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Arginase II catalyzes the conversion of arginine to urea 
and ornithine in many extrahepatic tissues. We investi-
gated the protective role of arginase II on lipopolysaccha-
ride-mediated apoptosis in the macrophage cells. Adeno-
viral gene transfer of full length of arginase II was per-
formed in the murine macrophage cell line RAW264.7. The 
role of arginase II was investigated with cell viability, cyto-
plasmic histone-associated DNA fragmentation assay, 
arginase activity, nitric oxide production, and Western blot 
analysis. Arginase II is localized in mitochondria of macro-
phage cells, and the expression of arginase II was in-
creased by lipopolysaccharide (LPS). LPS significantly 
increased cell death which was inhibited by AMT, a spe-
cific inducible nitric oxide synthase (iNOS) inhibitor. In 
contrast, LPS-induced cell death and nitric oxide produc-
tion were increased by 2-boronoethyl-L-cysteine, a spe-
cific inhibitor of arginase. Adenoviral overexpression of 
arginase II significantly inhibited LPS-induced cell death 
and cytoplasmic histone-associated DNA fragmentation. 
LPS-induced iNOS expression and poly ADP-ribose poly-
merase cleavage were significantly suppressed by argi-
nase II overexpression. Furthermore, arginase II overex-
pression resulted in a decrease in the Bax protein level 
and the reverse induction of Bcl-2 protein. Our data dem-
onstrated that inhibition of NO production by arginase II 
may be due to arginine depletion as well as iNOS suppres-
sion though its reaction products. Moreover, arginase II 
plays a protective role of LPS-induced apoptosis in 
RAW264.7 cells. 
 
 
INTRODUCTION 
 
Nitric oxide (NO) is an important biomolecule involved in many 
physiological and pathological processes. Overproduction of 
NO can contribute to tissue injury and toxicity. Especially, NO 
has been shown to mediate apoptosis in the macrophages (Dim- 

meler and Zeiher, 1997). Also in pathologic processes, excess 
NO production is the cause of several diseases, such as septic 
shock. Vasoactive mediators, such as NO, cause vasodilatation 
and increase the microvascular permeability (Stuehr and Marle-
tta, 1985).  

Arginase II is a mitochondrial arginase which is found in sev-
eral extra-hepatic tissues (Wu and Morris, 1998). Arginase 
induction could diminish NO production by limiting the availabil-
ity of L-arginine, the common substrate for both arginase and 
inducible nitric oxide synthase (iNOS). It is known that iNOS 
and arginase II are co-induced in lipopolysaccharide (LPS)-
stimulated macrophages (Gotoh et al., 1996; Wang et al., 1995). 
When macrophage cells are treated with LPS, the cells un-
dergo NO-dependent apoptosis (Gotoh and Mori, 1999). Since 
excess NO production is toxic to cells, the cellular mechanism 
to prevent NO overproduction may exist. Apoptosis of macro-
phages can be induced by numerous effector molecules, in-
cluding NO (Albina et al., 1993). As iNOS expression and activ-
ity are induced by LPS in macrophages (Xie et al., 1992), the 
modulation of NO induced apoptosis in response to LPS ap-
pears to be a viable means of regulation.  

Furthermore, as arginase II was expressed in mitochondria, 
mitochondrial anti-apoptotic genes can be influenced by argi-
nase II expression during NO-induced apoptosis. However, it is 
still unknown whether anti-apoptotic molecules can be modu-
lated by mitochondrial arginase II, thus affecting NO metabo-
lism. Therefore, we investigated the ability of arginase II to re-
duce NO production and NO-mediated apoptosis in macro-
phage cells.  
 
MATERIALS AND METHODS 

 

Reagents 
Antibodies for the detection of arginase I (sc-18351), arginase II 
(sc-20151), Bax (sc 493), Bcl-2 (sc 7382), iNOS (sc 8310) were 
obtained from Santa Cruz Biotechnology (USA). Antibodies 
against β-actin (A5316) and Flag were obtained from Sigma 
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(USA). Poly ADP-ribose polymerase (PARP, 9541) was ob-
tained from Cell signaling (USA). AMT (2-amino-5, 6-dihydro-6-
methyl-4H-1, 3-thiazine hydrochloride), were purchased from 
Cayman (USA). 2-boronoethyl-L-cysteine, a specific inhibitor of 
arginase was purchased from Calbiochem (USA). All other 
relevant materials and reagents, including LPS (Escherichia 

coli O11:B4) were purchased from Sigma (USA). 
 
