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Salimuddin,Akitoshi Nagasaki, Tomomi Gotoh, Hiro-
taka Isobe, and Masataka Mori. Regulation of the genes
for arginase isoforms and related enzymes in mouse macro-
phages by lipopolysaccharide. Am. J. Physiol. 277 (Endocri-
nol. Metab. 40): E110–E117, 1999.—Arginase exists in two
isoforms, the hepatic (arginase I) and extrahepatic types
(arginase II). Arginase I is markedly induced in rat peritoneal
macrophages and rat tissues in vivo by bacterial lipopolysac-
charide (LPS). In contrast, both arginase I and arginase II are
induced in LPS-activated mouse peritoneal macrophages. In
the present study, expression of arginase isoforms and related
enzymes was studied in mouse tissues in vivo and in perito-
neal macrophages with RNA blot and immunoblot analyses
and enzyme assay. When mice were injected intraperitoneally
with LPS, inducible nitric oxide synthase (iNOS) and argi-
nase II were induced early in the lung and spleen. mRNAs for
argininosuccinate synthase (AS) and ornithine decarboxylase
(ODC) were also induced early. In comparison, arginase I was
induced later in the lung. Early induction of iNOS, arginase
II, AS, ODC, and cationic amino acid transporter 2 and late
induction of arginase I were observed in LPS-activated
peritoneal macrophages. These results indicate that the
genes for the two arginase isoforms are regulated differen-
tially. Possible roles of the arginase isoforms in the regulation
of nitric oxide production and in polyamine synthesis are
discussed.

arginase I; arginase II; nitric oxide; nitric oxide synthase

ARGININE plays a central role in the biosynthesis of
various products, including nitric oxide (NO), urea,
creatine phosphate, proline, and polyamines. The cellu-
lar production of NO absolutely depends on the avail-
ability of arginine because no other physiological amino
acid or guanidino-containing compound can substitute
as a substrate for NO synthase (NOS). Arginine is
metabolized by NOS to NO and citrulline and by
arginase to urea and ornithine. Ornithine is a substrate
for the synthesis of polyamines and proline, whereas
citrulline, a coproduct of the NOS reaction, is utilized
for the synthesis of arginine via the ‘‘citrulline-NO
cycle’’ (14, 15, 22, 26, 27, 37). The intracellular level of
arginine is maintained and replenished by endogenous
sources like intracellular protein degradation or by
exogenous sources from the kidney, where arginine is
synthesized from citrulline by the enzymes argininosuc-
cinate synthase (AS) and argininosuccinate lyase (AL;
Ref. 24). Because arginase and NOS share a common

substrate, NO production is likely to be linked to the
regulation of arginase activity, especially in nonhepatic
tissues where the complete urea cycle is not present (3).
In fact, it was reported that the balance of arginine
metabolism between these two enzymes has important
pathophysiological effects (1, 13, 19, 30).

Arginase exists in two isoforms, the hepatic type
(arginase I) and the extrahepatic type (arginase II).
The cDNA and the gene for arginase I were isolated,
and the regulation of the gene was studied (10, 34).
cDNAs for human and rat arginase II were also isolated
(12, 25, 35), and the human gene was mapped to
chromosome 14q24.1–24.3 (9). Wang et al. (36) and
Gotoh et al. (12) found that arginase II and the induc-
ible form of NOS (iNOS) are coinduced in murine
macrophage-like RAW 264.7 cells by bacterial lipopoly-
saccharide (LPS), which suggests that arginase II is
involved in downregulation of NO production. On the
other hand, we found that arginase I and iNOS are
coinduced by LPS in the cultured rat peritoneal macro-
phages and in the lung and spleen in vivo (33). More
recently, Louis et al. (21) showed that both arginase I
and arginase II are induced in activated mouse perito-
neal macrophages. To understand the roles of these two
arginase isoforms in mouse macrophages in vivo, we
analyzed the expression of the genes for these isoforms
in mouse tissues after LPS treatment.

Here, we report that iNOS and arginase II are
induced early in the lung and spleen of LPS-treated
mice. On the other hand, arginase I is induced late in
the lung and is not induced in the spleen. In LPS-
treated mouse peritoneal macrophages like lung, iNOS
and arginase II were induced early, whereas arginase I
was induced later. Changes in the mRNAs for metaboli-
cally related enzymes are also reported.

MATERIALS AND METHODS

Materials. A monoclonal antibody against mouse iNOS was
purchased from Transduction Laboratories (Lexington, KY),
and an antibody against human arginase I was raised in a
rabbit, as described previously (16). An antibody against rat
arginase II was raised in a rabbit by injection of the synthetic
peptide corresponding to residues 336–354 of the enzyme
(DDBJ/EMBL/GenBank databases, accession no. D86928)
that had been conjugated with keyhole limpet hemocyanin.

