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Mitogen-Activated Protein Kinase Pathway
Mediates DBP–maf-Induced Apoptosis in
RAW 264.7 Macrophages
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Abstract Vitamin D-binding protein–macrophage-activating factor (DBP–maf) is derived from serum vitamin D
binding protein (DBP) by selective deglycosylation during inflammation. In the present study, we investigated the effect of
DBP–maf on RAW 264.7 macrophages and the underlying intracellular signal transduction pathways. DBP–maf
increased proapoptotic caspase-3, -8, and -9 activities and induced apoptosis in RAW 264.7 cells. However, DBP, the
precursor to DBP–maf did not induce apoptosis in these cells. Cell cycle analysis of DBP–maf-treated RAW 264.7 cells
revealed growth arrest with accumulation of cells in sub-G0/G1 phase. We also investigated the role of mitogen-activated
protein kinase (MAPK) pathways in the DBP–maf-induced apoptosis of RAW264.7 cells. DBP–maf increased the
phosphorylation of p38 and JNK1/2, while it decreased the ERK1/2 phosphorylation. Treatment with the p38 MAPK
inhibitor, SB202190, attenuated DBP–maf-induced apoptosis. PD98059, a MEK specific inhibitor, did not show a
significant inhibition of apoptosis induced by DBP–maf. Taken together, these results suggest that the p38 MAPK pathway
plays a crucial role in DBP–maf-mediated apoptosis of macrophages. Our studies indicate that, during inflammation
DBP–maf may function positively by causing death of the macrophages when activated macrophages are no longer
needed at the site of inflammation. In summary, we report for the first time that DBP–maf induces apoptosis in
macrophages via p38 and JNK1/2 pathway. J. Cell. Biochem. 90: 87–96, 2003. � 2003 Wiley-Liss, Inc.
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Vitamin D-binding protein (DBP) also known
as Gc-globulin, is a multi-functional protein
present in blood and other body fluids. DBP
binds vitamin D metabolites and aids in their
transportation. In addition, DBP binds fatty
acids G-actin and C5desArg, a chemotactic
agent [reviewed in Cooke and Haddad, 1989;

Haddad, 1995; Ray, 1996]. DBP has been
shown to bind to megalin and cubulin, which
assist in renal reuptake of DBP-bound vitamin
D metabolites [Nykjaer et al., 1999, 2001].
Furthermore, selective deglycosylation of DBP
by B- and T-lymphocyte membrane bound
glycosidases results in DBP–macrophage-
activating factor (DBP–maf), which serves
as a cytokine in activating macrophages and
osteoclasts [Yamamoto and Homma, 1991;
Yamamoto et al., 1991; Schneider et al., 1995].

DBP has been shown to play a role in inflam-
mation by activating macrophages [Yamamoto
and Homma, 1991; Yamamoto et al., 1991].
Activation by a number of macrophage-activat-
ing factors facilitates the action of macrophages
[Fedorko, 1999]. Mitogen-activated protein
kinases (MAPKs)havebeen shown toplayan in-
tegral role inmacrophages activation [Franklin
and McCubrey, 2000]. MAPKs are a group of
serine/threonine-specific protein kinases that
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are activated by a wide spectrum of extracel-
lular stimuli. They are important mediators
involved in the intracellular network of inter-
acting proteins that transduce extracellular
signals to intracellular responses [Su and
Karin, 1996]. To date, three distinct classes
of MAPKs: the extracellular signal-regulated
kinases (ERK1/2), stress-activated protein
kinases/c-Jun NH2-terminal kinase (JNK1/2),
and p38 MAPK have been identified [Su and
Karin, 1996]. Activation of ERKs by a variety of
growth factors and hormones is associated with
cell proliferation [Robinson and Cobb, 1997]. In
contrast, the JNKs and p38 MAPKs are acti-
vated by environmental stresses, such as UV
radiation, heat and osmotic shock, protein syn-
thesis inhibitors, and lipopolysaccharide, and
proinflammatorycytokines [SuandKarin,1996;
Whitmarsh and Davis, 1996; Ip and Davis,
1998]. Several studies associate JNK or p38
activation with apoptosis [Verheij et al., 1996;
Kawakami et al., 1997; Kummer et al., 1997],
whereas activation of ERK seems to be asso-
ciatedwith cell proliferation [Carter et al., 1998;
Wang et al., 1998]. A balance between ERK
activation relative to active JNK and/or p38
determines the fate of a cell [Xia et al., 1995].

