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ABSTRACT. Surfactin inhibits platelet and spleen cytosolic 100 kDa phospholipase A2 (PLA2). In contrast,
this same compound enhances rat platelet group II PLA2 activity by ;2-fold and slightly increases group I PLA2

activity from porcine pancreas and Naja naja venom in vitro. Surfactin does not affect a Ca21-independent PLA2

partially purified from bovine brain. Thus, this compound inhibits selectively the cytosolic form of PLA2. Based
on in vitro studies utilizing preincubation of surfactin with the enzyme, dialysis, and increased concentrations of
substrates, the inhibitory effect of surfactin appears to be due to a direct interaction with the enzyme. Linear
regression analysis of the linear portion of a concentration–response curve reveals an IC50 of 8.5 mM. To further
determine the inhibitory pattern, a Dixon plot was constructed to show that the inhibition by surfactin is
competitive, but not uncompetitive, with an inhibition constant of Ki 5 4.7 mM in 50 mM Tris–HCl buffer,
pH 8.0, at 37°. Surfactin blocked non-stimulated and calcium ionophore A23187-stimulated release of
arachidonic acid from monkey kidney CV-1 cells, which contain a cytosolic 100 kDa PLA2 as the major activity,
as shown in an anionic exchange DEAE-5PW high performance liquid chromatography profile and western
blotting analysis. Surfactin ameliorated inflammation induced by several chemicals. That is, it exhibited in vivo
anti-inflammatory activity in several tested inflammatory reactions including 12-O-tetradecanoylphorbol-13-
acetate (TPA)-induced mouse ear edema, carrageenan-induced rat paw edema, and acetic acid-induced mouse
writhing. These results demonstrate that surfactin is a selective inhibitor for cytosolic PLA2 and a putative
anti-inflammatory agent through the inhibitory effect produced by direct interaction with cytosolic PLA2, and
that inhibition of cytosolic PLA2 activity may suppress inflammatory responses. BIOCHEM PHARMACOL 55;7:
975–985, 1998. © 1998 Elsevier Science Inc.
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PLA2s\ are a family of enzymes that catalyze the hydrolysis
of the fatty acid ester bond at the sn-2 position of
membrane phospholipids. The AA that is released is then
converted to inflammatory mediators, such as prostaglan-
dins and leukotrienes, by the enzymes prostaglandin syn-
thetase and lipoxygenase, respectively. The other product
of PLA2 activation, lysophospholipid, is the immediate
precursor of platelet-activating factor, another potent in-
flammatory mediator [1, 2]. These mediators elicit inflam-

matory responses by inducing neutrophil and macrophage
infiltration, cell proliferation, and vasomodulation [3, 4].

It has been known that mammalian cells contain several
forms of PLA2, which can be classified into secretory and
cytosolic forms based on their biochemical properties,
localization, and primary structures [5, 6]. Although it has
been suggested that the secretory form of PLA2 may be
involved in inflammatory responses, much attention has
been paid in recent years to the 100 kDa cytosolic PLA2

since it is thought to be a major mediator of agonist-
induced AA release implicated in signal transduction of
many cell types [4, 6]. Whereas secretory forms of PLA2

exhibit essentially no acyl-chain selectivity, cytosolic PLA2

has a high selectivity for phospholipids with an sn-2
arachidonoyl chain. Furthermore, cytosolic PLA2 is found
in the cytosol and translocates to membranes in the
presence of physiological calcium concentrations [7–10].
All of these results suggest that cytosolic PLA2 plays a role
in the signal-coupled release of AA and of the precursor of
platelet-activating factor from the membrane phospholipid
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pool for the production of the inflammatory mediators, thus
making cytosolic PLA2 an attractive potential target for
anti-inflammatory therapeutics. Cytosolic PLA2 has been
purified from a number of mammalian cells including
platelets [9, 11], kidney [12], and the human monocytic cell
line U937 [10, 13].

Thus far, many attempts to screen an inhibitor against
PLA2 implicated in inflammatory reactions have been
focused on a secretory form of group II PLA2 as a target
enzyme by evaluating its inhibitory ability in in vitro
experiments using exogenous substrates or inflammatory
animal models [14–16]. However, little is known about an
inhibitor of cytosolic PLA2 with anti-inflammatory activ-
ity. It has been shown that an analogue of AA, in which
the COOH group is replaced by a trifluoromethyl ketone
group (COCF3), is an inhibitor of cytosolic PLA2 [17].

During our investigations to screen an anti-inflammatory
agent from soil microorganisms, we found that a component
named PI-003 exhibits selective inhibition of cytosolic
PLA2 activity in in vitro assays, and subsequent analysis of
the structure proved it to be surfactin, a surfactant lipopep-
tide (Fig. 1). This compound was originally isolated from
Bacillus subtilis by Arima et al. [18] and consists of a
heptapeptide and a lipid portion represented by a mixture
of several b-hydroxy fatty acids with chain lengths of 13–15
carbon atoms. The main component is 3-hydroxy-13-
methyltetradecanoic acid [19].

It is known that surfactin is one of the most powerful
biosurfactants, possessing attractive therapeutical and bio-
technological properties, such as antibiotic and antifungal
activities [18, 20]. In addition, it has been suggested that
surfactin may be used as an anti-coagulant for the prophy-
laxis of thrombosis, and generally for the prevention of
diseases such as myocardial infarction and pulmonary em-
bolism through its action of slowing down fibrin clot
formation by an unknown mechanism [18].