Animals and LPS treatment. Specific pathogen-free male
BALB/c mice (5–7 wk of age) were given Escherichia coli LPS
(serotype 0127:B8, Sigma, St. Louis, MO) intraperitoneally at
10 mg/kg of body weight and were killed at the indicated
times after anesthetization with ether.

Preparation and culture of mouse peritoneal macrophages.
Male BALB/c mice (7 wk of age) were given 2 ml of 10%
polypeptone (Difco Laboratory, Detroit, MI) intraperitoneally,
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and peritoneal cells were harvested 3 days after the injection
(8). The cells were seeded in 10-cm culture dishes at 1 3 107

cells/dish in RPMI 1640 medium supplemented with 10%
heat-inactivated fetal calf serum. After incubation for 3 h,
nonadherent cells were removed by being washed three times
with phosphate-buffered saline, and the adherent cells were
cultured in the absence or presence of LPS (10 µg/ml; Ref. 33)
at 37°C under 5% CO2 in air for the indicated time periods.
Practically all adherent cells prepared by the same procedure
were shown to be macrophages (26).

RNA blot analysis. Total RNAs from mouse tissues were
prepared by the guanidinium thiocynate-phenol-chloroform
extraction procedure (4). Total RNA from peritoneal cells (1 3
107 cells) was isolated with the Trizol reagent (GIBCO/BRL,
Gaithersburg, MD) according to the recommendations of the
manufacturer. After electrophoresis in formaldehyde-contain-
ing agarose gels, RNAs were transferred to nylon mem-
branes. Hybridization was performed with the following
probes: digoxigenin-labeled antisense RNAs for mouse iNOS
(26), rat arginase I (33), rat arginase II (12), rat AS (38),
mouse ornithine decarboxylase (ODC), and rat cationic amino
acid transporter 2 (CAT-2). The template plasmids for the last
two proteins were prepared as follows. Partial cDNAs for
mouse ODC (nt 477–1046; GenBank, accession no. M10624;
Ref. 17) and mouse CAT-2 (nt 1289–1834; GenBank, acces-
sion no. L11600; Ref. 5) were isolated by PCR with mouse
kidney RNA and rat liver RNA, respectively, and inserted into
the Hinc II site of pGEM-3Zf(1) (Promega, Madison, WI),
yielding pGEM-mODC-1 and pGEM-rCAT-2–1, respectively.
Chemiluminescence signals derived from hybridized probes
were detected on X-ray films with the digoxigenin lumines-
cence detection kit (Boehringer Mannheim, Mannheim, Ger-
many), and the band intensities were quantified densitometri-
cally with the MacBas bioimage analyzer (Fuji Photo Film,
Tokyo, Japan).

Immunoblot analysis. Mouse tissues and peritoneal cells
were homogenized in 9 vol of 20 mM potassium HEPES
buffer, pH 7.4, containing 0.5% Triton X-100, 1 mM dithiothre-
itol, 10% (wt/vol) glycerol, 50 µM antipain, 50 µM leupeptin,
50 µM chymostatin, and 50 µM pepstatin. The homogenates
were centrifuged at 25,000 g for 30 min at 4°C, and the
supernatants were used as tissue or cell extracts. The ex-
tracts were subjected to SDS-10% polyacrylamide gel electro-
phoresis, and proteins were electrotransferred to nitrocellu-
lose membranes. Immunodetection was performed with the
enhanced chemiluminescence kit (Amersham Life Science,
Buckinghamshire, UK) according to the protocol of the manu-
facturer. Chemiluminescence signals were detected on X-ray
films and were quantified with the MacBas bioimage ana-
lyzer.

iNOS activity. The tissue extracts were prepared as de-
scribed in Immunoblot analysis. iNOS activity was assayed
by measuring conversion of L-[3H]arginine to L-[3H]citrulline
essentially as described by Lui et al. (20). In brief, 30 µl of
tissue extracts were incubated in a mixture (150 µl) contain-
ing 6 mM potassium HEPES, pH 7.6, 1 mM L-[3H]arginine (3
mCi/mmol; Amersham Life Science), 1 mM NADPH, 30 nM
calmodulin, 3 µM (6R)-5,6,7,8-tetrahydrobiopterin, 20 µM
FAD, 20 µM flavin mononucleotide or FMN, and 60 mM
L-valine (to inhibit arginase activity) at 37°C for 20 min. The
reaction was stopped by adding 300 µl of 100 mM potassium
HEPES, pH 5.5, containing 2 mM EDTA, and 2 mM EGTA.
The reaction mixture was applied to a Dowex AG50W-X8
(Na1 form) column (2 ml; Bio-Rad Laboratories, Hercules,
CA), and eluted L-[3H]citrulline was measured in a scintilla-
tion counter.

