
Arginase is an intracellular enzyme that
catalyzes the conversion of l-arginine to l-
ornithine and urea. Two isoforms of this
enzyme, arginase I (the hepatic isoform)

and arginase II (the extrahepatic isoform),
are known to exist (6). Arginase I, a
cytosolic form, is believed to play a role in
ureagenesis. Arginase II, a mitochondrial

form, is thought to be involved in the
biosynthesis of polyamines and in inflam-
mation (6). Arginase may also play a cru-
cial role in wound healing by enhancing
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Aims: The aim of the present study was to determine whether or not lipopolysaccharide
from Actinobacillus actinomycetemcomitans could stimulate arginase activity in a murine
macrophage cell line (RAW264.7 cells).
Methods: RAW264.7 cells were treated with A. actinomycetemcomitans-lipopolysac-
charide or lipopolysaccharide from Escherichia coli for 24 h. The effect of polymyxin B,
l-norvaline, dl-norvaline, dexamethasone and cytokines (interferon-c and interleukin-4)
on arginase activity in A. actinomycetemcomitans-lipopolysaccharide-stimulated cells
was also determined. The cells were pretreated with anti-CD14, anti -toll-like receptor 2,
or anti-toll-like receptor 4 antibody prior to stimulation with A. actinomycetemcomitans-
lipopolysaccharide. Arginase activity was determined by a colorimetric assay.
Results: A. actinomycetemcomitans-lipopolysaccharide stimulated arginase activity in
RAW264.7 cells in a dose-dependent manner, but was less potent than E. coli-
lipopolysaccharide. Polymyxin B and l-norvaline, but not dl-norvaline, blocked the
arginase activity in A. actinomycetemcomitans-lipopolysaccharide-stimulated cells.
Dexamethasone and interleukin-4 but not interferon-c augmented arginase activity in A.
actinomycetemcomitans-lipopolysaccharide-stimulated cells. Treatment of the cells with
anti-CD14 and anti-toll-like receptor 4 but not anti-toll-like receptor 2 antibody decreased
arginase activity in A. actinomycetemcomitans-lipopolysaccharide-stimulated cells.
Conclusion: The results of the present study suggest that lipopolysaccharide from A.
actinomycetemcomitans via CD14/toll-like receptor 4 complex molecules and the
regulatory control of glucocorticoid and cytokines may stimulate arginase activity in
RAW264.7 cells.
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fibroblast proliferation and collagen pro-
duction as well as in the immune system
by regulating, for example, T-cell prolifer-
ation (2, 26). As this enzyme utilizes
L-arginine, it may compete with nitric
oxide synthase, an enzyme that catalyzes
the reaction of L-arginine to nitric oxide.
Indeed, previous studies indicated that
increased nitric oxide production by acti-
vated macrophages inhibited the activity of
arginase and vice versa (7, 8, 14), sug-
gesting that nitric oxide synthase and
arginase activity are reciprocally modu-
lated. Furthermore, the arginase activity of
macrophages was up-regulated by bacter-
ial lipopolysaccharide and cytokines such
as interleukin-4 (IL-4) and IL-10 but
down-regulated by interferon-c (3, 10,

21), suggesting that arginase activity may
be up-regulated by activated Th2 cells, but
down-regulated by activated Th1 cells.
Actinobacillus actinomycetemcomitans,

