtor Protocn Inhoftoc

H-7 SUtraportw Vmadato Otactalc Add

200

Fig. 4 Effect of inhibitors of protein kinases and
phosphatases on fibronectin-stimulated macro-
phage binding to oxLDL-coated RBC. Macrophage
monolayers on fibronectin-coated covershps were prein-
cubated with inhibitors at the indicated concentrations at
37°C for 2 h After removal of the reagents, the ability of
the macrophages to bind to oxLDL-coated RBC was as-
sessed. Results are expressed taking the ability of un-
treated macrophages as 100. Percent adhesion of control
fibronectin-unstunulated macrophages to LDL-coated
RBC was 35.7% (for ML-9, H-7, and staurosponne),
34 2% (for okadaic acid), and 24 2% (for vanadate), that of
control fibronectm stimulated macrophages was 60 8%
(for ML-9, H-7, and staurosponne), 54 5% (for okadaic
acid), and 24 2% (for vanadate) Each point represents
the mean ± SD of triplicate covershps

MLCK InMbitor

ML-9 H-7 EtMT»porine

0*0

Protein Ptxxphauu trtbitor

Vanadit* OkuMc Add

Fig 5 Effect of the inhibitors of protein kinases
and phosphatases on foam cell formation from fi-
bronectin-stimulated macrophages. Macrophage
monolayers on fibronectin-coated covershps were incu-
bated with 100 mg/ml oxLDL in the presence of inhib-
itors at the indicated concentrations at 37°C for 24 h
Foam cells were counted after staining with oil-red-0
Results are expressed taking the ability of untreated
macrophages as 100 The percent foam cell formation
of control nbronectm-unstimulated macrophages was
26 3% (for ML-9 and H-7), 43 0% (for staurosponne),
31 9% (for okadaic acid), and 32 7% (for vanadate),
that of control fibronectin-stimulated macrophages
was 49 8% (for ML-9 and H-7), 614% (for staurospo-
nne), 34 8% (for okadaic acid), and 52 4% (for vana-
date) Each point represents the mean ± SD of tn-
phcate covershps

0*0

*

r~

-

I
*

i

T *

n

\ %

Fig 6 Effect of a combination of a protein kinase
inhibitor (ML-9) and a phosphatase inhibitor
(okadaic acid or vanadate) on fibronectin-stimu-
lated macrophage binding to oxLDL-coated RBC
(A) and foam cell formation from fibronectin-
stimulated macrophages (B). Fibronectin-stunu-
lated macrophages were treated with inhibitors as de-
scnbed in the legends to Fig 4 and Fig 5. Each point
represents the mean ± SD of triplicate covershps. •Sig-
nificantly different from none p < 0 01
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the inhibitory effect or the enhancing effect of each of the
inhibitors on binding (Fig. 3A) and on foam cell formation
was cancelled (Fig. 3B).

The effects of the kinase and phosphatase inhibitors on
fibronectin-stimulated macrophage activity (8) were ex-
amined. Percent adhesion of control fibronectin-stimulated
macrophage binding of oxLDL was increased about 2-fold
as compared with that of control fibronectin-unstimulated
macrophages, and all the kinase inhibitors decreased and
the phosphatase inhibitors increased fibronectin-stimu-
lated macrophage binding (Fig. 4). Percent foam cell forma-
tion of control fibronectm-stimulated macrophages in-
creased about 2-fold as compared to that of control fibronec-
tin-unstimulated macrophages, and the kinase inhibitors
decreased and the phosphatase inhibitors increased fibro-
nectin-stimulated foam cell formation (Fig. 5). A combina-
tion of kinase inhibitor and phosphatase inhibitor cancelled
the inhibitory and enhancing activities for binding and
foam cell formation (Fig. 6).

The above results indicate that protein phosphorylation
of macrophages maintains and enhances the ability of mac-
rophages to bind to oxLDL and to form foam cells, and that
the macrophage activity depends on the balance of phos-
phorylation and dephosphorylation of intracellular pro-
teins.

Effects of Inhibitors of Protein Kinases and Phosphatases
on Macrophage Intracellular Protein Phosphorylation—
Effects of inhibitors of kinases on the incorporation of
H3

32PO4 into macrophage intracellular proteins, and the
effects of inhibitors of phosphatases on the release of radio-
activity from proteins were examined. Thus, fibronectin-un-
stimulated macrophages coated on Cytodex-1 were incu-
bated with kinase inhibitors and subsequently with
Hg32PO4. In another way, macrophages were incubated with
H3

32PO4 and subsequently with phosphatase inhibitors The
cells were solubilized, and the radioactivity of the TCA-pre-
cipitable proteins of the solubilized cells was counted (Fig.
7). ML-9, ML-7, H-7, staurosporine and herbimycin A
inhibited the incorporation of radioactivity into the TCA-
precipitable proteins Although vanadate showed little
effect, okadaic acid increased the radioactivity m the TCA-
precipitable proteins and thus decreased the release of
phosphate.