Here, we report that surfactin inhibited cytosolic PLA2

through its direct interaction with the enzyme using an in
vitro assay that employs exogenous substrate and cytosolic
PLA2 enzyme purified from bovine platelets. The inhibitory
effect was also observed by investigating the release of AA
from calcium ionophore A23187-stimulated monkey kid-
ney CV-1 cells. Furthermore, whereas surfactin ameliorated
the inflammatory reactions induced by several chemicals,
such as carrageenan-induced paw edema, acetic acid-in-
duced writhing, and TPA-induced skin inflammation, it
had a much lower effect on the AA-induced inflammatory

reaction than on the TPA-induced response. These results
demonstrate that surfactin is a potential anti-inflammatory
agent through its selective inhibition on cytosolic PLA2.

MATERIALS AND METHODS
Animals and Materials

Male rats (120–150 g) and male mice (25–30 g) were
provided from Charles River Japan and were maintained
under standardized conditions of light and temperature,
with free access to animal chow and water. Surfactin was
purified from B. subtilis as a compound termed PI-003, as
described previously[22]. Rat platelet group II PLA2 was
partially purified as described previously [9]. Ca21-indepen-
dent PLA2 was partially purified from bovine brain accord-
ing to the method of Ross et al. [23]. Purified porcine
pancreatic and Naja naja snake venom PLA2s were pur-
chased from Sigma. Antiserum against pig spleen 100 kDa
cytosolic PLA2 was prepared as described previously [22].
TPA was purchased from Sigma. Prepared dialysis tubing
(5961FA, 10,000–14,000 MW cutoff) was purchased from
Life Technologies Inc. 1-Stearoyl-2-[1-14C]arachidonoyl-
sn-3-glycerophosphocholine (58.2 mCi/mmol; 2-[1-
14C]AA-GPC) and 1-acyl-2-[1-14C]arachidonoyl-sn-3-
glycerophosphoethanolamine (56.9 mCi/mmol; 2-[1-
14C]AA-GPE) were purchased from Amersham. [5,6,8,
9,11,12,15-3H]AA (230.50 Ci/mmol) was purchased from
DuPont/NEN. 1-Stearoyl-2-arachidonoyl-sn-3-glycerophos-
phocholine (2-AA-GPC) was purchased from Sigma. The
DEAE-5PW HPLC column was purchased from the Tosoh
Co. All other chemicals were of the highest purity available
from commercial sources.

Assay of PLA2 Activity

PLA2 activity was assayed by measuring the hydrolysis of
[1-14C]AA from 2-[1-14C]AA-GPC (substrate for cytosolic,
pancreatic, and Ca21-independent PLA2) or from 2-[1-
14C]AA-GPE (substrate for the secretory group II PLA2).
The assay was performed as described by Kim et al. [24]. It
was initiated by the addition of purified bovine platelet
cytosolic PLA2 (approximately 10 ng of protein). The
standard incubation system (100 mL) for the assay of PLA2

activity contained 75 mM of Tris–HCl, pH 9.0, 5 mM of
CaCl2, and 0.45 nmol of radioactive phospholipids (ap-
proximately 55,000 cpm). For the Dixon plot, the concen-
tration of 2-[1-14C]AA-GPC as substrate of the standard
assay was increased by adding 2-AA-GPC. The reaction
was carried out at 37° for 30 min and stopped by adding 560
mL of modified Dole’s reagent (n-heptane: isopropyl alco-
hol: 1 N of sulfuric acid; 400:390:10, by vol.). The [3H]AA
released was extracted as follows: Water (110 mL) was
added, and the sample was vortex-mixed and centrifuged at
10,000 g for 2 min. Then 150 mL of the upper phase was
transferred to a new tube, to which ;25 mg of silica gel and
800 mL of n-heptane were added. The samples were
vortex-mixed and centrifuged again for 2 min, after which

FIG. 1. Structure of surfactin.
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800 mL of supernatant was counted for radioactivity in a
liquid b-scintillation counter.

Dialysis Study for Binding of Surfactin to the
Cytosolic PLA2

A mixture of 300 ng of the enzyme and 900 mg of bovine
serum albumin was preincubated with 5 and 20 mM of
surfactin at 37° for 30 min in 900 mL of reaction buffer (75
mM of Tris–HCl, pH 9.0, 5 mM of CaCl2), respectively,
and then 10 mg protein of the mixture was assayed for PLA2

activity before dialysis. The remaining mixture was dialyzed
against 1L of 50 mM of Tris–HCl (pH 7.5) buffer at 4° in
dialysis tubing (MW cutoff 12,000–14,000) for 24 hr with
two buffer changes. Protein (10 mg) of the dialyzed sample
was assayed for PLA2 activity after dialysis.

Inhibitory Effect of Surfactin on 100 kDa Cytosolic
PLA2 Detected in Monkey Kidney CV-1 Cells by
DEAE-5PW HPLC and Western Blotting Analysis