a gram-negative oral bacterium, plays a
crucial role in the development of perio-
dontal disease, particularly the destructive
stage involving rapid gingival and alveolar
bone destruction (16, 28). We have shown
that, in a murine model, this periodonto-
pathogen stimulates cellular and humoral
immunity in vivo and in vitro (13, 29). This
periodontopathogen may also stimulate
alveolar osteoclast activation, leading to
periodontal bone destruction (22). These
previous results seem to indicate that this
periodontopathogen is able to induce an
immune response and concurrently stimu-
late both soft tissues and alveolar bone
destruction. We and others have recently
shown that lipopolysaccharide from peri-
odontopathogens such as A. actinomyce-
temcomitans, Prevotella intermedia and
Porphyromonas gingivalis induces nitric
oxide production by murine macrophages
and splenic macrophages (4, 14, 15, 27, 28,
30, 31). Of interest, nitric oxide production
by these cells stimulated with A. actin-
omycetemcomitans-lipopolysaccharide was
regulated by different cytokines; thus, inter-
feron-c and IL-12 up-regulated but IL-4
suppressed nitric oxide production (27, 31).
We speculated that in A. actinomycetem-
comitans-lipopolysaccharide-activated mu-
rine macrophages, arginase activity may be
increased by IL-4 and depressed by inter-
feron-c and IL-12 (27, 31). However,
arginase activity and its regulation in
murine macrophages stimulated by
A. actinomycetemcomitans-lipopolysac-
charide is unknown. Therefore, the aim of
the present study was to determine arginase
activity in a murine macrophage cell line
(RAW264.7) stimulated by A. actinomyce-
temcomitans-lipopolysaccharide.

Material and methods

Preparation of A. actinomycetemcomitans

lipopolysaccharide

A. actinomycetemcomitans Y4 (serotype
b) was grown in Todd-Hewitt broth
supplemented with 1% (w/v) yeast
extract (Difco Laboratories, Detroit, MI)
anaerobically as described elsewhere
(34). Lipopolysaccharide from this peri-
odontopathic bacterium was extracted
using hot phenol-water, treated with
nuclease (Sigma, St. Louis, MO), and
then lyophilized as previously described
(27).

Cell cultures

A murine macrophage cell line
(RAW264.7), a kind gift from Dr. T.
Sizfizul (School of Biology, University
Sains Malaysia), was grown in Dulbecco’s
modified Eagle’s medium supplemented
with 5% fecal calf serum and 1% penicil-
lin-streptomycin (Sigma). After conflu-
ence, cells were harvested and washed
three times, and viable cells then counted.
Culture medium 200 ll, containing
2 · 105 cells was cultured in an incubator
in 5% CO2 at 37�C for 24 h and stimulated
with various concentrations of A. actin-
omycetemcomitans-lipopolysaccharide. As
a control, the cell cultures were stimulated
with lipopolysaccharide from Escherichia
coli (E. coli-lipopolysaccharide) (Sigma).
Cultures of cells alone without stimulation
were used as a negative control. Cell
cultures were also stimulated with 10 lg
of A. actinomycetemcomitans-lipopolysac-
charide in the presence of polymyxin B
(Sigma) at various concentrations. To
determine whether arginase activity of
RAW264.7 cells was induced by A. actin-
omycetemcomitans-lipopolysaccharide,
cells were incubated with various concen-
trations of l-norvaline or dl-norvaline and
10 lg of A. actinomycetemcomitans-lipo-
polysaccharide. Dexamethasone (Sigma),
a synthetic glucocorticoid, or cytokines
(recombinant murine interferon-c or IL-4)
(R & D Systems, Minneapolis, MN) was
added to the cell cultures with or without
A. actinomycetemcomitans-lipopolysac-
charide. In other experiments, cells were
incubated with antimurine CD14 or anti-
murine toll-like receptor 2 and 4 antibody
(Santa Cruz Biotech, Santa Cruz, CA) at
room temperature for 1 h, washed three
times, and then stimulated with 10 lg of
A. actinomycetemcomitans-lipopolysac-
charide. All experiments were repeated
three times, each consisting of triplicate
cultures.

Measurement of arginase activity

Arginase activity in cell lysate was deter-
mined by a colorimetric assay as previ-
ously described (21). Briefly, cells were
lysed with 50 ll of 0.1% Triton X-100 and
shaken for 30 min. The cell lysate was
then added with 50 ll of 25 mm Tris-HCl
(pH 7.5). To 25 ll of this lysate, 5 ll of
10 mm MnCl2 was added and the mixture
was heated at 56�C for 10 min. After
adding 50 ll of 0.5 m l-arginine (pH 9.7),
the mixture was incubated for 1 h at 37�C.
The reaction was stopped with 450 ll of
acid solution mixture (1 H2SO4: 3 H3PO4:
7 H2O). The color was developed by
adding 20 ll of 9% a-isonitropropiophe-
none (dissolved in 100% ethanol), heated
at 100�C for 45 min, and then read at
540 nm by lQuant spectrophotometer
(Biotek-Instrument Inc., Winooski, VT).
Arginase activity was calculated using the
arginase activity index with the following
formula (3):

Arginase activity index¼
ðtest arginase activityÞ�
100=media only arginase

Arginase from cultured cells alone was
assigned an activity index value of 100.