DBP is converted to a potent macrophage-
activating factor, DBP–maf by membrane
bound inducible isoforms of a-mannosidase, b-
galactosidase, and sialidase of B- and T-lympho-
cytes. The events responsible for the conversion
of DBP to DBP–maf were demonstrated in an
in vitro model using peritoneal cells containing
adherent macrophages and nonadherent B- and
T-cells [Ngwenya and Yamamoto, 1990]. DBP
can also be converted to DBP–maf by the
treatment of DBPwith purified b-galactosidase,
a-mannosidase and sialidase [Yamamoto and
Kumashiro, 1993]. Treatment of peritoneal
macrophages with DBP–maf resulted in an
increase in phagocytosis and superoxide produc-
tion by macrophages. Similarly, treatment of
rats with DBP–maf also increased the super-
oxide production by peritoneal macrophages
[Yamamoto and Homma, 1991; Yamamoto
et al., 1991]. In recent reports, DBP–maf has
been shown to act as anti-angiogenic factor
[Kanda et al., 2002; Kisker et al., 2002]. How-
ever, the effect of DBP–maf on the survival of
macrophages and the underlying signaling
pathways remains unknown. Therefore, we
investigated the effect of DBP–maf on survival
of macrophages. In this article, we studied the

effect of DBP–maf on caspase activity, apopto-
sis, and cell-cycle distribution in macrophages.
We also examined the contribution of theMAPK
pathway on activation ofmacrophages byDBP–
maf. Our studies demonstrate for the first time
that DBP–maf induces apoptosis in macro-
phages and that the p38 MAPK pathway plays
a pivotal role in this process.

MATERIALS AND METHODS

RPMI cell culture media was purchased from
Life Technologies, Inc., (Grand Island, NY);
FBS was from Hyclone Laboratories (Logan,
UT); 20,70-dichlorofluorescein diacetate (DCFH-
DA) was from Molecular Probes (Eugene, OR);
BrdU assay kit for cell proliferation, Sialidase,
a-mannosidase, and b-galactosidase were from
Roche Molecular Biochemicals (Indianapolis
IN); RNase A and CNBr-activated Sepharose
4B were from Sigma Chemical Company
(St. Louis, MO); secondary antibody coupled to
HRP and Hybond nylon membrane were from
Amersham Pharmacia Biotech (Piscataway,
NJ), the antibodies, anti-pp38, anti-pJNK1/2,
anti-pERK1/2, anti-p38, anti-JNK1/2, and anti-
ERK1/2 were from Upstate Biotechnology, Inc.
(Lake Placid, NY), and Superoxide dismutase
PD98059 and SB202190 were from Calbiochem
(San Diego, CA).

RAW 264.7 murine macrophage cells were
obtained from American Type Culture Collec-
tion (Manassas, VA) and cultured in RPMI
supplementedwith 10% fetal bovine serum, 100
U/ml penicillin, and 100 mg/ml streptomycin as
recommended by the supplier. Cell culture
medium was changed every 3–4 days. The cells
were subcultured when 80% confluent.

Preparation of DBP–maf

DBP was purified from pooled human serum
by 25-hydroxyvitamin D-affinity chromatogra-
phy according to the procedure previously
described by us [Swamy et al., 1995]. DBP–
maf was prepared from DBP by treatment with
immobilized sialidase, a-mannosidase, and b-
galactosidase according to the reported proce-
dure with suitable modifications [Yamamoto
and Kumashiro, 1993]. Briefly, sialidase, a-
mannosidase, and b-galactosidase (10 U each)
were mixed with 3.0 g of CNBr activated
Sepharose (prewashed with 1 mM HCl) in
coupling buffer (0.1MNaHCO3, pH8.3 contain-
ing 0.5MNaCl) at 258C in an end-to-end shaker
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for 4–6 h. The excess reactive sites (on CNBr
activated Sepharose) were blocked by incuba-
tion with 0.2 M glycine in coupling buffer. The
Sepharose immobilized enzymes were washed
with coupling buffer to remove free proteins and
glycine, followed by 0.1 M acetate buffer (pH 4)
containing 0.5 M NaCl. The immobilized en-
zymeswere stored at 48Cafter a final washwith
coupling buffer until used.
DBP (5.0 mg) was incubated with a mixture

