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ABSTRACT

Ligands for macrophage scavenger receptors
are reported to induce a wide range of host cell
responses, including the production of inflamma-
tory cytokines; however, the underlying mecha-
nisms have not yet been fully understood and
which remain obscure. In this study, we have
examined the effect of maleylated bovine serum
albumin (maleylated-BSA), a well-known ligand
of the scavenger receptor, on the murine mac-
rophage cell line RAW264.7. Maleylated-BSA
strongly induced the production of tumor ne-
crosis factor-a (TNF-a) and induced phospho-
rylation of extracellular signal-regulated kinase
(ERK) and NF-kB p65. We also observed that
maleylated-BSA-induced TNF-a production was
blocked by the ERK inhibitor U0126. Together,
these data demonstrates that maleylated-BSA-
induced production of TNF-a requires the
ERK/NF-xkB signaling cascade in murine RAW-
264.7 macrophages.
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1. INTRODUCTION

Maleylated protein derivatives, such as maleylated
bovine serum albumin (maleylated-BSA), possess an
abundantly negatively charged functional group and are
well-known ligands for the scavenger receptors (SRs) on
macrophages [1-6]. In addition to maleylated-BSA, a
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diverse group of polyanionic agents has been reported as
ligands for SRs, including oxidized low-density lipopro-
tein (oxLDL) [7], fucoidan [8], and anionic liposomes
[9-12]. SRs compose a large family of structurally di-
verse transmembrane cell-surface glycoproteins expres-
sed on macrophages, dendritic cells, and endothelial cells.
SRs are defined by their ability to bind modified LDL,
and according to their multi-domain structure, SRs are
classified into 6 different classes (A, B, C, D, E, and F)
[13]. Recent studies have shown that macrophage inter-
actions with such SRs ligands as maleylated-BSA, dou-
ble-stranded DNA, double-stranded RNA, lipoteichoic
acid, or fucoidan, elicit distinct patterns of proinflamma-
tory gene expression in murine macrophages [7]. The
wide range of recognition of both endogenous and ex-
ogenous ligands by SRs could explain the multifaceted
receptor functions of macrophages including clearance of
pathogen-associated molecular patterns (PAMPS), host
defenses against microbial pathogens, production of cy-
tokines, and induction of diseases such as atherosclerosis
[14-16].

However, the reason why each SR ligand elicits dis-
tinct inflammatory reactions has not yet been clearly
identified. For example, fucoidan, a negatively charged
polysaccharide, induces nitric oxide (NO) production via
p38 mitogen-activated protein kinase (MAPK) and nu-
clear factor-xB (NF-«B) signaling pathways that are ac-
tivated through SRs [8]. Maleylated-BSA also induces a
complex set of biological effects in macrophages; for
example, it (1) up-regulates pro-inflammatory mediators
such as tumor necrosis factor (TNF)-a, interleukin (IL)-
14, and NO, probably via activation of NF-xB [2,4,7]
and (2) elicits tumor cell killing [17]. However, the mo-
lecular mechanisms underlying these effects of maley-
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lated-BSA on macrophage function are not clear.

Therefore, in this study, we examined the effects of
maleylated-BSA on the production of cytokines in mur-
ine RAW264.7 macrophages. In addition, we investi-
gated the molecular mechanisms including the signaling
pathways involved in maleylated-BSA-induced produc-
tion of cytokines.

2. MATERIALS AND METHODS
2.1. Cells and Materials

Murine RAW264.7 macrophages were obtained from
the RIKEN BioResource Center (Tokyo, Japan). Maleic
anhydride was purchased from Wako Pure Chemical In-
dustries, Ltd (Tokyo, Japan). BSA was purchased from
Roche Applied Science (Penzberg, Germany). Lipopoly-
saccharide (LPS) extracted from Escherichia coli O111:
B4 by a phenol-water method was purchased from Sig-
ma-Aldrich (MO, USA).