Cell culture and viability assay  
The murine macrophage cell line RAW264.7 was maintained in 
Dulbecco’s modified Eagle’s medium supplemented with 2 mM 
L-glutamine, 100 units/ml penicillin, 100 μg/ml streptomycin, 
and 5% fetal bovine serum (Gibco, USA). Cell viability was mea- 
sured using the automated mammalian cell counter (ADAM-
MC, Digital Bio, Korea) which analyzed the cells stained with 
propidium iodide (Cho et al., 2011). The effect of Arginase II 
expression on apoptotic cell death was determined by quantifi-
cation of cytoplasmic histone-associated DNA fragmentation, 
using a kit from Roche Diagnostics according to the manufac-
turer’s recommendations. Briefly, 5 × 104 cells per well were 
plated and infected with of Adβgal or AdArg II, and treated with 
LPS for 18 h at 37°C. Both floating and attached cells were 
collected and processed for analysis of cytoplasmic histone-
associated DNA fragmentation as described by the manufac-
turer (Roche, Germany). 
 
Immunofluorescent staining for Arginase II 
For immunofluourecent staining, RAW 264.7 cells were grown 
on glass coverslips. Cells were fixed with 4% paraformaldehyde 
and permeabilized with 0.25% Triton X-100, and blocked with 
2% bovine serum albumin (BSA) for 1 h. Coverslips were then 
incubated overnight at 4°C in anti-arginase II (dilution 1:100) 
primary antibody in 1% BSA. Cells were then washed and in-
cubated in FITC labeled secondary antibodies for 1 h. Mito-
tracker Red (Molecular probes) for 1 h was used for staining 
mitochondria. Coverslips were mounted on microscope slides, 
and fluorescence signals were visualized with an Olympus 
confocal microscope. 
 
Adenovirus construction for human arginase II 
To get full length human arginase II cDNA, PCR was performed 
with pfu polymerase from pDNR-LIB/hArgII (Open Biosystems), 
using following primers set linked with BamHI and XhoI : Argi-
nase II sense primer 5′-CGC GGA TCC ATG TCC CTA AGG 
GGC-3′ Arginase II anti-sense primer 5′-CCG CTC GAG CTA 
AAT TCT CAC ACG TGC-3′. The PCR products containing of 
hArgII were subcloned into pENTR/CMV-FLAG. Site-specific 
recombination between entry vector (pENTR/CMV-Flag/hArgII) 
and adenoviral destination vector (pAd/PL-DEST) which con-
tains the genome sequence of human adenovirus type 5 with 
E1 and E3 deleted as a viral vector backbone were performed 
by means of the Gateway system using LR clonase (Invitro-
gen/Life technologies, USA)(Joo et al., 2012).  
 
Western blot analysis  
RAW264.7 cells were treated with LPS (300 ng/ml) for 18 h, 
and were lysed according to our previous publication (Kim et al., 
2006). The cell lysate was cleared by centrifugation at 12,000 
rpm for 20 min and the supernatant fraction was used for im-
munoblotting. Proteins were resolved by SDS-PAGE and trans-
ferred onto a polyvinylidene fluoride membrane. After blocking 
with 5% nonfat dry milk in Tris-buffered saline containing 0.05% 
Tween 20, the membrane was incubated with the desired pri-
mary antibody (diluted 1:1000) overnight at 4°C. The mem-

brane was then washed and treated with horseradish peroxi-
dase-conjugated goat anti-mouse IgG or goat anti-rabbit IgG 
(diluted 1: 3000) for 2 h at 22°C. The immunoreactive bands 
were visualized by an enhanced chemiluminescence method. 
Each membrane was stripped and re-probed with anti-actin 
antibody to ensure equal protein loading. 
 
Arginase activity 
Urea production was assayed as a functional assessment of 
arginase activity. Urea production from the cultured cell lysate 
was assayed in duplicate using a QuantiChrom Urea Assay kit 
(BioAssay Systems, USA) according to manufacturer’s protocol. 
Briefly, 40 μl of cell culture media was incubated in the pres-
ence or absence of arginase substrate buffer at 37°C for 2 h. 
The reaction mixture was incubated with 200 μl of urea reagent 
for 15 min at room temperature, and was determined at an 
optical density of 520 nm on a 96-well plate analyzer (Thermo 
LabSystems). The manufacturer’s urea standard (50 mg/dl) 
was used to calibrate the analyzer. 
 
Nitric oxide production 
Nitric oxide was measured as its stable end product, nitrite, 
using the Griess reagent as described previously (Jeon et al., 
2004). In brief, 24 h after treatment, or 40 to 48 h after adenovi-
ral infection, media from cells were processed for measurement 
of nitrite by specific light absorbance (540 nm wavelength) as 
per the manufacturer recommendations (Calbiochem/Merck, 
Germany). Culture media were deproteinized using a 10-kDa 
cutoff filter. Absorbance of cell media were adjusted to control 
for background levels determined in the culture media.  
 