of immobilized sialidase, a-mannosidase, and b-
galactosidase (5 U of activity each) in PBS–Mg
(10 mM sodium phosphate buffer, pH 5.5, 0.9%
sodium chloride, and 1 mM MgSO4) at 378C in
an end-to-end shaker for 4 h. The gel was sedi-
mented by centrifugation at 600g for 5 min at
48C. The supernatant (containing DBP–maf)
was collected and filter-sterilized using a 0.22-
micron filter. Protein estimations were carried
out using Bradford’s protein assay reagent
from BioRad (Hercules, CA) following manu-
facturer’s suggested procedures.

Superoxide Assay

Superoxide production was assessed by mon-
itoring the oxidative burst activity using re-
duced fluorescein (DCFH-DA) as described by
Wan et al. [1993]. Briefly, 50,000 RAW 264.7
cells per well in 24-well plates were treated
with DBP or DBP–maf (1 mg/ml/well) in ringer
buffer containing 1 mg/ml of ovalbumin for 3 h
at 378C (n¼ 6). DCFH-DA was added to each
well to a final concentration of 2 mM and
incubated further for 1 h at 378C. The fluores-
cence in the cell free supernatant was deter-
mined using Fluorescence-Spectrophotometer
(Hitachi F2000, Hitachi High Technologies
America, San Jose, CA), excitation at 485 nm
and emission at 530 nm. Superoxide dismutase
(1U)wasadded to controlwells to quenchsuper-
oxide in order to determine the specificity of con-
version of reduced fluorescein by superoxide.

DNA Fragmentation Analysis

Apoptosis induced by treatment ofRAW264.7
cells with DBP–maf was studied by DNA
fragmentation analysis. The cells (3� 106) were
treated with 15 and 50 mg of DBP or DBP–maf
for 72 h. The cells were lysed in 0.5 ml of lysis
buffer (10 mM Tris-HCl, pH 7.5, 10 mM EDTA,
200mMNaCl, 0.4%TritonX-100, and0.1mg/ml
proteinase K) for 20 min at room temperature,
followed by a 30 min incubation with 0.1 mg/ml
RNase A at 508C. The lysates were extracted

with phenol chloroform and precipitated with
cold ethanol. The precipitate was washed with
70%ethanol and dissolved inTEbuffer (pH8.0).
DNAwasanalyzedusing1.5%agarose gel in the
presence of 0.5 mg/ml ethidium bromide along
side standard DNA size ladder.

Cell Cycle Analysis

Cell cycle analysis and quantification of apop-
tosiswere carried out byflowcytometry.Briefly,
the cells were cultured in 6-well plates and
treated with various amounts of DBP or DBP–
maf in the presence or absence of p38 inhibitor,
SB202190 (5 mM) or MEK inhibitor, PD98059
(25 mM) for 48 h. The floating and adherent cells
were collected, washed with PBS, fixed and per-
meabilized with ice-cold 70% ethanol for 30min
followed by incubation with 50 mg/ml propidium
iodide and100mg/mlRNase for 30minat378Cin
the dark. Data acquisition and analysis were
performed on a FACScan flow cytometer with
the accompanying CellQuest software (BD Bio-
sciences, Mountain View, CA). Ten thousand
events were analyzed for each sample. Appro-
priate gating was used to select the single cell
population of RAW 264.7 cells. The same gate
was used on all samples, ensuring that the
measurements were made on a standardized
cell population. Determination of the cell cycle
distribution was performed twice. The percen-
tage of apoptotic cells was calculated from three
independent experiments.