Monkey kidney CV-1 cells grown in six 10-cm culture dishes
were washed twice with 5 mL of TBS (Tris-buffered saline; 25
mM of Tris–HCl, pH 8.0, 137 mM of NaCl, 2.7 mM of KCl)
per dish and collected into 6.0 mL of homogenizing buffer (50
mM of Tris–HCl, pH 9.0, containing 1 mM of EDTA and
0.12 M of NaCl). The cells were disrupted with Tissue Tearor
(Biospec Products, Inc., Model 985-370 Type 2) and centri-
fuged at 2000 g for 20 min at 4° to remove unlysed cells. The
supernatant was ultracentrifuged at 100,000 g for 1 hr at 4°.
The resulting supernatant was diluted with the same volume
of buffer A (50 mM of Tris–HCl, pH 7.5, 1 mM of EDTA)
and applied to a DEAE-5PW HPLC column (0.75 3 7.5 cm,
Tosoh Co.) pre-equilibrated with buffer A. Bound fractions
were eluted at a flow rate of 1 mL/min with a 20-mL linear
gradient of 0 to 1.0 M of NaCl. Fractions (1.0 mL) were
collected, and aliquots (30 mL) of each fraction were assayed
for PLA2 activity using 2-[1-14C]AA-GPE as substrate for both
the cytosolic and the secretory group II PLA2. The bovine
platelet 100,000 g supernatant obtained under the same
procedures mentioned above was applied to the same column
under the same conditions. To further examine the PLA2

activity detected in CV-1 cells, western blot analysis was
performed by using antiserum against pig spleen cytosolic
PLA2; each aliquot of the active PLA2 pool partially purified
from CV-1 cells and bovine platelets with the DEAE-5PW
HPLC was concentrated into 20 mL and applied to a gel for
SDS–PAGE. Immunoblotting was performed by using an-
tiserum against pig spleen 100 kDa cytosolic PLA2 [22].

Effect of Surfactin on AA Release from
A23187-Stimulated Monkey Kidney CV-1 Cells

The monkey kidney cell line CV-1 (ATCC CCL-70) was
grown in 10-cm plastic dishes in a modified Eagle’s basal
medium supplemented with 10% fetal bovine serum. The

cells were kept at 37° in a humidified atmosphere of 95%
air and 5% CO2. Confluent cultures were harvested by
trypsinization and diluted with culture medium in plastic
dishes with six 4-cm wells. The cells were incubated with
the growth medium at 37° and used after 4–5 days, when
they had reached 80–90% confluency. CV-1 cells grown in
4-cm dishes to near confluency were labeled by incubation
with 0.3 mCi of [3H]AA in 3 mL of growth medium for 20
hr. For measurements of the release of AA, the cells were
washed twice free of unincorporated [3H]AA with 5 mL of
PBS, and 3 mL of fresh growth medium containing either
ethanol (final concentration of 0.1% as vehicle) or various
concentrations of surfactin was added 30 min before adding
either ethanol (final concentration of 0.1% as vehicle) or
10 mM A23187. At the indicated time after stimulation,
each aliquot (230 mL) of medium was removed and centri-
fuged for 5 min at 10,000 g. The released [3H]AA was
quantitated by counting radioactivity of the resulting su-
pernatants (200 mL each) with a liquid b-scintillation
counter. Following the last removal of medium, the residual
medium was removed completely. The cells were disrupted
by incubating at 37° for 6 hr with 1.0 mL of 0.5 N of NaOH
solution, vortexed for 30 min, and centrifuged. After
confirming complete disruption, each aliquot (100 mL) of
the resulting supernatants was removed, and the total
radioactivity of each dish was quantitated in a liquid
b-scintillation counter.

TPA- and AA-Induced Edema in Mouse Ear

This assay is a modification from Young et al. [25, 26].
Groups of ten mice (Swiss-derived, Charles River Labora-
tory, 25–30 g) were used. Compounds were prepared in
acetone just prior to application. Ten microliters of TPA
(1 mg/mL) or AA (100 mg/mL) dissolved in acetone was
delivered to the right ear by micropipetting. Surfactin
dissolved in the same volume of acetone was applied to the
right ear just prior to challenge with TPA or AA. The
vehicle-treated ear served as a control. The solutions were
spread evenly over the whole surface of the ear. To measure
the ear thickness, a dial caliper gauge with graduations of
0.01 mm was applied to the center of the ear. For TPA-
induced edema, the thickness was measured at 1-hr inter-
vals for up to 4 hr, and for AA-induced edema, the
thickness was measured at 30-min intervals for up to 2 hr.
The swelling evoked by inflammatory reaction was mea-
sured as the difference in thickness between the challenged
and the unchallenged ear. Percent inhibition was calcu-
lated by using (C2T)/C z 100 (%), where C and T
indicate non-treated (vehicle) swelling and surfactin-
treated swelling, respectively.

Carrageenan-Induced Edema in Rat Hind Paw

Male Charles River Japan rats were given a single intra-
peritoneal dose (20 mg/kg) of surfactin suspended in 0.9%
NaCl solution. Aspirin suspended in 0.9% NaCl solution was
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administered orally 60 min before carrageenan injection. Paw
edema was induced in the left paw by injecting 0.1 mL of
carrageenan [1% (w/v) solution in 0.9% NaCl] into the plane
area of the left hind paw. The volume of the injected paw
was measured at 0, 0.5, 1, 2, 3, and 4 hr after carrageenan
injection with a plethytometer. The percent edema of the
hind paw evoked by the inflammatory reaction was mea-
sured from the difference in volume between the chal-
lenged and the unchallenged paw. Percent inhibition was
calculated by using (C2T)/C z 100 (%), where C and T
indicate non-treated control (vehicle) percent edema and
surfactin-treated percent edema, respectively.

Acetic Acid-Induced Writhing in Mice

Groups of eight male mice (Charles River Japan, 25–30 g)
were injected intraperitoneally with surfactin and indo-
methacin (0.5 mg/kg body weight each) suspended in 0.9%
NaCl solution in a dose volume of 100 mL/30 g body
weight; 0.5 hr later, each mouse was injected intraperito-
neally with 0.25 mL of 0.6% acetic acid/30 g body weight.
Mice were then placed in a cage, and the number of
abdominal writhes of each mouse was recorded for 10 min
starting 10 min after acetic acid treatment. The animals
were killed immediately after measurements to minimize
their sufferings. The average number of stretches of each
group was compared with that of the control group, and the
percent inhibition was calculated by the formula, (C2T)/
C z 100 (%), where C is the number of writhes of the
non-treated control (vehicle) group and T is that of the
surfactin-treated group.