Arginase activity. The tissue extracts were prepared as
described in Immunoblot analysis. Arginase was preactivated
by incubation of the tissue extracts with 50 mM MnCl2 at
37°C for 30 min. Arginase I and arginase II activities were
measured by immunodepletion with the anti-arginase I anti-
body. Preactivated tissue extracts (22.5 µl) were incubated
with 2.5 µl of anti-arginase I serum or nonimmune rabbit
serum (control) in 50 µl of 6 mM potassium HEPES, pH 7.4,
for 10 min at 25°C. The mixture was then incubated with 100
µl of protein A Sepharose (Pharmacia Biotech, Uppsala,
Sweden; 32 suspension) for 10 min at 25°C, and antigen-
antibody complex was removed by centrifugation. Superna-
tant was used to measure the enzyme activity according to
the method of Schimke (29). Immunodepleted and nonde-
pleted activities were regarded as arginase I and arginase II
activities, respectively. Under these conditions, arginase activ-
ity in the liver extract was completely depleted, whereas the
activity in the kidney extract was not. The anti-arginase II
antibody used in the immunoblot analysis could not be used
for immunodepletion.

Another method. Protein was determined with the protein
assay reagent (Bio-Rad Laboratories) with bovine serum
albumin as a standard.

RESULTS

Distribution of mRNAs for arginase isoforms and
related enzymes in mouse tissues. Expression of mRNAs
for arginase I, arginase II, AS, and ODC in adult mouse
tissues was studied by RNA blot analysis (Fig. 1).
Arginase I mRNA of ,1.7 kb was expressed most
strongly in the liver where urea synthesis takes place,
was expressed weakly in the heart and spleen, and was
not detected in other tissues. In contrast, arginase II
mRNA of ,1.8 kb was expressed most strongly in the
small intestine, followed by large intestine and kidney.
mRNA of ,1.5 kb for AS, which is involved in the
synthesis of arginine and urea, was expressed strongly
in the liver, moderately in the testis, kidney, and heart,
and at very low levels in other tissues. mRNA (,2.6 kb)
for ODC, an enzyme that catalyzes a key step of
polyamine synthesis from ornithine, was expressed
strongly in the kidney, less strongly in the testis,
spleen, small intestine and large intestine, and weakly
in other tissues.

Induction of iNOS, arginase isoforms, and related
enzymes in the mouse lung by LPS. We analyzed the
induction of arginase isoforms and related enzymes by
LPS in the mouse tissues in vivo by RNA blot, immuno-
blot, and activity analyses. The amount of LPS was first
titrated at 1, 10, 25, and 50 mg/kg body wt by assess-
ment of induction of iNOS mRNA. Nearly maximal
induction was obtained by LPS at 10 and 25 mg/kg body
wt. Induction was less marked at 1 mg/kg body wt, and
mice died partly at 50 mg/kg body wt. Thus LPS at 10
mg/kg was chosen as the minimal dose to give nearly
maximal induction of iNOS mRNA. The results for the
lung are shown in Fig. 2. In RNA blot analysis, iNOS
mRNA of ,4.5 kb started to increase at 3 h after the
LPS treatment, reached a maximum at 6 h, decreased
sharply at 12 h, and then slowly declined thereafter
(Fig. 2, A and B). We found that both arginase I and
arginase II mRNAs were induced by LPS. Arginase I
mRNA, which was present at a very low level before the
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LPS treatment, started to increase at 12 h and contin-
ued to rise up to 36 h. In contrast, arginase II mRNA,
which was not detectable before LPS treatment, in-
creased at 3 h, reached a maximum at 6 h, and
decreased slowly thereafter. ODC mRNA was induced
with similar kinetics as iNOS and arginase II mRNAs.
AS mRNA was induced strongly but a little later than
mRNAs for iNOS, arginase II, and ODC, reaching a
maximum at 12 h and decreasing slowly thereafter.

In immunoblot analysis, arginase I protein of ,38
kDa became detectable at 24 h and increased somewhat
at 36 h (Fig. 2C). On the other hand, arginase II protein
of ,38 kDa was present at a very low level before the
LPS treatment, started to increase at 3 h, and in-
creased further up to 36 h. The induced level of
arginase II protein at 36 h was close to that in the
kidney.

NOS activity in the lung, which was barely detect-
able before the LPS treatment, increased up to 12 h and
then decreased (Fig. 2D). Between the two arginase
isoforms, arginase II activity increased early and
reached a maximum at 24 h. The activity at 24 h was
close to that in the kidney. In contrast, arginase I
activity became detectable at 24 h and increased at 36

h. Activity of arginase I at 36 h was lower than that of
arginase II. Thus the changes of activities of iNOS and
arginase isoforms in the lung agreed with those of
mRNAs and proteins for these enzymes.