Relationship between Fibronectm-Stimulation of Mac-

rophages and Intracellular Protein Phosphorylation—Mac-
rophages on fibronectin-uncoated and coated Cytodex-1
were incubated with Hg^'PO^ and the cells were solubi-
hzed. The radioactivity of TCA-precipitable proteins of the
solubilized cells was increased 1 4-fold by fibronectm stimu-
lation, indicating that intracellular protein phosphorylation
is enhanced by fibronectin stimulation. When the soluble
proteins were subjected to SDS-PAGE and subsequent de-
tection by fluorography (Fig. 8A), the radioactivity of all
protein bands, including that of mouse macrophage MLC
(20 kDa), was higher in the fibronectin-stimulated mac-
rophages than in the unstimulated macrophages. When the
TCA-precipitable proteins were subjected to 2-dimensional
PAGE, isoelectrofocusing (IEF) in the first dimension and

B
a

Fig 8 Effect of fibronectin stimulation on macrophage pro-
tein phogphorylation. Macrophage monolayers on plain (a) or fi-
bronectin-coated Cytodexl-1 (b) were incubated with Hj^PO, Mac-
rophages were solubihzed, and the proteins were subjected to SDS-
PAGE (A) and the TCA-precipitable proteins were subjected to 2-di-
mensional PAGE, isoelectrofocusing (IEF) and SDS-PAGE (B) The
gel was visualized by Coomassie Brilliant Blue R-250 (for molecular
weight markers) and fluorography.

Pnmln Una* Inhibitor

Fig 7 Effect of inhibitors of protein kinases and
phosphatases on the incorporation of T-labeled
phosphate into TCA-precipitable proteins of solu-
bilized macrophages. Macrophage monolayers on
plain Cytodex-1 were incubated with each of the protein
kinase inhibitors at the indicated concentration and
subsequently with H3

32PO4, or H3
32PO4 and then with

each of the protein phosphatase inhibitors. Macro-
phages were solubihzed, and the proteins were precipi-
tated with TCA The precipitate was solubihzed with
SDS and the radioactivity was counted The radioactiv-
ity without inhibitors was expressed as 100 Each point
represents the mean ± SD of triplicate experiments.
•Significantly different from none' p < 0 05.

x V\.•*.
J. Buxhem.
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100

l .j
li

D
POsS*-fmdIum

Katin-LDL Ox-LDL

Fig 9 Effect of tbiophosphate on fibronec-
tin-unstimulated macrophage (A) and fibro-
nectin-stimulated macrophage (B) binding
to oxLDL-coated RBC. Macrophage monolayers
on plain (A) or fibronectin-coated covershps (B)
were incubated in normal medium containing
phosphate or medium containing thiophosphate
at 37°C for 1 or 2 h After removal of the reagents,
the ability of the macrophages to bind to native-
or oxLDL-coated RBC was assessed Results are
expressed taking the ability of untreated mac-
rophages as 100. Each point represents the mean
± SD of triplicate experiments. 'Significantly dif-
ferent from PO,3- p < 0 05

SDS-PAGE in the second (Fig. 8B), all the proteins, includ-
ing 20 kDa proteins, were phosphorylated to a greater ex-
tent in fibronectin-stimulated macrophages than in unstim-
ulated macrophages. The results indicate that fibronectin
stimulates the phosphorylation of various intracellular pro-
teins including MLC. The increased intracellular protein
phosphorylation in macrophages may be related to in-
creased macrophage activity under fibronectin stimulation.

Augmentation of Binding of Fibronectin-Unstimidated
and Stimulated Macrophages to oxLDL by Thiophos-
phate—Hydroxyl amino acid residues in proteins are thio-
phosphorylated with thiophosphate by protein kinases to
form thiophosphate esters, but the thiophosphate esters are
hard to be released by protein phosphatases (39, 40). Thus,
it is expected that the thiophosphorylatdon of macrophage
proteins will augment macrophage activity. Fibronectin un-
stimulated (Fig. 9A) and stimulated macrophages (Fig 9B)
were incubated in medium containing thiophosphate in-
stead of phosphate for 1-2 h, and the binding of the mac-
rophages to oxLDL-coated RBC was examined. The binding
of fibronectin-unstimulated (Fig. 9A) and fibronectin-stimu-
lated macrophages (Fig. 9B) to oxLDL-coated RBC was
increased by incubation with thiophosphate. The results
support the idea that intracellular protein phosphorylation
is an enhancing factor for macrophages in the binding and
uptake of oxLDL.