Caspase Activity

The role of caspases in the induction of apop-
tosis by DBP–maf in RAW 264.7 macrophage
cells was investigated by determining the
activity of caspase-3, -8, and -9, using Apotarget
Caspase-3/CPP32 kit (BioSource International,
Inc., Camarillo, CA) following the manufac-
turer’s suggested procedures. Briefly, RAW
cells (3� 106) grown in T25 flasks were treated
with 15 mg/ml DBP–maf for 72 h. The cells were
lysed with lysis buffer and 100 mg of protein was
incubatedwith 200 mMrespective substrates for
caspase-3, -8, and -9 for 2 h at 378C. The ab-
sorbancewas read at 405nm. The enzymeactiv-
ities were expressed as absorbance at 405 nm.

Immunoblotting

The changes in the levels of p38, pp38, JNK1/
2, pJNK1/2, ERK1/2, and pERK1/2 in RAW
264.7 cells upon DBP–maf treatment were
determined by immunoblotting using specific
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antibodies. Cells (5� 106) growing in mid log
phase were treated with different concentra-
tions of DBP–maf (1 ng/ml, 100 ng/ml, 1 mg/ml,
and 15 mg/ml) for 24 h. The cells were washed
with PBS and lysed with lysis buffer (25 mM
HEPES, pH 7.6, 0.1% Triton X-100, 300 mM
NaCl, 20mMb-glycerophosphate, 1.5mMMgCl2,
0.2 mM EDTA, 2 mM DTT, 0.2 mM Na3VO4,
0.2mMphenylmethyl-sulfonyl fluoride, 4 mg/ml
aprotinin, and 2 mg/ml leupeptin). Protein con-
centrations were determined by using Brad-
ford’s protein assay reagent. Protein samples
(100 mg) were subjected to SDS–PAGE (12% or
15%)andblotted ontoHybondnylonmembrane.
The blots were blocked with 5% nonfat dry
milk in TBS for 1 h and probed with respec-
tive antibodies (p38, pp38, JNK1/2, pJNK1/2,
ERK1/2, and pERK1/2) for 3 h at 258C. After
washing, the blots were treated with secondary
antibody coupled to HRP for 1 h 258C. The
membranes were washed and developed using
enhanced chemiluminescence reagent accord-
ing to themanufacturer’s suggested procedures
(ECL System; Amersham Pharmacia Biotech,
Piscataway, NJ).

Statistics Analysis

Mean� standard deviation (SD) were calcu-
lated. Mean difference were determined by
Student’s t-test.

RESULTS

DBP–maf Induces Oxidative Burst
in RAW 264.7 Cells

Oxygen-dependent mechanisms are known
to mediate the anti-microbial and anti-tumor
activities of macrophages [Forman and Torres,
2001; Splettstoesser and Schuff-Werner, 2002].
DBP–maf has been shown to increase super-
oxide production (oxidative burst) in peritoneal
macrophages [Yamamoto and Homma, 1991;
Yamamoto et al., 1991]. First, we carried out
superoxide production assays to establish that
RAW 264.7 macrophages respond to DBP–maf
by oxidative burst in a similar fashion to
primary macrophage cells. We used a sensitive
fluorimetric assay developed by Wan et al.
[1993] to determine the oxidative burst induced
by DBP–maf in RAW 264.7 cells, in which a
reduced fluorescein compound is oxidized by the
reactive oxygen species. Treatment of RAW
264.7 cells with 1.0 mg of DBP–maf for 3 h re-
sulted in a fivefold increase of superoxide over

the untreated control. In contrast, DBP did not
show such increase indicating that the observed
effectwas specific toDBP–maf (Fig. 1).Addition
of superoxide dismutase (to specifically quench
superoxide) to the culture media resulted in
abolition of production of the fluorescent pro-
duct, which indicates that the increase in fluores-
cence is due to production of superoxide ions
by RAW 264.7 cells. The DBP–maf-induced
superoxide production by RAW 264.7 cells was
comparable to that of mouse peritoneal macro-
phages reported by Yamamoto and Homma
[1991]. These experiments demonstrate that
RAW 264.7 macrophage cells respond to DBP–
maf similarly tomouseperitonealmacrophages.