Induction of iNOS, arginase isoforms, and related
enzymes in the mouse spleen by LPS. Expression of the
enzymes involved in arginine metabolism in the spleen
after the LPS treatment is shown in Fig. 3. iNOS
mRNA was induced early, increased up to 12 h, and
then decreased gradually until 36 h where it still
remained higher than basal levels (Fig. 3, A and B). In
sharp contrast to the lung, induction of arginase I
mRNA was not observed (data not shown). Arginase II
mRNA started to increase at 3 h, reached a plateau at 6
h, and remained high even up to 36 h after LPS
injection. ODC mRNA increased almost linearly with
time up to 12 h and then decreased slowly. AS mRNA
was detectable before the treatment, increased at 6 h by
about twofold, and remained at similar levels thereaf-
ter.

In immunoblot analysis, arginase II protein, which
was barely detectable before the LPS treatment, was
evident at 3 h, increased up to 12 h, and then decreased
slowly. The level of arginase II protein at 12 h was
similar to that in the kidney. Arginase I protein was not
detected during the LPS treatment.

NOS activity increased sharply up to 6 h and then
slowly up to 24 h and decreased at 36 h (Fig. 3D).
Arginase II activity increased in a similar kinetic
manner as NOS activity. The activity of arginase II at
24 h was similar to that in the kidney. Arginase I
activity was not detected during the LPS treatment.
Thus the changes of activities of iNOS and arginase
isoforms in the spleen agreed again with those of
mRNAs and proteins for these enzymes.

Induction of iNOS, arginase isoforms, and related
enzymes in mouse peritoneal macrophages by LPS.
Mouse peritoneal macrophages were cultured in the
presence of LPS, and the expression of mRNAs and
proteins for iNOS, arginase I, arginase II, AS, and
CAT-2 was studied (Fig. 4). iNOS mRNA species of ,4.5
and 7 kb, which were undetectable before the treat-
ment, were induced early, reached a maximum at 3 h,
and remained high up to 36 h (Fig. 4A). Arginase I
mRNA, which was present before LPS treatment, re-
mained much unchanged up to 9 h, increased markedly
at 24 h, and increased further at 36 h. Arginase II
mRNA was also present before the treatment, in-
creased up to 9 h, and remained high up to 36 h. AS
mRNA was induced very similarly as iNOS mRNA.
ODC mRNA increased weakly at 3 h and markedly at 9
h and then decreased to basal levels by 24 h. mRNA
species for CAT-2 of ,4.5 and 8 kb was induced at 3 h,
increased further at 9 h, and then decreased to a barely
detectable level at 24 h.

Induction of iNOS and arginase proteins in LPS-
treated mouse peritoneal macrophages was studied by
immunoblot analysis (Fig. 4B). iNOS protein of ,130
kDa was detected 3 h after the LPS treatment and
increased gradually up to 24 h. Thus the increase of the
protein was later than that of its mRNA, as expected.

Fig. 1. RNA blot analysis for arginase I (AI), arginase II (AII),
argininosuccinate synthase (AS), and ornithine decarboxylase (ODC)
in mouse tissues. Total RNAs (3.0 µg) from indicated tissues were
electrophoresed in formaldehyde-containing 1% agarose gels and
transferred to nylon membranes. Filters were hybridized with digoxi-
genin-labeled antisense RNA probes for arginase I, arginase II, AS,
and ODC as described in MATERIALS AND METHODS. Detection was
accomplished with a digoxigenin chemiluminescence detection kit
(Boehringer Mannheim). Positions of 28S (4.6 kb) and 18S (1.9 kb)
rRNAs are shown on right. Integrity of rRNAs was verified by the
apparently identical intensities of 28S and 18S rRNA bands stained
with ethidium bromide after elecrophoresis (bottom).
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Two polypeptides of ,35 and 38 kDa, which immunore-
acted with the arginase I antibody and comigrated with
those in the liver, were detected before the LPS treat-
ment, remained much unchanged up to 24 h, and
increased much at 36 h. These two polypeptides of

arginase I have often been observed and apparently
arose from the two initiation codons located 30 bp
apart, as reported for the rat enzyme (18, 28, 32). The
concentration of arginase I protein in the LPS-treated
peritoneal macrophages at 36 h was close to that in the