2.2. Preparation of Maleylated-BSA

Maleylated-BSA was prepared by the method de-
scribed Sakai et al. with slight modifications [5]. Briefly,
100 mg of BSA in 10 ml of 0.1 M sodium pyrophosphate
buffer (pH 9) was added in drops to 750 pl of 1 M maleic
anhydride in dioxane solution on ice. During this proce-
dure, the reaction mixture was continuously adjusted to
pH 9 using 1 M NaOH solution. After incubation for 5
min on ice, the reaction mixture was dialyzed extensively
at 4°C against 20 mM sodium phosphate buffer (pH 7.4)
containing 150 mM NaCl. Trinitrobenzene sulfonic acid
titration confirmed that almost all lysine groups within
the treated BSA were maleylated [6]. SDS-PAGE fol-
lowed by CBB staining also confirmed absence of any
unreacted BSA (data not shown). The protein concentra-
tion of maleylated-BSA preparation was determined by
using the BCA Protein Assay Kit (Thermo Scientific, IL,
USA).

2.3. Culture of Murine RAW264.7
Macrophages for Cytokine Assay

The murine RAW264.7 macrophages were maintained
in RPMI 1640 medium (Wako Pure Chemical Industries,
Ltd, Tokyo, Japan) supplemented with 100 U/ml penicil-
lin G potassium salt (Sigma-Aldrich; MO, USA), 100
pg/ml streptomycin sulfate salt (Sigma-Aldrich; MO,
USA), and 10% heat-inactivated fetal bovine serum
(FBS; Biowest, USA). Cells were cultured in 48-well
flat-bottomed plates at a concentration of 2 x 10° cells/
well in 0.5 ml of culture medium, and stimulated with
maleylated-BSA, BSA, or LPS. RAW264.7 cells were
cultured at 37°C for the indicated time in a humidified
atmosphere containing 5% CO, and 95% air. After the
times indicated, the culture supernatants were collected
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and used for the cytokine assay.

2.4. Cytokine Assay

The cytokine concentrations in the culture super-
natants were determined using an ELISA MAX™ Stan-
dard Sets (BioLegend, CA, USA) according to the ma-
nufacturer’s instructions. The data were expressed as the
mean + standard deviation of the samples assayed in trip-
licate. At least 3 independent experiments were per-
formed.

2.5. Examination of the Effect
of Polymyxin B

We examined the influence of polymyxin B (PMB) on
cytokine production in the maleylated-BSA-stimulated
RAW264.7 cells in order to completely rule out the pos-
sibility of endotoxin contamination in the prepared sam-
ples. In brief, the cells were cultured in 48-well flat-bot-
tomed plates at 2 x 10° cells/well in 0.5 ml of culture
medium, and stimulated with a mixture of maleylated-
BSA and PMB (10 ug/ml) for 24 h at 37°C in an atmos-
phere containing 5% CO.,.

2.6. RNA Extraction and Reverse
Transcription-Polymerase
Chain Reaction (RT-PCR)

Semi-quantitative RT-PCR was performed as follows:
briefly, total RNA of RAW264.7 cells was extracted by
using the ISOGEN kit (NIPPON GENE Co., Ltd., Tokyo,
Japan) and quantified by spectrophotometric measure-
ments. cDNA was synthesized from 1 pg of total RNA
using SuperScript 11l RNase H-Reverse Transcriptase
according to the manufacturer’s instructions (Invitrogen,
CA, USA). The cDNAs were then amplified with prim-
ers specific for TNF-«, and S-Actin primers as an inter-
nal standard. The primers used for PCR were the follow-
ing: TNF-¢, forward, 5’-
TGCCTATGTCTCAGCCTCTTCTC-3" and reverse, 5’-
TCCACTTGGTGGTTTGCTACG-3’; p-actin, forward,
5’-GCACCACACCTTCTACAATGAG-3’ and reverse,
5’-TTGGCATAGAGGTCTTTACGGA-3’. PCR was per-
formed for several cycles with the following cycling pa-
rameters: denaturation at 94°C for 30 s, annealing at
62°C for 30 s, and extension at 72°C for 45 s. The PCR
products were analyzed on 2% agarose gels after staining
and visualization with the SYBR Safe DNA gel stain
(Invitrogen, CA, USA).