DBP–maf Induces Apoptosis
in RAW 264.7 Cells

Programmed cell death (apoptosis) is believed
to be an intrinsic process. Several factors are
known to induce apoptosis in macrophages
[Xaus et al., 2001]. To determine whether
DBP–maf induces apoptosis, we treated RAW
264.7 cells with 15 and 50 mg/ml of DBP–maf for
48 h. Genomic DNA was isolated and analyzed
for apoptotic DNA fragmentation by agarose gel
electrophoresis. DNA fragments characteristic
of apoptosis were observed in the case of DBP–
maf-treated cells at both concentrations (Fig. 2,
Lanes 4and5).However, cells treatedwithDBP

Fig. 1. Oxidative response of RAW 264.7 cells to DBP–maf.
Cells grown in RPMI 1640 were treated with DBP or DBP–maf
(1 mg/ml/well) in ringer buffer containing 1 mg/ml of ovalbumin
for 3 h (n¼ 6), PBS was used as vehicle control. Oxidative burst
activity was determined by adding DCFH-DA to a final con-
centration to 2 mM and measuring the fluorescence in the cell
free supernatant (excitation at 485 nm and emission at 530 nm)
after 1 h. Superoxide dismutase (1 U/well) was added to a set of
wells to quench the superoxide. Each bar represents the mean of
6-wells� SD.
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did not showanyDNA laddering (Fig. 2, Lanes 2
and 3) indicating that DBP–maf induces cell
death by apoptosis in RAW 264.7 cells.
To understand the mechanism of growth

suppression of RAW 264.7 cells by DBP–maf
and to determine the extent of apoptosis quanti-
tatively, cell cycle analysis was performed.
Cells were treated with vehicle control, DBP
(100 mg/ml) or DBP–maf (15, 50, and 100 mg/ml)
for48handprocessed forFACSanalysis (Fig. 3).
In untreated RAW264.7 cells, only a small frac-
tion of apoptotic cells (2.8% apoptosis) was de-
tected (Fig. 3, Panel a). Treatment with DBP–
maf resulted inmore extensive apoptosis (Fig. 3,
Panel f). Apoptosis was observed in 7.5, 15, and
22% of the cells treatedwith 15, 50, or 100 mg/ml
of DBP–maf, respectively (Fig. 3, Panels c–e)
when compared to 2.8% vehicle-treated control
cells (Fig. 3, Panel a). DBP did not significantly
induce apoptosis (2.6%) and the cell cycle
distribution was similar to that of PBS-treated
control (Fig. 3, panels a and b). Similarly, DBP
did not show any G0/G1 block and the cell-cycle
profile was similar to that of PBS-treated
control (Fig. 3, Panels b and a). DBP–maf treat-
ment increased the proportion of cells in the

G0/G1-phase of the cell cycle from 52% to 79% at
100 mg/ml concentration and decreased the
proportion of S-phase cells from 42% to 18.4%,
demonstrating a G0/G1 block in cell-cycle pro-
gression (Fig. 3, Panels c, d, and e).

The activation of caspase-3, -8, and -9 are
specific for apoptosis [Earnshaw et al., 1999].
We determined the activities of caspase-3, -8,
and -9 in the DBP–maf-treated cells using
specific substrates. There was a sevenfold in-
crease in the activity of caspase-3 when cells
were treated with 15 mg/ml DBP–maf. Simi-
larly, there was a fourfold increase in caspase-8
and -9 activities following DBP–maf treatment
(Fig. 4). These studies suggest that DBP–maf
induces apoptosis of RAW264.7 cells through
the caspase pathways.