Fig. 2. Time course of induction of inducible
nitric oxide synthase (iNOS), arginase I (AI),
arginase II (AII), ODC, and AS in mouse
lung after lipopolysaccharide (LPS) treat-
ment. A: total RNAs were isolated from
mouse lung at indicated times after LPS
injection. Two mice at 0 (before LPS injec-
tion), 24, and 36 h and 3 mice at 3, 6, and 12
h were used. RNAs (2 µg) were subjected to
blot analysis. B: results in A were quantified
and are means 6 SD (solid line; n 5 3) or
means 6 ranges (dotted line; n 5 2). Maxi-
mal values are set at 100%. C: lung extracts
(20 µg of protein) from 2 mice at each time
were subjected to immunoblot analysis for
arginase isoforms. Cont, control. Mouse liver
extract (10 µg of protein) was included for
arginase I, and mouse kidney extract (10 µg
of protein) was included for arginase II.
Molecular mass markers (Rainbow protein
molecular size markers, Amersham) are ov-
albumin [46 kDa (k)] and carbonic anhy-
drase (30 kDa). D: activities of iNOS, argi-
nase I (s), and arginase II (r) were measured
as described in MATERIALS AND METHODS. Val-
ues are means 6 SD; n 5 3.
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liver, where this enzyme is expressed most strongly
under normal conditions. Arginase II protein of ,38
kDa was detected before the treatment and increased
gradually up to 36 h. The concentration of arginase II in
the activated peritoneal macrophages was somewhat
higher than that in the kidney where this enzyme is
expressed moderately under basal conditions.

DISCUSSION

It is known that arginase activity increases when
macrophages are stimulated by LPS and cytokines (2,

7, 19, 23, 30, 32). Recent molecular cloning of extrahe-
patic type arginase II (12, 25, 35) in addition to hepatic
arginase I (18, 28) has enabled us to differentiate
between the two distinct isoforms and to determine the
kinetics of their expression. Considerable confusion
exists concerning the relative expression of these iso-
forms in macrophages and tissues during the inflamma-
tory response. In LPS-stimulated mouse macrophage-
like RAW 264.7 cells, only arginase II was induced (12,
36), whereas only arginase I was induced in LPS-
stimulated rat peritoneal macrophages and in rat

Fig. 3. Time course of induction of iNOS,
arginase I (AI), arginase II (AII), ODC, and
AS in mouse spleen after LPS treatment. A:
total RNAs were isolated from mouse spleen,
and RNA blot analysis was performed as
described for Fig. 2. Three mice were used at
24 h instead of 2 mice. B: results in A were
quantified and are means 6 SD (solid line;
n 5 3) or means 6 ranges (dotted line; n 5
2). Maximal values are set at 100%. C:
spleen extracts (20 µg of protein) from 2 mice
at each time were subjected to immunoblot
analysis for arginase isoforms. Cont, control.
Mouse liver extract (10 µg of protein) was
included for arginase I, and mouse kidney
extract (10 µg of protein) was included for
arginase II. Molecular mass markers (Rain-
bow protein molecular size markers, Amer-
sham) are ovalbumin [46 kDa (k)] and car-
bonic anhydrase (30 kDa). D: activities of
iNOS, arginase I (s), and arginase II (r)
were measured as described in MATERIALS
AND METHODS. Values are means 6 SD; n 5 3.
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tissues in vivo (33). Recently, Louis et al. (21) found that
only arginase I is induced in rat peritoneal macro-
phages, whereas both arginases I and II are induced in
mouse peritoneal macrophages. The present study dem-
onstrates that both isoforms are induced by LPS in the
mouse lung in vivo. Thus expression of arginase iso-
forms differs between rat and mouse. Kinetic analysis
of their expression patterns in mice showed that argi-
nase II is induced early after the LPS treatment both in
the lung and spleen in vivo and in peritoneal macro-
phages in culture, whereas arginase I is induced later
in the lung and peritoneal macrophages. Arginase I was
not induced by the LPS treatment in the spleen,
whereas arginase II was seen to be markedly induced.
These findings point to the clear conclusion that the
genes for the two arginase isoforms are regulated
differently in response to LPS treatment in various
tissue types.

Experiments with peritoneal macrophages show that
the enzymes of arginine and NO metabolism are in-
duced in the same cells by LPS and suggest strongly
that these enzymes are also induced in macrophages in
the mouse lung and spleen in vivo. However, induction
kinetics in response to LPS treatment differed between
in vivo and cultured macrophages. In the cultured cells,
LPS stimulates the cells immediately after addition
and continues to do so throughout the course of the
experiment. In vivo, on the other hand, LPS-induced

cytokines in addition to LPS transported from the
abdominal cavity to the tissues may contribute to the
induction. Furthermore, different populations of macro-
phages (resident and nonresident) may exist in differ-
ent tissues of LPS-administered mice. In addition,
other inflammatory cells such as neutrophils and lym-
phocytes, which are present in the tissues, may modu-
late expression of these genes.