Statistical analysis

The data were analyzed with one-way
analysis of variance followed by Fisher’s
least squares differences using the SPSS
statistical package (SPSSCo., Chicago, IL).

Results

Arginase activity by murine macrophages

Increased arginase activity by murine
macrophages (RAW264.7 cells) stimulated
with E. coli-lipopolysaccharide was
observed (Fig. 1). Similarly, A. actin-
omycetemcomitans-lipopolysaccharide-sti-
mulated RAW264.7 cells produced
detectable arginase activity. At any given
lipopolysaccharide concentration, the lev-
els of arginase activity in A. actinomyce-
temcomitans-lipopolysaccharide-stimula-
ted RAW264.7 cells were significantly
lower than those in E. coli-lipopolysac-
charide-stimulated RAW264.7 cells
(P < 0.05).

Effects of polymyxin B

Increased concentrations of polymyxin B
added to the A. actinomycetemcomitans-
lipopolysaccharide-stimulated RAW264.7
cells were correlated with decreased levels
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of arginase activity (P < 0.05) (Fig. 2).
These results indicated that polymyxin B
abolished the stimulatory effect of A. actin-
omycetemcomitans-lipopolysaccharide on
arginase activity by RAW264.7 cells.

Effect of norvaline, an arginase inhibitor

l-norvaline, but not its derivative
dl-norvaline, suppressed arginase activity
by A. actinomycetemcomitans-lipopolysac-
charide-stimulated RAW264.7 cells

(P < 0.05) (Fig. 3), indicating that A.
actinomycetemcomitans-lipopolysaccha-
ride indeed activated arginase activity by
RAW264.7 cells.

Effect of dexamethasone, a synthetic

glucocorticoid

Dexamethasone has been shown to act on
arginase activity by murine macrophages
(11, 19). The present study also revealed
that dexamethasone increased arginase
activity by A. actinomycetemcomitans-
lipopolysaccharide-stimulated RAW264.7
cells in a dose-dependent fashion
(P < 0.05) (Fig. 4). However, the addition
of dexamethasone failed to augment argi-
nase activity by RAW264.7 cells without
stimulation of A. actinomycetemcomitans-
lipopolysaccharide (P > 0.05).

Effect of cytokines

The effects of interferon-c and IL-4 on
arginase activity by A. actinomycetemco-
mitans-lipopolysaccharide-stimulated
RAW264.7 cells were assessed, as these
cytokines have been shown to regulate
arginase activity (3, 10, 21). The results of
the present study indicate that increasing
concentrations of interferon-c added to the
cultures of A. actinomycetemcomitans-
lipopolysaccharide-stimulated RAW264.7
cells resulted in decreasing levels of argi-
nase activity (Fig. 5). This cytokine did not

augment arginase activity by cells without
stimulation of A. actinomycetemcomitans-
lipopolysaccharide (P > 0.05). In sharp
contrast, IL-4 promoted arginase activity
by RAW264.7 cells with or without the
presence of A. actinomycetemcomitans-
lipopolysaccharide (P < 0.05) (Fig. 5).

Role of CD14 molecules

To exert its effect on target cells, lipopoly-
saccharide binds with lipopolysaccharide-
binding protein and this complex of
molecules binds to CD14 molecules on
the surface of target cells (17). When
RAW264.7 cells were coated with anti-
CD14 antibody and then stimulated with
A. actinomycetemcomitans-lipopolysac-
charide, arginase activity was significantly
reduced (P < 0.05) (Fig. 6), suggesting
that A. actinomycetemcomitans-lipopoly-
saccharide might bind to CD14 molecules
of RAW264.7 cells, leading to activation
of arginase activity.