Statistical Analysis

Computer-assisted statistical analysis using Pharm/PCS,
MicroComputer Specialists, was performed to determine
IC50 and ED50 values and the t-test.

RESULTS
Effect of Surfactin on Activity of Various Forms of PLA2

Surfactin inhibited cytosolic 100 kDa PLA2 purified from
bovine platelets and pig spleen in a concentration-depen-
dent manner. As shown in Fig. 2, cytosolic PLA2 activity
was inhibited completely at 50 mM. Linear regression
analysis of the linear portion of the concentration–response
curve revealed an IC50 of 8.5 and 9.4 mM for bovine
platelets and pig spleen, respectively. In contrast, while
surfactin increased rat platelet secretory group II PLA2

activity by ;2-fold, the compound did not affect the
activities of pancreatic group I PLA2 and a Ca21-indepen-
dent form of PLA2 from bovine brain, which was partially
purified by sequential chromatographies of a heparin-
affinity and Superose 12 gel filtration by a method de-
scribed previously [23]. This result demonstrated that sur-
factin selectively inhibits cytosolic PLA2.

Evaluation for the Binding of Surfactin to Cytosolic 100
kDa PLA2

The inhibitory effect of surfactin on cytosolic PLA2 activity
was examined further in a time-dependent experiment. The
enzyme was preincubated with 10, 20, and 50 mM of
surfactin for the indicated periods, respectively, followed by
addition of substrate. As shown in Fig. 3, the enzyme
activity was inhibited in a time- and concentration-depen-
dent manner; preincubation with 10, 20, and 50 mM of
surfactin for 30 min at 37° abolished 78, 92, and 95% of
control activity, respectively. Semilogarithmic plots of the
residual activity versus incubation time were linear at all
the concentrations tested, suggesting that the inhibitory
effect during this period may occur by a pseudo-first-order
process due to a direct effect on the enzyme. In addition,
the initial steady-state rate was apparently preceded by a
burst of inhibition as evidenced by the lack of intersection
at 100% activity for any of the concentrations tested,
suggesting a direct association of surfactin with the enzyme.

Since previous studies on the inhibition of phospho-
lipases have shown an apparent inhibition due to non-
specific binding with the substrate vesicles, we examined

FIG. 2. Concentration-dependent inhibition of various PLA2s
by surfactin. PLA2 activity was assayed in the presence of
increasing concentrations of surfactin as described under Mate-
rials and Methods. 2-[1-14C]AA-GPC was used as substrate for
the other PLA2s except for using 2-[1-14C]AA-GPE for rat
secretory group II PLA2. Surfactin was preincubated with
various PLA2 for 20 min at 37°. Each data point represents the
mean 6 SEM of three independent experiments. The surfactin-
free activity of bovine platelet cytosolic PLA2 (F), porcine
spleen cytosolic PLA2 (E), Naja naja venom PLA2 (3), bovine
pancreatic PLA2 (■), rat platelet group II PLA2 (h), and
bovine brain Ca21-independent PLA2 (Œ) was 2980, 2710,
2010, 2540, 2750 and 2300 cpm, respectively, under the assay
conditions.
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whether surfactin inhibits substrate binding prior to
enzyme association. As shown in Fig. 4, the inhibitory
effect did not change even after increasing substrate
concentrations by ;10-fold, suggesting that the effect is
not due to a non-specific binding of surfactin to the
substrate vesicles. Furthermore, to determine the inhib-
itory pattern on cytosolic PLA2 by surfactin, Dixon plots

were constructed from the hydrolysis rates of the sub-
strate (2-[1-14C]AA-GPC of 50 and 500 mM) by cyto-
solic PLA2 at various surfactin concentrations. Figure 5
illustrates that the apparent Ki value was 4.7 mM and
that the inhibition was apparently competitive. Thus,
these findings strongly support a direct binding of sur-
factin to the enzyme.

Dialysis Study for Binding of Surfactin to
Cytosolic PLA2

To further confirm the direct association of surfactin with
the enzyme, a mixture of surfactin and enzyme preincubated
for 20 min at 37° was dialyzed against a 2000-fold volume
of Tris–HCl buffer, pH 7.5, for 24 hr at 4°, and the enzyme
activity in the dialysate was assayed by immediate addition
of substrate. While no considerable effect of dialysis on the
enzyme activity was observed (that is, surfactin-free dialy-
sate retained 91% of activity prior to dialysis), the inhibi-
tory effect of 20 mM of surfactin was observed both before
and after dialyzing the mixtures (77.8 and 90.4%, respec-
tively; Table 1). However, after dialyzing surfactin in the
absence or in the presence of BSA using the same method,
no inhibitory activity was observed when an aliquot of the
dialysate was added to the assay system, as shown in Table
1. These results indicated a tight interaction of surfactin
with the enzyme.

FIG. 3. Time-dependent inhibition of bovine platelet cytosolic
PLA2 by surfactin. Purified bovine platelet cytosolic PLA2 was
preincubated with 10 mM (3), 20 mM (F), or 50 mM (■) of
surfactin at 37° for the indicated times, and then the activity was
measured using 4.5 mM of 2-[1-14C]AA-GPC as substrate, as
described under Materials and Methods. Each data point repre-
sents the mean 6 SEM of three independent experiments. The
surfactin-free PLA2 activities at 0-, 10-, 20-, and 30-min
preincubation times were 6250, 5630, 5250 and 4980 cpm,
respectively, under the assay conditions. Significantly different
from the control: ,P < 0.05 and ,,P < 0.01.