Based on the present kinetic studies in vivo, we
speculate the following events in the endotoxemia.
CAT-2, iNOS, and arginase II are induced early in
activated macrophages. Under these circumstances,
extracellular arginine will be actively taken up by the
macrophages and utilized by both iNOS and arginase
II. These metabolic changes are cytotoxic to infected
bacteria in two ways. First, NO produced by the iNOS
reaction is cytotoxic to the bacteria. Second, the deple-
tion of extracellular arginine by its active uptake is
thought to exert static action on bacterial growth. In
fact, plasma arginine concentration was reported to
decrease in septic patients (6). At the same time, AS is
induced and recycles citrulline formed by the iNOS
reaction to arginine. On the other hand, arginase I is
induced later than arginase II. Overproduction of NO is
toxic to macrophages and neighboring cells. Therefore,
there must be a mechanism to prevent sustained
overproduction of NO. CAT-2 and iNOS mRNAs and
iNOS activity decreased after early induction in vivo,

Fig. 4. Time course of induction of iNOS,
arginase I (AI), arginase II (AII), ODC,
AS, and cationic amino acid transporter
2 (CAT-2) in mouse peritoneal cells after
LPS treatment. A: cells were collected
from 8 mice and were pooled and treated
with 10 µg/ml of LPS, and total RNAs
were isolated at indicated times after
LPS treatment. 0 h, before LPS treat-
ment. RNAs (2 µg) were subjected to blot
analysis. B: cells were collected from 16
mice and were pooled and treated with
10 µg/ml of LPS for indicated periods,
and cell extracts (10 µg of protein) were
subjected to SDS-10% polyacrylamide gel
electrophoresis. Proteins were electro-
transferred to nitrocellulose membranes,
and membranes were immunoblotted
with mouse monoclonal antibody against
mouse iNOS (0.25 µg/ml) or rabbit anti-
sera against arginase I or arginase II
(5,000- and 500-fold dilution, respec-
tively). Cont, control. Mouse macrophage
extract in iNOS detection kit (Transduc-
tion Laboratories; 10 µg of protein) was
included for iNOS, mouse liver extract
(10 µg of protein) was included for argi-
nase I, and mouse kidney extract (10 µg
of protein) was included for arginase II.
Molecular mass markers (Rainbow pro-
tein molecular size markers, Amersham)
are myosin [200 kDa (k)], phosphorylase
b (97.4 kDa), ovalbumin (46 kDa), and
carbonic anhydrase (30 kDa).
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which suggests that arginine uptake and NO produc-
tion decrease in the late stage of endotoxemia. Further-
more, arginase I is induced later and may function in
downregulating NO production. In fact, arginase has
been shown to modulate NO production in activated
macrophages (3, 23, 30) and endothelial cells (2). More
recently, we showed that arginase downregulates NO
production and prevents NO-mediated apoptosis in
macrophage-like RAW 264.7 cells (11). Ornithine, which
is formed by arginases I and II in endotoxemia, may be
utilized for synthesis of polyamines and proline (and
thus collagen), which are required for cell growth and
tissue repair.

We have recently shown that the induction of the
arginase I gene in LPS-stimulated rat macrophages is
mediated, at least partly, by the preceding induction of
CAAT/enhancer binding protein-b (10, 33) . Molecular
cloning of the arginase II promoter region was reported
(31), and studies on the transcriptional regulation of
this gene remain to be performed. Insights into the
molecular mechanisms responsible for the divergent
expression patterns of the arginase isoforms are in
need of elucidation.

The first two authors contributed equally to this work.
We thank our colleagues for the comments and discussion and

Gary Wright of this laboratory for critically reading the manuscript.
This work was supported in part by Grants-in-Aid (0557020 and

09276103) from the Ministry of Education, Science, Sports, and
Culture of Japan to M. Mori and a grant from Taisho Pharmaceutical
(Tokyo, Japan) to M. Mori.

Address for reprint requests and other correspondence: M. Mori,
Dept. of Molecular Genetics, Kumamoto Univ. School of Medicine,
Honjo 2-2-1, Kumamoto 860-0811, Japan (E-mail: masa@gpo.
kumamoto-u.ac.jp).

Received 15 September 1998; accepted in final form 9 March 1999.

REFERENCES

1. Albina, J. E., C. D. Mills, W. L. Henry, and M. D. Caldwell.
Temporal expression of different pathways of L-arginine metabo-
lism in healing wounds. J. Immunol. 144: 3877–3880, 1990.

2. Buga, G. M., R. Singh, S. Pervin, N. E. Rogers, D. A.
Schmitz, C. P. Jenkinson, S. D. Cederbaum, and L. J.
Ignarro. Arginase activity in endothelial cells: inhibition by
NG-hydroxy-L-arginine during high-output NO production. Am. J.
Physiol. 271 (Heart Circ. Physiol. 40): H1988–H1998, 1996.