2.7. Western Blot Analysis

RAW264.7 cells were cultured in 12-well flat-bot-
tomed plates at a concentration of 1 x 10° cells/well in 1
ml of culture medium, and stimulated with maleylated-
BSA, BSA, or LPS. RAW264.7 cells were cultured at
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37°C for the times indicated in a humidified atmosphere
containing 5% CO, and 95% air. For protein extraction,
the cells were washed twice with PBS and then lysed in
lysis buffer (10 mM Tris-HCI buffer (pH 7.2) containing
50 mM NacCl, 1% Triton X-100, 0.1 mM NazVO,, 1 mM
PMSF, 5 mM EDTA, 10 pg/ml aprotinin, and 10 pg/ml
leupeptin) and incubated on ice for 1 h. The lysates were
then subjected to 10% SDS-PAGE. After blotting of the
samples onto PVDF membranes, the membranes were
probed with extracellular signal-regulated kinase (ERK)1/
2 (p44/42 MAPK), phosphor-ERK1/2, p38, phopho-p38,
SAPK/c-jun N-terminal kinase (JNK), phospho-SAPK/
JNK, phospho-1xB-a, phospho-NF-xB p65 (Cell Signal-
ing Technology, MA, USA), and glyceraldehyde-3-
phosphate dehydrogenase (GAPDH; Santa Cruz Bio-
technology, Inc., CA, USA), according to the manufac-
turer’s instructions. Probe binding of blotted proteins on
the membranes was visualized using ImmunoStar LD
(Wako Pure Chemical Industries, Ltd, Tokyo, Japan) on a
LAS-3000 (Fuji-film, Tokyo, Japan).

2.8. Effect of MAPK Inhibitors on
Cytokine Production

To determine the role of MAP kinase pathways in ma-
leylated-BSA-induced production of TNF-a, we investi-
gated the effects of various MAP kinase (MAPK) inhibi-
tors on TNF-o production in RAW?264.7 cells as follows:
the cells were cultured in 48-well flat-bottomed plates at
2 x 10° cells/well in 0.5 ml of culture medium, and
treated with various MAPK inhibitors for 1 h. After the
treatment, the cells were then stimulated with maley-
lated-BSA for 24 h at 37°C under 5% CO,.

2.9. Statistical Analysis

Statistical significance of differences between means was
assessed by using Student’s ¢ test.