Role of toll-like receptor 2 and 4

Following lipopolysaccharide-CD14 bind-
ing, the CD14 molecules concentrate and
present lipopolysaccharide to the toll-like
receptor 4–MD2 complex, generating sig-
nal transduction (17). Indeed, when toll-
like receptor 4 but not toll-like receptor 2
molecules were blocked by their respective
antibodies, A. actinomycetemcomitans-
lipopolysaccharide failed to stimulate
arginase activity in RAW264.7 cells
(P < 0.05) (Fig. 7), indicating that the
presence of toll-like receptor 4 molecules
is a prerequisite for A. actinomycetemcom-
itans-lipopolysaccharide to induce argi-
nase activity in RAW264.67 cells.

Discussion

Our previous study showed that A. actin-
omycetemcomitans-lipopolysaccharide sti-
mulates the production of nitric oxide by
RAW264.7 cells and spleen cells (27, 31).
The present study showed that A. actin-
omycetemcomitans-lipopolysaccharide is
also able to stimulate arginase activity by
these cells. It seems plausible that
A. actinomycetemcomitans-lipopolysac-
charide is capable of concurrently stimu-
lating nitric oxide production and arginase
activity by murine macrophages. Support
can be drawn from the fact that E. coli-
lipopolysaccharide activates both indu-
cible nitric oxide synthase and arginase
in RAW264.7 cells by different transcrip-
tional mechanisms (32). It should be noted
that A. actinomycetemcomitans-lipopoly-
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Fig. 1. Arginase activity in RAW264.7 cells stimulated with lipopolysaccharide from Escherichia
coli and Actinobacillus actinomycetemcomitans. The arginase activity index of cells alone was set at
100. * Significant difference at P < 0.05 between arginase activity in A. actinomycetemcomitans- and
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saccharide at any concentration induced
significantly less arginase activity than
E. coli-lipopolysaccharide, indicating that
A. actinomycetemcomitans-lipopolysac-
charide may be less potent than E. coli-
lipopolysaccharide in inducing arginase
activity in murine macrophages.
The present study indicated that polym-

yxin B abrogated the stimulatory effects of

A. actinomycetemcomitans-lipopolysac-
charide on macrophage-derived arginase
activity. Polymyxin B, derived from Bacil-
lus polymyxa, binds to the lipid A portion
of lipopolysaccharide with 1 : 1 stoichi-
ometry, leading to abolishment of lipo-
polysaccharide activity (20). Therefore,
one may assume that the lipid A portion
of A. actinomycetemcomitans-lipopolysac-

charide may be responsible for murine
macrophage activation, leading to arginase
activation. However, this notion remains to
be investigated further.
Arginase activity in A. actinomycetem-

comitans-lipopolysaccharide-stimulated
RAW264.7 cells was significantly sup-
pressed in the presence of l-norvaline, but
not dl-norvaline, in accordance with a
previous report that arginase activity in
murine macrophage cell line (J744A.1
cells) stimulated with lipopolysaccharide
from enteric bacteria was inhibited by
l-norvaline (7). The exact mechanism by
which l-norvaline inhibited arginase activ-
ity seen in the present study is unknown.
l-Norvaline might mimic the structure of
ornithine and/or inhibit ornithine tran-
scarbamylase, leading to accumulation of
ornithine, which in turn might down-
regulate arginase (5, 23–25). However,
this notion remains to be clarified.
In the present study, arginase activity

in A. actinomycetemcomitans-lipopolysac-
charide-stimulated RAW264.7 cells was
augmented by dexamethasone, suggesting
that the activity may be up-regulated by
glucocorticoid, as seen in our previous
study (11, 19). Alternatively, dexametha-
sone might inhibit the activation of phos-
phodiesterase 4, augmenting cyclic-AMP
levels (1) and hence promoting arginase
activity (11, 18, 33).
The results of the present study showing