FIG. 4. Effect of increased amounts of substrate on inhibition of
bovine platelet cytosolic PLA2 by surfactin. Surfactin (10 mM)
was preincubated with purified PLA2 for the indicated times at
37°, and the activity was measured after adding 3 mM of
2-[1-14C]AA-GPC (F) or 30 mM of 2-[1-14C]AA-GPC (■) as
described under Materials and Methods. Each data point repre-
sents the mean 6 SEM of three independent experiments. The
surfactin-free PLA2 activities at 0-, 10-, 20-, 30-, and 60-min
preincubation times were 4130, 3850, 3610, 3510, and 2940
cpm, respectively, under the assay conditions.

FIG. 5. Determination of the inhibitory pattern on bovine
platelet cytosolic PLA2 by surfactin. The PLA2 activity was
assayed for 15 min at 37° in the presence of the indicated
concentration of surfactin and 50 mM (E) or 500 mM (F) of
2-[1-14C]AA-GPC as described under Materials and Methods.
Shown are values from one experiment representative of three
independent experiments producing similar results.
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Inhibitory Effect of Surfactin on 100 kDa Cytosolic
PLA2 Detected by DEAE-5PW HPLC and Western
Blotting Analysis in Monkey Kidney CV-1 Cells

To examine whether monkey kidney CV-1 cells contain
PLA2 activity similar to that of the bovine platelet cytoso-
lic PLA2, 100,000 g supernatants obtained from bovine
platelets and monkey kidney CV-1 cells were applied to a
DEAE-5PW anion exchange column. Both activities were

found at the same fractions (Fig. 6). The activity of CV-1
cells eluted from the column exhibited dithiothreitol in-
sensitivity, which is evidence that it is cytosolic PLA2 (data
not shown), and this activity could be inhibited 82% by
preincubating for 20 min with 30 mM of surfactin. The
inset of Fig. 6 shows a western blot of PLA2 from the two
enzyme sources using antiserum against pig spleen 100 kDa
PLA2. It shows that CV-1 cells contain a PLA2 enzyme
immunochemically related to the platelet 100 kDa PLA2.

Inhibition of [3H]AA Release from Monkey Kidney
CV-1 Cells by Surfactin

The inhibitory effect observed in an in vitro assay was
examined by measuring the release of AA from the cultured
cells. A23187, a Ca21-mobilizing agent, was added to the
medium of the cultured monkey kidney CV-1 cells pre-
treated with surfactin. As shown in Fig. 7, the results
indicate that the level of [3H]AA in the cultured medium
was increased in a time-dependent manner, and pretreat-
ment of the cells with surfactin inhibited the release of
[3H]AA from A23187-stimulated cells as well as from
non-stimulated cells at 30 min by 55 and 48%, respectively.
Concentration-dependent inhibition was also observed in
A23187-stimulated release of [3H]AA with a saturation
concentration at ;25 mM (Fig. 7B). Surfactin did not

TABLE 1. Irreversible inhibition of bovine platelet cytosolic
PLA2 by surfactin

Conditions
% Decrease of PLA2

activity

Surfactin
(mM)

Cytosolic
PLA2 BSA

Before
dialysis

After
dialysis

0 1 1 0* 2.0
5 1 1 66.3 77.1

20 1 1 77.8 90.4
20 2 1 3.0†
20 2 2 2.0‡

After dialysis was performed as described in Materials and Methods, an aliquot of the
dialysate was assayed for the PLA2 activity.

*Cytosolic PLA2 activity from 10 mg protein of the sample before dialysis was 3.2
pmol/min.

†‡When the enzyme was not added to the dialysis bag, PLA2 activity was assayed
with an aliquot of the dialysate following the addition of (†) the PLA2 enzyme or (‡)
the enzyme plus BSA.

FIG. 6. Detection of 100 kDa cytosolic PLA2 in CV-1 cells by DEAE-5PW HPLC and western blot analysis. Supernatants (100,000
g) were prepared from bovine platelets (E) and monkey kidney CV-1 cells (F), as described in Materials and Methods, and directly
loaded onto a DEAE-5PW column pre-equilibrated with 50 mM of Tris–HCl, pH 7.5, 1 mM EDTA. Proteins were eluted at a flow
rate of 1.0 mL/min with a 20-mL linear gradient of 0 to 1.0 M of NaCl. Fractions (1.0 mL) were collected, and 30 mL of each fraction
was assayed for PLA2 activity using 2-[1-14C]AA-GPE as substrate. The inset shows western blotting analysis; each active fraction
of the PLA2 from DEAE-5PW HPLC of bovine platelets (A) and monkey kidney CV-1 cells (B) was taken so that the total activity
was 76 pmol/min and applied to SDS–PAGE after concentrating each sample to 20 mL with a Speed Vac dryer. Western blotting
analysis was performed as described previously [22].
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affect the viability of the cells in the concentrations used
(data not shown).

Suppression of Inflammatory Responses by Surfactin

INHIBITION OF MOUSE EAR EDEMA BY SURFACTIN. Some in
vivo experiments to support the inhibition of surfactin
against cytosolic PLA2 were performed. The TPA- or
AA-induced mouse ear edema model was utilized as a
model of skin inflammation [25, 26]. In this model, maxi-

mal edema occurred after 4 and 1.5 hr at a level of 140 and
129% swelling, respectively, when TPA and AA were
applied. TPA-induced ear edema was inhibited dose-depen-
dently by surfactin, and the ED50 was calculated to be 230
mg/ear (Table 2). On the other hand, surfactin partially
ameliorated AA-induced inflammation compared with in-
hibition of AA-induced edema by indomethacin. That is,
surfactin inhibited AA-induced edema by 35% at 1000
mg/ear, which is a much higher concentration than TPA.