3. RESULTS AND DISCUSSION

3.1. Effect of Maleylated-BSA on Cytokine
Production in Murine RAW264.7
Macrophages

To determine the effects of maleylated-BSA on im-
mune cells, in vitro cell cultures with murine RAW264.7
macrophages were incubated with or without maleylated-
BSA or BSA. As shown in Figure 1(a), maleylated-BSA
strongly induced TNF-a production in murine RAW-
264.7 macrophages in a dose-dependent manner, whereas
addition of BSA did not induce TNF-a production. We
also examined the kinetics of maleylated-BSA-induced
TNF-a production. TNF-a expression was first observed
less than 1 h after the cells had been exposed to maley-
lated-BSA, and TNF-a expression continued to increase
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up to 24 h of culture, after which it decreased (Figure
1(b)). Using RT-PCR analysis, we could also detect ma-
leylated-BSA-induced expression of TNF-o mRNA 1 h
after exposure (Figure 1(c)). Importantly, maleylated-
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Figure 1. Effects of maleylated-BSA on TNF-a production in
murine RAW264.7 macrophages. () RAW264.7 cells were
stimulated with 5 concentrations of maleylated-BSA (0, 10, 100,
200, and 500 pg/ml) for 24 h. (b) Kinetics of TNF-a production
in the culture supernatant of RAW264.7 cells stimulated with
maleylated-BSA (200 pg/ml) cultured for 0 to 72 h. The culture
supernatants were collected at the time indicated, and the
TNF-a concentrations therein were determined using an en-
zyme-linked immunosorbent assay (ELISA) system. The data
obtained were representative of at least 3 independent experi-
ments and are expressed as the means + standard deviation for
samples assayed in triplicate. Values statistically significantly
different from those in the control are indicated by “(p < 0.01).
(c) mRNA expression of RAW264.7 cells after 1 h stimulation
with (lane 1) control, (lane 2) maleylated-BSA (200 pg/ml),
(lane 3) BSA (200 pg/ml), or (lane 4) LPS (10 ng/ml). Total
RNA was isolated and RT-PCR-amplified TNF-a cDNA and
that of the control (S-tubulin) were loaded onto an agarose gel
and DNA bands visualized by staining with the SYBR safe gel
stain.
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BSA did not induce the production of other cytokines,
including 1L-12p70, granulocyte macrophage colony-
stimulating factor (GM-CSF), IL-6, IL-10, and trans-
forming growth factor (TGF)-f1 (data not shown).

3.2. Effect of PMB on
Maleylated-BSA-Induced
TNF-a Production

Next, to rule out the presence of contaminating en-
dotoxin in the maleylated-BSA samples, we examined
whether PMB, a well-known endotoxin inhibitor, af-
fected TNF-a production in our macrophages [18,19].
We observed that the PMB treatment did not affect ma-
leylated-BSA-induced production of TNF-a, whereas
LPS treatment completely abrogated TNF-« production
(Figure 2). Thus, these results ruled out contamination of
endotoxin in our experiments. Moreover, these data in-
dicated that the maleyl-group attached to BSA was re-
sponsible for inducing the production of TNF-a from
murine RAW264.7 macrophages.

3.3. Maleylated-BSA Induces ERK/NF-kB
Activation in Murine
RAW264.7 Macrophages

Maleylated-BSA specifically induced TNF-a produc-
tion in murine macrophages. However, the mechanism(s)
underlying this effect have not yet been elucidated.
Therefore, the potential signaling pathways that are in-
volved in maleylated-BSA-induced TNF-a production
were analyzed next. Several studies have shown that ac-
tivated macrophages secrete TNF-a after elicitation with
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Figure 2. Effect of PMB on maleylated-BSA-induced TNF-
o production. RAW264.7 cells were cultured for 24 h along
with a mixture of PMB (10 pg/ml) and maleylated-BSA (200
pg/ml) or LPS (10 ng/ml). The culture supernatants were col-
lected, and the TNF-a concentrations therein were determined
using an ELISA detection system. The data obtained were rep-
resentative of at least 3 independent experiments and are ex-
pressed as the means + standard deviation for samples assayed
in triplicate. Statistically significant differences from the PMB
untreated group are indicated by asterisks ('p < 0.01). N. S., not
significant.
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various inflammatory stimuli through the signaling cas-
cade mediated by mitogen-activated protein kinases
(MAPKS) and NF-«B pathways [20-22]. Therefore, we
investigated the involvement of ERK1/2, p38 MAPK,
and JNK in maleylated-BSA-induced TNF-a production
in RAW264.7 cells.

First, to determine the role of ERK1/2, p38 MAPK,
and JNK in maleylated-BSA-induced TNF-a production,
we used western blotting to analyze the phosphorylation
profiles of these proteins after stimulation with maley-
lated-BSA. Our results showed that maleylated-BSA
induced phosphorylation of ERK1/2 within 5 min, but
did not induce phosphorylation of p38 or JNK. As ex-
pected, phosphorylation of ERK1/2 was not observed
after stimulation with BSA (Figure 3). Next, we exam-
ined the phosphorylation of the NF-xB p65 protein after
stimulation with maleylated-BSA. As shown in Figure 3,
maleylated-BSA induced phosphorylation of NF-xB p65,
indicating that maleylated-BSA activates the NF-«B sig-
naling pathway. Taken together, these data suggested that
maleylated-BSA elicits the production of TNF-a in mur-
ine RAW264.7 macrophages via ERK/NF-xB signaling
pathways.