that arginase activity in A. actinomycetem-
comitans-lipopolysaccharide-stimulated
RAW264.7 cells was up-regulated by IL-4
but suppressed by interferon-c were not
unexpected. Interferon-c is known to
up-regulate the expression of inducible
nitric oxide synthase without altering
arginase expression (11, 19, 32). Indeed,
our previous study also indicated that
interferon-c enhances nitric oxide produc-
tion by A. actinomycetemcomitans-lipo-
polysaccharide-stimulated RAW264.7 and
splenic cells (27, 31). There is therefore a
strong possibility that endogenous l-argin-
ine is predominantly converted by
interferon-c and A. actinomycetemcomi-
tans-lipopolysaccharide-activated indu-
cible nitric oxide synthase to produce
nitric oxide. In contrast, IL-4 stimulates
arginase activity to catalyze l-arginine to
produce urea (9, 21). Our previous data
demonstrated that this cytokine suppresses
the production of nitric oxide in A. actin-
omycetemcomitans-lipopolysaccharide-sti-
mulated RAW264.7 and splenic cells (27,
31). Furthermore, the expression of argi-
nase I and II is up-regulated by IL-4 and
lipopolysaccharide, respectively (19, 21).
It seems plausible that the increased levels
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of arginase activity by both IL-4 and A.
actinomycetemcomitans-lipopolysaccha-
ride seen in the present study might be the
result of increased expression of both
arginase I and II. This remains to be
further clarified, as the present study did
not assess the levels of arginase isoform
expression in RAW264.7 cells after stimu-
lation with A. actinomycetemcomitans-
lipopolysaccharide.
The present study demonstrated that the

ability of A. actinomycetemcomitans-lipo-
polysaccharide to stimulate arginase activ-
ity in RAW264.7 cells may be dependent
on the presence of CD14 and toll-like
receptor 4 molecules. It has been shown
that the responsiveness of the cells to
A. actinomycetemcomitans-lipopolysac-

charide is mediated by the CD14–toll-like
receptor 4 molecule complex (18). It
seems plausible that A. actinomycetem-
comitans-lipopolysaccharide might ini-
tially bind to CD14 molecules on
RAW264.7 cells, which in turn might
present A. actinomycetemcomitans-lipo-
polysaccharide to the toll-like receptor–
MD2 complex, thereby inducing signal
cascades activating arginase (17). This
speculation remains to be investigated
further, however.
The extrapolation of the present study to

the immunopathogenesis of periodontal
disease remains speculative. A study by

Güllü and colleagues demonstrated that the
levels of gingival arginase activity in
periodontally diseased patients were lower
than those of gingival inducible nitric
oxide synthase expression and this balance
of enzyme levels was reversed after peri-
odontal treatments (12). These results are
supported by the previous (19) and the
present study, which showed that recipro-
cal levels of nitric oxide and arginase
activity occurred due to the regulatory role
of IL-4 and interferon-c on inducible nitric
oxide synthase and arginase. Furthermore,
expression of inducible nitric oxide syn-
thase and activity of arginase seen in the
inflamed gingival tissues (12) indicate that
periodontopatic bacteria may stimulate
both enzymes in the arginine metabolism
during the course of periodontal disease.
The possibility that A. actinomycetemcom-
itans may also induce arginase activity in
gingival macrophages, determining the
course of periodontal disease, can not be
ruled out and needs to be elucidated.
In conclusion, the present study showed

that arginase activity could be observed in
A. actinomycetemcomitans-lipopolysac-
charide-stimulated RAW264.7 cells and
was inhibited by polymyxin B and
l-norvaline. Dexamethasone and IL-4 up-
regulated and interferon-c suppressed
arginase activity in A. actinomycetemcom-
itans-lipopolysaccharide-stimulated RAW-
264.7 cells. Pretreatment of RAW264.7
cells with anti-CD14 and anti-toll-like
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receptor 4 but not anti-toll-like receptor 2
antibody suppressed arginase activity in
these cells after stimulation with A. actino-
mycetemcomitans-lipopolysaccharide. The
results suggest that arginase activity in
A. actinomycetemcomitans-lipopolysaccha-
ride-stimulated RAW264.7 cells may be
dependent on the CD14–toll-like recep-
tor 4 molecule complex and may be regu-
lated by Th1 and Th2 cytokines and
glucocorticoid.
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