Role of MAPK in Induction of Apoptosis
in RAW 264.7 Cells by DBP–maf

To elucidate the role of MAPK in DBP–maf-
induced apoptosis of RAW 264.7 cells, we
determined the expression and activity (phos-
phorylation)ofERK1/2,JNK1/2,andp38MAPK.
RAW 264.7 cells were treated with 1 ng/ml to
15 mg/ml of DBP–maf or DBP for 24 h and the
phosphorylated MAPKs were assessed by im-
munoblotting with specific antibodies recogniz-
ing their phosphorylated forms. As shown in
Figure 5, DBP–maf induced the phosphoryla-
tion of p38 and JNKl/2 and reduced the ERK1/2
phosphorylation. We observed a dose dependent
increase in phosphorylation of p38 and JNK1/2
(Fig. 5, Panel a and b). The phosphorylation of
p38 reachedamaximumat 1mg/mldose ofDBP–
maf (Fig. 5, Panel a, Lanes 2–4) and a further
increase in DBP–maf dose to 15 mg/ml resulted
in a moderate decrease in phosphorylation
(Fig. 5, Panel a, Lane 5). In the case of JNK1/2,
phosphorylation increasedwith increasingdoses
of DBP–maf (up to 15 mg/ml) (Fig. 5, Panel C,
Lanes 2–5).However, phosphorylation ofERK1/
2 remained unchanged at 1.0 and 100 ng/ml of
DBP–maf (Fig. 5, Panel B, Lanes 2–3) but was
inhibited at 1 mg/ml and higher concentrations
(Fig. 5, Panel B, Lanes 4–5). DBP failed to
significantly inhibit the phosphorylation of p38,
JNK1/2, or ERK1/2 under similar conditions
(data not shown). To determine the overall ex-
pression of the MAPKs, the membranes were
stripped and re-probed with antibodies that re-
cognized total forms of p38, JNK1/2, and ERK1/
2.As shown in the lower panels of Figure 5, there
was no significant change in the total levels of

Fig. 2. DBP–maf induced apoptosis in RAW 264.7 macro-
phage cells. Genomic DNA was isolated from RAW 264.7 cells
exposed to 15 and 50 mg of DBP or DBP–maf for 72 h and
fractionated with 1.5% agarose gel electrophoresis as described
in ‘‘Materials and Methods.’’ Lane 1: Control (PBS, vehicle
treated); Lane 2: 15 mg DBP; Lane 3: 50 mg DBP; Lane 4: 15 mg
DBP–maf; and Lane 5: 50 mg DBP–maf.
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these proteins indicating that DBP–maf specifi-
cally alters the phosphorylation but not the
expression of MAPKs. These results suggested
that p38 and JNK1/2 MAPK pathways could
mediate induction of apoptosis by DBP–maf.

MAP Kinase Pathway Inhibitors Block
DBP–maf-Induced Cell Cycle

Arrest and Apoptosis

To further assess the role of DBP–maf in
activating MAPKs in RAW 264.7 cells, we used
p38- and MEK1-specific inhibitors. Specific
inhibitors, such as SB202190, block the p38
MAPK pathway without affecting the JNK or
ERK pathways. Similarly, PD98059 selectively

blocks MEK1, the MAP-kinase kinase respon-
sible for activation ofERK,without affecting the
JNK and p38 pathways [Cuenda et al., 1995;
Cuvillier et al., 1996; Lee and Young, 1996;
Ichijo et al., 1997]. RAW 264.7 cells were
incubated with 50 mg/ml of DBP–maf in the
presence or absence of SB202190 or PD0980S9
for 48 h and cell cycle progression was analyzed
by FACS analysis. Apoptosis was calculated
by measuring the area under the curve of the
sub-G1 peak (Fig. 6). Apoptosis induced by
DBP–maf treatment (24.2%) was reversed by
SB202190 (2%). These studies suggested that
p38 plays a critical role in DBP–maf-induced
apoptosis in RAW 264.7 macrophages. In