3. Chang, C., J. C. Liao, and L. Kuo. Arginase modulates nitric
oxide production in activated macrophages. Am. J. Physiol. 274
(Heart Circ. Physiol. 43): H342–H348, 1998.

4. Chomczynski, P., and N. Sacchi. Single-step method of RNA
isolation by acid guanidinium thiocyanate-phenol-chloroform
extraction. Anal. Biochem. 162: 156–159, 1987.

5. Closs, E. I., L. M. Albritton, J. W. Kim, and J. M. Cunning-
ham. Identification of a low affinity, high capacity transporter of
cationic amino acids in mouse liver. J. Biol. Chem. 268: 7538–
7544, 1993.

6. Clowes, G. H. A., H. T. Randall, and C. J. Cha. Amino acid
metabolism in septic and traumatized patients. J. Parenter.
Enteral Nutr. 4: 195–205, 1980.

7. Currie, G. A. Activated macrophages killed tumor cells by
releasing arginase. Nature 273: 758–760, 1978.

8. Feldman, J. D., and E. M. Pollock. Endocytosis by macro-
phages of altered soluble protein. The effect of binding to
particulate surfaces and of IgM and IgG antibody. J. Immunol.
113: 329–342, 1974.

9. Gotoh, T., M. Araki, and M. Mori. Chromosomal localization of
the human arginase II gene and tissue distribution of its mRNA.
Biochem. Biophys. Res. Commun. 233: 487–491, 1997.

10. Gotoh, T., S. Chowdhury, M. Takiguchi, and M. Mori. The
glucocorticoid-responsive gene cascade. Activation of the rat
arginase gene through induction of C/EBP. J. Biol. Chem. 272:
3694–3698, 1997.

11. Gotoh, T., and M. Mori. Arginase II downregulates nitric oxide
(NO) production and prevents NO-mediated apoptosis in murine
macrophage-derived RAW 264.7 cells. J. Cell Biol. 144: 427–434,
1999.

12. Gotoh, T., T. Sonoki, A. Nagasaki, K. Terada, M. Takiguchi,
and M. Mori. Molecular cloning of cDNA for nonhepatic mito-
chondrial arginase (arginase II) and comparison of its induction
with nitric oxide synthase in a murine-like cell line. FEBS Lett.
395: 119–122, 1996.

13. Granger, D. L., J. B. Hibbs, Jr., J. R. Perfect, and D. T.
Durack. Metabolic fate of L-arginine in relation to microbiostatic
capability of murine macrophage. J. Clin. Invest. 85: 264–273,
1990.

14. Hattori, Y., E. B. Compbell, and S. S. Gross. Argininosucci-
nate synthase mRNA and activity are induced by immunostimu-
lants in vascular smooth muscle. J. Biol. Chem. 269: 9405–9408,
1994.

15. Hecker, M., W. C. Sessa, H. J. Harris, E. E. Anggard, and
J. R. Vane. The metabolism of L-arginine and its significance for
the biosynthesis of endothelium-derived relaxing factor: cultured
endothelial cells recycle L-citrulline to L-arginine. Proc. Natl.
Acad. Sci. USA 87: 8612–8616, 1990.

16. Ikemoto, M., M. Tabata, T. Miyaka, T. Kono, M. Mori, M.
Totani, and T. Murachi. Expression of human liver arginase in
Escherichia coli. Purification and properties of the product.
Biochem. J. 270: 697–703, 1990.

17. Kahana, C., and D. Nathans. Nucleotide sequence of murine
ornithine decarboxylase mRNA. Proc. Natl. Acad. Sci. USA 82:
1673–1677, 1985.

18. Kawamoto, S., Y. Amaya, K. Murakami, F. Tokunaga, S.
Iwanaga, K. Kobayashi, T. Saheki, S. Kimura, and M. Mori.
Complete nucleotide sequence of cDNA and deduced amino acid
sequence of rat liver arginase. J. Biol. Chem. 262: 6280–6283,
1987.

19. Kung, J. T., S. B. Brooks, J. P. Jakway, L. L. Leonard, and
D. W. Talmage. Suppression of in vitro cytotoxic response by
macrophages due to induced arginase. J. Exp. Med. 146: 665–
672, 1977.

20. Liu, S. F., X. Ye, and A. B. Malik. In vivo inhibition of nuclear
factor-k B activation prevents inducible nitric oxide synthase
expression and systematic hypotension in a rat model of septic
shock. J. Immunol. 159: 3976–3983, 1997.