INHIBITION OF CARRAGEENAN-INDUCED RAT PAW EDEMA BY

SURFACTIN. The anti-inflammatory action of surfactin was
investigated further in a carrageenan-induced rat inflam-
mation model. The paw hind cavity is known to be an
inflammatory site in which accumulation of both exudate
fluids and leukocytes can be observed as inflammatory
responses to carrageenan [27]. The effects of surfactin on
these responses were measured at 1-hr intervals up to 4 hr.
As shown in Table 3, intraperitoneal administration of
surfactin at 20 mg/kg markedly inhibited the carrageenan-
induced paw edema by 45%, and, although low compared
with the intraperitoneal route, oral administration dose-
dependently inhibited the inflammatory reaction with a
level comparable to that of the cyclooxygenase inhibitor
aspirin.

ANALGESIC EFFECT OF SURFACTIN IN ACETIC ACID-INDUCED

WRITHING. It has been known that intraperitoneal injec-
tion of acetic acid induces prostaglandin-mediated rapid
onset of abdominal constriction [28]. Inhibition of the
writhing response is a predictor of analgesic activity. A
potent analgesic dose-dependent effect of inhibiting acetic
acid-induced writhing was observed by intraperitoneal in-
jection of surfactin (Table 4). Surfactin was more potent
than the cyclooxygenase inhibitor indomethacin.

FIG. 7. Inhibitory effect of surfactin on [3H]AA release in
monkey kidney CV-1 cells. Monkey kidney CV-1 cells were
incubated with surfactin or vehicle and activated with 10 mM
calcium ionophore A23187. The radioactivity of [3H]AA re-
leased into the medium was measured as described under
Materials and Methods. (A) A23187-stimulated (3), non-
stimulated (vehicle) (E), surfactin-treated and A23187-stimu-
lated (■), and surfactin-treated and non-stimulated (vehicle)
(F). (B) CV-1 cells labeled with [3H]AA were incubated for 20
min with the indicated concentrations of surfactin and then
challenged for 15 min with 10 mM of A23187. Values represent
the percentage of total radioactivity incorporated into the cells
and are means 6 SEM of three independent experiments in
triplicate.

TABLE 2. Inhibitory effect of surfactin on TPA- and AA-
induced edema in mouse ear

Compound
TPA ED50
*(mg/ear)

% Inhibition of
AA-induced edema†

Surfactin 230 6 18 35 6 4.1
Indomethacin 867 6 51 40 6 3.8

Mouse ear edema was measured 1 hr after application of TPA (10 mg/ear) and AA
(1000 mg/ear), respectively. Surfactin or indomethacin was applied to the left ear of
the mouse just prior to the application to the right ear of TPA or AA. The thickness
of the treated ear was measured 1 hr after application of TPA or AA as described in
Materials and Methods. Ear edema was calculated from the formula, (R 2 L)/L z

100(%), where R and L were the thickness of the right and left ear, respectively.
Each value represents the mean 6 SEM.

*ED50 values were calculated from the data obtained from three independent
experiments using surfactin concentrations of 100, 200, and 400 mg/ear, and
indomethacin concentrations of 500, 1000, and 2000 mg/ear, respectively.

†Percent inhibition was calculated from the data obtained from three independent
experiments using surfactin and indomethacin of 1000 mg/ear. Percent inhibition was
calculated by comparing individual mean values in the inhibitor-treated groups to
the mean value of the control groups (% edema for TPA- and AA-treated group was
139.8 6 9.7 and 128.9 6 7.8%, respectively). Ten mice were tested for each group.
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DISCUSSION

The present study reports that surfactin selectively inhib-
ited cytosolic PLA2 purified from bovine platelets through
its direct interaction with the enzyme. Surfactin was iden-
tified from soil microorganisms as a component termed
PI-003, which exhibits an inhibitory effect on the cytosolic
PLA2 activity in vitro assay to screen an anti-inflammatory
agent. While the compound did not affect pancreatic group
I PLA2 from porcine pancreas and Naja naja venom and a
Ca21-independent form of PLA2 from bovine brain, it
enhanced non-pancreatic group II PLA2 activity from rat
platelets by ;2-fold. This result suggests that the high
selective inhibition of surfactin to the cytosolic form of
PLA2 may be due to differences in amino acid sequences
and primary structures between the PLA2s [23, 29], and not
be dependent on the effect of the physical state of the
substrates. Figure 2 shows the inhibitory effect of surfactin
on various types of PLA2. A Ca21-independent PLA2 has
been partially purified recently from human [23] and bovine
(D. K. Kim et al., unpublished data) brain and character-
ized. Neither the partially purified bovine brain Ca21-

independent PLA2 nor pancreatic group I PLA2 is inhibited
by surfactin. Thus, surfactin selectively inhibits 100 kDa
cytosolic PLA2. Interestingly, unlike the cytosolic PLA2,
rat platelet group II PLA2 activity was enhanced by
surfactin. It is unlikely that this inhibitory effect is due to
the physical state of the substrate 2-[1-14C]AA-GPE, since
the compound also increased the 2-[1-14C]AA-GPC-hy-
drolyzing activity of group II PLA2 by ;2-fold even if lower
than the 2-[1-14C]AA-GPE-hydrolyzing activity (data not
shown). Although a detailed kinetic study should be
undertaken to elucidate the reason why surfactin increases
the group II PA2 activity, its contrary effects on the two
PLA2s will help distinguish their relative roles in cellular
responses including platelet aggregation.