Fig. 3. Cell-cycle distribution following treatment with DBP–
maf. RAW 264.7 macrophages were incubated with PBS (vehicle
control), DBP (100mg), or DBP–maf (15, 50, and 100mg) for 48 h,
harvested, stained with propidium iodide, and analyzed by flow
cytometry. Cell-cycle distribution was determined as described
in the ‘‘Materials and Methods.’’ Typical examples of original
data are shown. FL2A is orange-red fluorescence 2-area due to
propidium iodide staining of DNA. Panel a: Vehicle treated

control; Panel b: DBP (100 mg/ml); Panel c: DBP–maf (15 mg/ml);
Panel d: DBP–maf (50 mg/ml); and Panel e: DBP–maf (100 mg/
ml). Bar represents sub-G0/G1 phase. Panel f: The percentage of
apoptosis (area under sub-G1 phase) was determined using
CellQuest software during cell cycle analysis as described earlier
in control, DBP, and DBP–maf-treated cells. The percentage
of apoptotic cells was calculated from three independent
experiments.
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contrast, the addition of PD098059, a MEK1-
specific inhibitor protected the cells from apop-
tosis only marginally. We observed 20.3%
apoptosis in the presence of PD098059 as com-
pared to 24.2% in the absence upon DBP–maf
treatment. PD098059 or SB202190 in the ab-
sence of DBP–maf exerted no apoptotic effects.
SB202190 but not PD098059 blocked DBP–
maf-induced apoptosis suggesting that the
p38 MAPK but not the ERK and JNK MAPK
pathways is involved in induction of apoptosis
by the DBP–maf. Taken together, these find-
ings clearly indicate that p38-MAPK phos-
phorylation is required for DBP–maf-induced
apoptosis of RAW 264.7 cells.

DISCUSSION

Macrophages play an important role in a
series of pathogenic and physiological process-
es, such as inflammation, infection, anti-tumor,
and immune responses and are modulated by
a wide variety of stimulatory or suppressive
signals [Paulnock, 1994]. Activation by a num-
ber of macrophage-activating factors facilitates
the action of macrophages [Fedorko, 1999].
Macrophages secrete and respond to a wide
range of inflammatorymediators, thereby play-
ing a central role in acute and chronic inflam-
mation. DBP–maf is a newly discovered factor
which has been shown to stimulate macro-
phages to produce superoxide. DBP circulates
at a high concentration (200–550 mg/ml) [Cooke
andHaddad, 1989] and part or all of the circula-
ting DBP can be potentially converted to DBP–

maf at the locus of inflammation. However, not
much is known about the effect of DBP–maf
on macrophages and the underlying cellular
signaling pathways.

In earlier studies, Yamamoto et al. demon-
strated that the treatment of peritoneal macro-
phageswith sub-nano-gramquantities ofDBP–
maf resulted in 4–5-fold increase in superoxide
production. Similarly, administration of sub-
nano-gram quantities of DBP–maf to mice/rats
resulted in increased production of superoxide
by peritoneal macrophages [Yamamoto and
Homma, 1991, Yamamoto et al., 1991]. Since
RAW 264.7 cells recapitulate the behavior of

Fig. 4. The activation of caspases in DBP–maf-stimulated
RAW cells. RAW 264.7 macrophages (3� 106 cells) were
treated vehicle control (PBS) or 15 mg/ml DBP–maf for 72 h.
After lysis, 100 mg of protein was incubated with 200 mM
respective substrates for caspase-3, -8, and -9 for 2 h at 378C.
The absorbance was read at 405 nm. The enzyme activities
were expressed as absorbance at 405 nm. Values are the
mean� SD of triplicates and asterisks (*) represents a P value of
less than 0.005.

Fig. 5. MAP kinase activation by DBP–maf. RAW 264.7
macrophages (5� 106 cells) were treated with DBP–maf (1 ng/
ml, 100 ng/ml, 1mg/ml, and 15 mg/ml) or PBS (vehicle control) for
24 h. The cells were lysed, protein was electrophoresed and
immunoblotted using appropriate antibodies that recognize
phosphorylated forms of p38, JNK1/2, and ERK1/2 as described
in ‘‘Materials and Methods.’’ The blots were stripped and probed
with p38, JNK1/2, and ERK1/2 antibodies that recognize
phosphorylated and unphosphorylated forms. GADPH was used
as a control.
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peripheral macrophage cells and have been
widely used to model events encompassing
macrophage activation [Chen et al., 1996], we
used this cell line to assess the potential cellular
effects of DBP–maf. Similar to primary macro-
phage cells, RAW 264.7 cells also responded
to DBP–maf treatment; increase in the super-
oxide production was similar to that of the peri-
toneal macrophages indicating that RAW 264.7
macrophages respond to DBP–maf similar to
mouse peritoneal macrophages. Superoxide
disumutase (SOD) isused to identify superoxide
related events in macrophages and other cells
[Koedel and Pfister, 1999]. Addition of SOD to
the DBP–maf-treated cells blocked the DBP–
maf-induced superoxide production indicating
that observed effect is mediated by superoxide.