21. Louis, C. A., J. S. Reichner, W. L. Henry, Jr., B. Mastrofran-
cesco, T. Gotoh, M. Mori, and J. E. Albina. Distinct arginase
isoforms expressed in primary and transformed macrophages:
regulation by oxygen tension. Am. J. Physiol. 274 (Regulatory
Integrative Comp. Physiol. 43): R775–R782, 1998.

22. Mitchell, J. A., M. Hecker, and J. R. Vane. The generation of
L-arginine in endothelial cells is linked to the release of endothe-
lium-derived relaxing factor. Eur. J. Pharmacol. 176: 253–254,
1990.

23. Modolell, M., I. M. Corraliza, F. Link, G. Soler, and K.
Eichmann. Reciprocal regulation of the nitric oxide synthase/
arginase balance in mouse bone marrow-derived macrophages by
TH1 and TH2 cytokines. Eur. J. Immunol. 25: 1101–1104, 1995.

24. Morris, S. M., Jr. Regulation of enzymes of urea and arginine
synthesis. Annu. Rev. Nutr. 12: 81–101, 1992.

25. Morris, S. M., Jr., D. Bhamidipati, and D. Kepka-Lenhart.
Human type II arginase: sequence analysis and tissue-specific
expression. Gene 193: 157–161, 1997.

26. Nagasaki, A., T. Gotoh, M. Takeya, Y. Yu, M. Takiguchi, H.
Matsuzaki, K. Takatsuki, and M. Mori. Coinduction of nitric
oxide synthase, argininosuccinate synthetase, and argininosucci-
nate lyase in lipopolysaccharide-treated rats. RNA blot, immuno-
blot, and immunohistochemical analyses. J. Biol. Chem. 271:
2658–2662, 1996.

27. Nussler, A. K., T. R. Billiar, Z. Z. Liu, and S. M. Morris, Jr.
Coinduction of nitric oxide synthase and argininosuccinate syn-
thetase in a murine macrophage cell line. Implications for
regulation of nitric oxide production. J. Biol. Chem. 269: 1257–
1261, 1994.

E116 REGULATION OF ARGINASE ISOFORM GENES



28. Ohtake, A., M. Takiguchi, Y. Shigeto, Y. Amaya, S. Kawa-
moto, and M. Mori. Structural organization of the gene for rat
liver-type arginase. J. Biol. Chem. 263: 2245–2249, 1988.

29. Schimke, R. T. Adaptive characteristics of urea cycle enzymes
in the rat. J. Biol. Chem. 237: 459–468, 1962.

30. Shearer, J. D., J. R. Richards, C. D. Mills, and M. D.
Caldwell. Differential regulation of macrophage arginine me-
tabolism: a proposed role in wound healing. Am. J. Physiol. 272
(Endocrinol. Metab. 35): E181–E190, 1997.

31. Shi, O., D. Kepka-Lenhart, S. M. Morris, Jr., and W. E.
O’Brien. Structure of the murine arginase II gene. Mamm.
Genome 9: 822–824, 1998.

32. Shinomiya, T., T. Ohara., N. Wada, A. Omori, and N. Ka-
mada. Rat liver arginase suppresses mixed lymphocyte reaction.
J. Biochem. (Tokyo) 107: 435–439, 1990.

33. Sonoki, T., A. Nagasaki, T. Gotoh, M. Takiguchi, M. Takeya,
H. Matsuzaki, and M. Mori. Coinduction of nitric-oxide syn-
thase and arginase I in cultured rat peritoneal macrophages and

rat tissues in vivo by lipopolysaccharide. J. Biol. Chem. 272:
3689–3693, 1997.

34. Takiguchi, M., and M. Mori. Transcriptional regulation of
genes for ornithine cycle enzymes. Biochem. J. 312: 649–659,
1995.

35. Vockley, J. G., C. P. Jenkinson, H. Shukla, R. M. Kern, W. W.
Grody, and S. D. Cederbaum. Cloning and characterization of
the human type II arginase gene. Genomics 38: 118–123, 1996.

36. Wang, W. W., C. P. Jenkinson, J. M. Griscavage, R. M. Kern,
N. S. Arabolos, R. E. Byrns, S. D. Cederbaum, and L. J.
Ignarro. Co-induction of arginase and nitric oxide synthase in
murine macrophages activated by lipopolysaccharide. Biochem.
Biophys. Res. Commun. 210: 1009–1016, 1995.

37. Wu, G. Y., and J. T. Brosnan. Macrophages can convert
citrulline into arginine. Biochem. J. 281: 45–48, 1992.

38. Yu, Y., K. Terada, A. Nagasaki, M. Takiguchi, and M. Mori.
Preparation of recombinant argininosuccinate synthetase and
argininosuccinate lyase: expression of the enzymes in rat tissues.
J. Biochem. (Tokyo) 117: 952–957, 1995.

E117REGULATION OF ARGINASE ISOFORM GENES