3.4. Involvement of ERK/NF-kB Activation in
Maleylated-BSA-Stimulated TNF-a
Production in Murine
RAW264.7 Macrophages

To further characterize the role of the ERK1/2 signal-
ing pathway in maleylated-BSA-induced TNF-a up- reg-
ulation, we investigated the effect of various chemical
inhibitors of the MAPK pathways. As shown in Figure 4,
U0126, a MEK/ERK inhibitor, blocked maleylated-
BSA-induced TNF-« production in the RAW264.7 cells.
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Figure 3. Western blot analyses of the phosphorylated proteins
in MAPK and NF-«B signaling pathways after maleylated-BSA
stimulation. RAW264.7 cells were stimulated with saline,
maleylated-BSA (200 pg/ml), or LPS (10 ng/ml) for the times
indicated. Whole-cell lysate were loaded and separated on 10%
SDS-PAGE gels and phosphorylation of the signaling proteins
was detected by using the specific antibodies shown in the
figure. Data are representative of 3 separate experiments.
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Figure 4. Effects of various MAP kinase inhibitors on ma-
leylated-BSA-stimulated production of TNF-a. RAW264.7
cells were treated with various inhibitors (U0126, SB 239063,
or SP 600125) for 1 h and then incubated for 24 h in the
presence of maleylated-BSA (500 pg/ml). The culture super-
natants were collected, and the TNF-a concentrations therein
were determined using ELISA. The data obtained were rep-
resentative of at least 3 independent experiments and are ex-
pressed as the means + standard deviation for samples as-
sayed in triplicate. Statistically significant differences from
the means of the inhibitor-untreated group are indicated by
asterisk (p < 0.01).

In contrast, and as expected, SB203580 and SP600125,
inhibitors of p38 MAPK and JNK, respectively, did not
block the production of TNF-« in the RAW264.7 cells,
indicating that maleylated-BSA induced TNF-a produc-
tion via an ERK-dependent pathway.

In this study, we report that the ERK/NF-xB signaling
pathway is required for maleylated-BSA induced produc-
tion of the pro-inflammatory cytokine TNF-a in murine
RAW264.7 macrophages. Recent studies have shown
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that maleylated-BSA serves as the ligand for scavenger
receptors; however, the biological impacts of the ligand
on scavenger receptors on immune cells, such as macro-
phages, have remained obscure: 1) Alford et al. reported
that maleylated-BSA induces NO production via interac-
tions with the low-affinity scavenger receptor from mur-
ine macrophages [2]. 2) Only one ligand, a negatively
charged polysaccharide, for the scavenger receptor fuc-
oidan induces the activation of inducible nitric oxide
synthase and subsequent NO production in RAW264.7
macrophages through p38 MAP kinase/NF-xB-depend-
ent pathways [7,8]. 3) In contrast, Otsuka and colleagues
have reported that maleylated-BSA inhibits NO produc-
tion in LPS-stimulated RAW264.7 macrophages, sug-
gesting that ligands for scavenger receptors, such as ma-
leylated-BSA, inhibit pro-inflammatory pathways in ma-
crophages [9-11]. Here, we have shown that maley-
lated-BSA directly induces the production of the pro-
inflammatory cytokine TNF-a via ERK/NF-xB signaling
pathways. Although we do not yet know which of the
receptor(s), such as macrophage scavenger receptors, are
responsible for the maleylated-BSA-induced production
of TNF-¢, the findings of this study have provided new
insights into the biological activities of these negatively
charged molecules. Further, these insights might promote
the use of maleylated derivatives as biomaterials and as
tools for investigating the function of SRs.
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