Macrophages play a critical role during the
immune response. Like other cells of the im-
mune system, macrophages are produced in
large numbers and most of them die through
apoptosis. Apoptosis is known to play an im-
portant role in immune system during patholo-
gical conditions at the sites of inflammation by
eliminating activated macrophages when there
is no longer a need for them [Munn et al., 1995;

Rathmell and Thompson, 1999]. DBP–maf in-
duced apoptosis in RAW 264.7 in a dose depen-
dent manner. Upon treatment with DBP–maf
for 48 h, the cells underwent apoptosis display-
ing typical apoptotic DNA fragmentation pat-
tern. Cell cycle analysis revealed a G0/G1 block
with increased apoptosis. Our studies suggest
that DBP–maf may play a positive role during
inflammation by inducingapoptosis of activated
macrophages at the site of inflammation.

Recent advances in the study of apoptosis has
revealed that apoptosis involves the activation
of caspases in two steps. In the first step, a so-
called ‘‘initiator’’ caspase (either caspase-8 or
caspase-9) is activated and this caspase, in a
second step, activates the ‘‘effector’’ caspase,
caspase-3 (and other effector caspases) by limit-
ed proteolysis [Earnshaw et al., 1999]. DBP–
maf treatment increased caspase-3, -8, and -9
activities with associated apoptosis suggesting
that DBP–maf-induced apoptosis is mediated
by caspase activation. Activation of macro-
phages associated with apoptosis has been ob-
served with other macrophage activating
factors like TNF-a and IFN-g [Dellacasagrande
et al., 2002].

Fig. 6. Inhibition of DBP–maf-induced apoptosis by p38 and MEK inhibitors. RAW cells were treated with
15 mg/ml DBP–maf in the presence or absence of p38 inhibitor, SB202190 (5 mM) or MEK1 inhibitor,
PD98059 (25 mM) for 48 h. The cells were harvested, stained with propidium iodide, and analyzed by flow
cytometry. Cell-cycle distribution and the percentage of apoptosis (area under sub-G1 phase) was
determined using CellQuest software during cell cycle analysis as described earlier.

94 Gumireddy et al.



ERK1/2, JNK1/2, and p38MAPK play a vital
role in macrophages activation and apoptosis
[Franklin and McCubrey, 2000]. MAPKs are
important mediators involved in the intracel-
lular network of interacting proteins that trans-
duce extracellular signals to intracellular
responses [Su and Karin, 1996]. DBP–maf de-
creased the phosphorylation of ERK1/2. There
was a concomitant increase in the phosphory-
lation of P38 and JNK1/2 which was associat-
ed with apoptosis of cells. Further proof of
involvement of MAPKs was obtained by
using MAPK inhibitors. p38-specific inhibitor,
SB202190, protected the cells from DBP–maf-
induced apoptosis, while MEK-specific inhibi-
tor, PD098059 showed onlymarginal protection
against such apoptosis clearly showing that p38
plays a decisive role in induction of apoptosis.
In summary, this work demonstrates for the

first time, that DBP–maf induces apoptosis
in cultured RAW 264.7 murine macrophages.
DBP–maf treatment results in increased
caspase-3, -8, and -9 activities and apoptosis.
DBP–maf activates p38 and JNK1/2 MAPKs.
On the other hand, ERK1/2 activation is in-
hibited by DBP–maf. Inhibition of MAPK path-
ways using specific inhibitors suggests a clear
role for p38 MAPK in DBP–maf-induced apop-
tosis ofmacrophages. Our studies provide a new
insight into the potential contribution of ERK1/
2, p38, and JNK1/2 MAPK pathways to the
DBP–maf-mediated apoptosis of macrophages.
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