It has been reported that a high molecular mass form of
cytosolic PLA2 is inhibited by a trifluoromethyl ketone
analog of AA (AACOCF3). AACOCF3, which presumably
binds directly to the active site of cytosolic PLA2, was
found to be a slow and tight-binding inhibitor [17, 30, 31].
As shown in Figs. 3 and 4, respectively, surfactin exhibited
a time-dependent action on cytosolic PLA2 activity, and
the more extensive inhibitory activity was observed in the
longer preincubation time of the enzyme and the inhibitor.
This type of inhibition suggests that surfactin may be a
direct-binding inhibitor to the enzyme. A similar type of
suicide inhibition was shown in inhibition of BEL (bromoe-
nol lactone) on myocardial PLA2 [32] and chymotrypsin
[22, 33]. It was known that the degree of inhibition
observed for slow- and tight-binding inhibitors is indepen-
dent of the amount of enzyme and duration of incubation
[34]. In this context, since inhibition of PLA2 by surfactin
was time-dependent and also exhibited burst kinetics (Figs.
3 and 4), it is unlikely that inhibition of PLA2 by surfactin
is due to either slow binding or slow tight binding-
reversible competitive inhibition. Furthermore, we deter-
mined the inhibitory pattern of surfactin on cytosolic PLA2

from Dixon plots. Figure 5 illustrates that the apparent Ki

value was 4.7 mM, and the inhibition was apparently
competitive. These results strongly indicate that the inhi-
bition is due to a direct binding of surfactin to the enzyme,
but not substrate depletion by surfactin.

Further study to support the inhibitory effect by the
direct binding of surfactin to the enzyme was performed by
utilizing dialysis experiments. Table 1 shows that no PLA2

activity was detected in the dialysate when a mixture of the
enzyme and surfactin was dialyzed, suggesting that surfactin
tightly interacts with the enzyme. In an additional experi-
ment, surfactin did not bind to bovine serum albumin when
it was added to the purified enzyme preparations to avoid
loss due to non-specific binding of an extremely low
amount of the enzyme to the dialysis tubing.

As occasionally shown in an in vitro assay to screen an
inhibitor against phospholipases, the apparant inhibitory
effect may be caused by a non-specific interaction of the
inhibitor with the exogenous phospholipid vesicle. To
examine whether surfactin depletes the substrate available
to the enzyme by binding to the phospholipid vesicle due to

TABLE 3. Inhibitory effect of surfactin on carrageenan-
induced rat paw edema

Dose
(mg/kg)

Application
route % Edema

%
Inhibition

Control i.p. 63.9 6 8.7 0
p.o. 64.4 6 10.2 0

Surfactin 20 i.p. 35.1 6 4.1 45.1
40 p.o. 57.1 6 5.6 11.3

100 p.o. 41.3 6 2.8 35.9
Aspirin 100 p.o. 46.9 6 5.1 27.2

Surfactin and aspirin were administered intraperitoneally 30 sec prior to the injection
of carrageenan. Oral administration was performed 1 hr prior to the injection of
carrageenan. Hind paw edema was measured 4 hr after carrageenan application. The
percent edema of the hind paw evoked by the inflammatory reaction was measured
from the difference in volume between the challenged and the unchallenged paw.
Each value represents the mean 6 SEM (N 5 6). Percent inhibition was calculated
by the formula (C 2 T)/C z 100 (%), where C and T indicate non-treated control
(vehicle) percent mean edema and surfactin-treated percent mean edema, respec-
tively.

TABLE 4. Inhibitory effect of surfactin on acetic acid-induced
writhing in mouse

Dose
(mg/kg)

Number of
writhes

%
Inhibition

Control 23 6 4 0
Surfactin 0.5 19 6 3 17.4

1.0 9 6 3 60.9
2.0 4 6 2 82.6

10.0 1 6 0 95.7
Indomethacin 50.0 14 6 2 39.1

Surfactin and indomethacin were administered intraperitoneally 30 sec prior to the
application of acetic acid. The number of abdominal writhes of each mouse was
counted for 10 min starting 10 min after the application of acetic acid. Each value
represents the mean 6 SEM (N 5 8). Percent inhibition was calculated by the
formula (C 2 T)/C z 100 (%), where C and T indicate the mean of writhes of the
non-treated control (vehicle) group and that of the surfactin-treated group, respec-
tively.
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the hydrophobic properties of the compound, the inhibi-
tory effect was determined after increasing the substrate
amounts by 10-fold. Figure 4 shows that the pattern of
inhibition at the high concentration of substrate was
similar to that at the 10-fold lower substrate concentration,
suggesting that the apparent inhibition may not result from
substrate depletion, but actually may be due to direct
interaction between the enzyme and surfactin.

To summarize the above observations, surfactin inhibited
cytosolic PLA2 activity through a direct, possibly covalent,
and irreversible binding to the enzyme. Thus, surfactin as a
selective inhibitor for cytosolic PLA2 can be expected to be
a unique tool in the investigation to differentiate cytosolic
PLA2 from other secretory 14 kDa and Ca21-dependent
forms of PLA2 as well as in the elucidation of a cellular role
of cytosolic PLA2.