DISCUSSION

In the present study, we found that intracellular protein
phosphorylation is mvolved in the maintenance or en-
hancement of the ability of mouse macrophages to bind and
take up oxLDL. This was clearly demonstrated by (i) treat-
ment of macrophages with inhibitors of MLCK, PKC, and
PTK inhibited macrophage binding to oxLDL, macrophage
foam cell formation, and whole intracellular phosphoryla-
tion; (ii) treatment of macrophages with inhibitors of pro-
tein serme/threonine and tyrosine phosphatases enhanced
macrophage binding to oxLDL, macrophage foam cell for-
mation, and whole intracellular phosphorylation; (iii) fibro-
nectin, which stimulates macrophage activity, enhanced
macrophage protein phosphorylation; (iv) protein kinase
inhibitors inhibited and protein phosphatase inhibitors en-
hanced fibronectin-stimulated macrophage activity; and (v)
treatment of fibronectin-unstimulated and stimulated mac-
rophages with thiophosphate enhanced the binding of

oxLDL
It is known that there are several types of scavenger re-

ceptor proteins on the macrophage surface: type I and type
II class A receptors, CD36, FC7RHB2, and macrosialin (41,
42). We did not discriminate among these receptors in the
present study. However, previous inhibition studies (28)
suggested that class A (type I and type II) scavenger recep-
tors are likely to be involved in the binding of oxLDL and
the thioglycollate-induced mouse peritoneal macrophages
used here

Because MLCK is known to activate myosin light chain
(MLC) by phosphorylation, the results obtained using
MLCK inhibitors may indicate that the phosphorylation of
MLC is mvolved in fibronectin unstimulated macrophage
activity On the other hand, PKC phosphorylates various
proteins including MLC (16), and the phosphorylation of
another sites on MLC by PKC (43) has been shown to mod-
ulate the activity of MLC (44, 45). Hence, PKC-induced
intracellular phosphorylation of proteins other than MLC
may be also involved in the enhancement of fibronectm-
unstimulated macrophage activity. Moreover, the phospho-
rylation of tyrosine residues in intracellular proteins by
TPK has been found to be involved m the activity of fibro-
nectin-unstimulated macrophages. The dephosphorylation
of proteins with phosphoserine/threonine and phosphoty-
rosine residues may reduce the activity of fibronectin-un-
stimulated macrophages It is likely that macrophage activ-
ity is regulated by the balance of phosphorylation and de-
phosphorylation of various intracellular proteins.

We have previously found that fibronectin significantly
enhances the scavenger receptor activity of mouse macro-
phages (8). The fibronectin-stimulated increase in macroph-
age activity has been found to be due to Ca2+ influx of ex-
traceUular Ca2+ and the activation of calmodulin. The stim-
ulation of macrophages by fibronectin is inhibited by inhibi-
tors of the Ca2+ signaling pathway such as Ca2+ channel
blockers and calmoduhn inhibitors, and fibronectin en-
hances the activity of macrophages by increasing channel-
dependent Ca2+ influx. It was found in the present study
that fibronectin increases the phosphorylation of intracellu-
lar proteins including MLC. Fibronectin may enhance mac-
rophage activity through the Ca2+ signaling pathway in-
volving Ca2+ influx, the activation of calmodulin, MLCK
activation, the phosphorylation of MLC and finally the acti-
vation of myosin. However, PKC-induced intracellular
phosphorylation of proteins other than MLC is also in-
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volved in the enhancement of fibronectin-stimulated mac-
rophage activity. The dephosphorylation of proteins with
phosphoserine/threonine residues may enhance the activity
of fibronecttn-stimulated macrophages.

In another series of experiments, it has been shown that
cell surface lectin-Kke receptors of macrophages recognize
the clustered sialylated poly-A^-acetyllactosaminyl sugar
chains of oxidatdvely damaged RBC (46), and that cell sur-
face fibronectin of macrophages enhances recognition (47)
by the Ca2+ signaling pathway, including Ca2+ influx, cal-
modulin activation and MLC phosphorylation. Macro-
phages depleted of fibronectin by trypsinization lose the
ability to recognize oxidized RBC Hence, the activation of
macrophage scavenger receptors and lectin-like receptors
by fibronectin may be through the common mechanisms of
the Ca2+ signaling pathway including MLC and other pro-
tein phosphorylation

In conclusion, various types of intracellular protein phos-
phorylation are involved in the maintenance and enhance-
ment of the ability of fibronectin-unstimulated and stimu-
lated macrophages to bind oxLDL and to form foam cells,
and these activities depend on the balance of phosphoryla-
tion and dephosphorylation of intracellular proteins.
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