The effect of surfactin on the release of AA from
A23187-stimulated monkey kidney CV-1 cells was deter-
mined to confirm its inhibitory effect on cytosolic PLA2.
First of all, we examined the presence of surfactin-inhibited
100 kDa cytosolic PLA2 in the cells. Monkey kidney CV-1
cells contain a 100 kDa cytosolic form of PLA2 similar to
bovine platelet 100 kDa cytosolic PLA2, as shown in an
anionic exchange column DEAE-5PW HPLC profile and
western blotting analysis (Fig. 6). The CV-1 cell PLA2

eluted from the column was inhibited by preincubation for
10 min with 2 mM of dithiothreitol and 20 mM of surfactin
by 87 and 82%, respectively, further supporting the simi-
larity. There was no group II PLA2 activity hydrolyzing
2-[1-14C]AA-GPE in any fractions of the DEAE-5PW
column (data not shown).

The release of AA was determined in the intact and
cytosolic PLA2-containing kidney CV-1 cells. As shown in
Fig. 7, surfactin inhibited ;50% of the release of AA from
both Ca21-mobilizing agent A23187-stimulated and non-
stimulated CV-1 cells without any effect on the viability.
The IC50 for the release of AA from Ca21-mobilizing agent
A23187-stimulated CV-1 cells was 10 mM, and the level of
inhibition was not increased when tested at 50 mM. It was
reported, however, that AACOCF3, a selective inhibitor of
cytosolic PLA2, inhibits most of the release of AA from
thrombin-stimulated human platelets [30, 31]. The limited
inhibition in the CV-1 cells suggests the existence of a
different form from cytosolic PLA2. In fact, although group
II 14 kDa PLA2 activity was not detected in the cells, the
membrane fraction of the cells contained a detectable
Ca21-independent PLA2 activity, which was not inhibited
by surfactin (data not shown). Although the similarity
between CV-1 and brain Ca21-independent PLA2 remains
to be determined, these results and those of Fig. 2 suggest
that a Ca21-independent PLA2 may be responsible for the
surfactin-insensitive residual AA release from the CV-1
cells. Although the precise molecular mechanism by which
surfactin inhibits PLA2 action from participating in the
release of AA from intact cells is not clear at present, these
results suggest that surfactin is able to incorporate into the
cytosol of the cells and interact with cytosolic PLA2. The

inhibitory effect of surfactin could be due to a direct
interaction with the enzyme in the cytosol.

Since it is known that the release of AA by the action of
PLA2 might be a rate-limiting step in the biosynthesis of
inflammatory mediators, such as prostaglandins, thrombox-
ane A2, leukotrienes, and platelet-activating factor [35], it
is possible that cytosolic PLA2 plays an important role in
inflammatory responses. However, there has been much
controversy about the relative contribution of the different
types of PLA2, 14 kDa secretory forms and 100 kDa
cytosolic forms, to cellular AA release upon stimulus and
the subsequent inflammatory response. Thus, these obser-
vations prompted us to examine anti-inflammatory activity
of surfactin by utilizing several chemical-induced inflam-
matory animal models. In the present study, three animal
models were utilized, i.e. TPA-induced mouse edema,
carrageenan-induced rat edema, and acetic acid-induced
mouse writhing. The TPA-induced edema model has been
used to evaluate the anti-inflammatory activity of PLA2

inhibitors. Prostaglandin E2 accumulates concomitant with
swelling in mouse ear administered TPA [36]. It has been
reported that phorbol ester-activated protein kinase C
stably enhances cytosolic PLA2 activity through mitogen-
activated protein kinase-mediated phosphorylation of the
enzyme, which is known as a possible mechanism impli-
cated in AA release by activation of cytosolic PLA2 [37].

These observations are consistent with our results show-
ing that surfactin ameliorates TPA-induced inflammation
(Table 2). This anti-inflammatory effect of surfactin was
also observed in AA-induced edema, although it was lower
than that in TPA-induced edema. From this result, one
possibility was suggested: AA added to the cells will be
metabolized to eicosanoids, which are released to the
extracellular medium. Then the released AA metabolites
will interact with their receptors, which transduce a signal
for the cytosolic PLA2-mediated release of AA. The anti-
inflammatory effect of surfactin was also observed in an-
other animal model, carrageenan-induced rat paw edema.
While intraperitoneal injection was more effective than
oral administration, surfactin was more potent than aspirin,
an anti-inflammatory drug. As the third animal model for
testing anti-inflammatory effects, the acetic acid-induced
abdominal constriction assay in mice has been commonly
used to assess the analgesic effect of NSAID. Thus, the
analgesic effect in this model could possibly be used to
evaluate PLA2 inhibition. Surfactin showed a potent dose-
dependent analgesic effect when administered intraperito-
neally (Table 4). Surfactin was more potent than indo-
methacin, a common NSAID, by ;10-fold.

These results demonstrated that surfactin showed anti-
inflammatory activity through a possibly direct and selec-
tive action on cytosolic PLA2, which could be responsible
for the inflammatory reactions in all animal models utilized.

In conclusion, surfactin is a selective inhibitor of cyto-
solic PLA2 distributed in a wide range of mammalian
tissues. This compound inhibits the release of AA in
calcium ionophore A23187-stimulated CV-1 cells through
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the selective and direct inhibition of cytosolic PLA2 in the
cells. Finally, surfactin ameliorated the inflammatory reac-
tions induced by several chemicals. These results demon-
strate that surfactin is a putative anti-inflammatory agent
and a useful tool for elucidating the role of other PLA2s as
well as cytosolic PLA2 in cellular processes including
inflammation and cell injury, and that inhibition of cyto-
solic PLA2 activity may suppress inflammatory responses.
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