Statistical analysis  
Values are expressed as the mean ± SEM. Statistical evalua-
tion was performed using one-way analysis of variance fol-
lowed by Dunnett’s test, with p < 0.05 considered significant. 
 
RESULTS 

 
Lipopolysaccharide induced arginase II expression 
As shown in Fig. 1A, mitochondrial localization of endogenous 
arginase II was confirmed, which had merged fluorescent im-
ages for arginase and mitotracker in mitochondria in macro-
phage cells. Inflammatory cytokines such as LPS induced 
iNOS expression in macrophage cells. We examined whether 
LPS co-induced arginase II and iNOS expression. As shown in 
Fig. 1B, arginase II was minimally expressed in basal cells, 
however, LPS (300 ng/ml for 18 h) increased arginase II ex-
pression as well as iNOS expression. However, arginase I was 
not expressed in basal condition and was not induced by LPS 
in RAW264.7 cells (Data not shown). The pretreatment of AMT 
(10 μM), a selective iNOS inhibitor (Nakane et al., 1995) was 
not affect LPS-induced iNOS and arginase II expression, but it 
significantly suppressed LPS-induced NO production and argi-
nase activity in macrophage cells (Figs. 1C and 1D). 
 
Arginase inhibition increased LPS-induced cell death 
To explore the functional role of endogenous arginase II on the 
LPS-induced cell death, we investigated the effect of BEC, an 
arginase inhibitor, on the LPS-induced NO production and cell 
viability in RAW264.7 cells. As shown in Fig. 2A, BEC (100 μM) 
did not affect basal arginase activity, however, it significantly 
inhibit LPS-induced up-regulation of arginase activity. Further-
more, BEC significantly inhibited LPS-induced NO production 
and cell death in RAW264.7 cells (Figs. 2B and 2C). This data 
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suggested that up-regulated arginase II in response to LPS 
plays a protective role against LPS-induced cell death in macro- 
phages. 
 
Gene transfer of arginase II inhibits LPS-induced cell  
viability and apoptosis in marcophages 
To investigate whether arginase II inhibits LPS-induced cell 
death in macrophages, adenoviral gene transfer for arginase II 
(ArgII) was performed in Raw264.7 cells. The adenoviral over-
expression of Flag-tagged ArgII was confirmed by Western blot 
and increased arginase activity, compared with Adβgal-trans-
fected cells (Fig. 3A). As shown in Fig. 3B, adenoviral overex-
pression of arginase II significantly inhibited LPS-induced cell 
death, which was assessed with propridium iodide staining, 
compared with Adβgal-transfected cells. Also, the overexpres-
sion of arginase II in LPS-treated cells resulted in a significant 
decrease in cytoplasmic histone-associated DNA fragmentation 
(Fig. 3C). The DNA fragmentation in AdArgII-transfected cells 

treated with LPS was decreased by 33%, compared with 
Adβgal-transfected cells (Fig. 3C). These results indicated that 
the increased viability of arginase II expressing cells in the 
presence of LPS was indeed due to the attenuation of apoptotic 
cell death. 
 
Overexpression of arginase II counter-regulated  
LPS-induced iNOS expression 
We next investigated whether arginase II regulated iNOS pro-
tein expression. As shown in Fig. 4A, LPS (300 ng/ml) for 18 h 
induced iNOS expression. However, LPS-induced iNOS ex-
pression was significantly suppressed by ArgII overexpression 
in RAW264.7 cells. Also, adenoviral overexpression of arginase 
II significantly inhibited LPS-induced NO production compared 
with Adβgal-transfected cells (Fig. 4C). These data suggest that 
arginase-mediated suppression of LPS-induced NO production 
was mediated by iNOS suppression as well as limiting the 
availability of L-arginine. 

Fig. 1. Lipopolysaccharide (LPS) induced argi-

nase II expression and activity in RAW264.7

cells. (A) Mitochondrial localization of arginase

II. Arginase II (green, left), mitotracker (red,

middle), and merged images (right). Note that

fluorescent images for arginase II was similar

with mitotracker suggesting the mitochondrial

localization of arginase II. (B) Co-induction of

arginase II and iNOS by LPS in RAW264.7

cells. Cells were exposed with LPS (300 ng/ml)

or AMT (10 µM), an inhibitor of iNOS for 18 h.

Western blot for arginase II and iNOS proteins

was performed. (C) Effect of AMT on LPS-

induced nitric oxide production in RAW264.7

cells. Cells were exposed to AMT for 18 h. Data

are presented as mean ± SEM (n = 3). *P <

0.05 vs basal, 
#
P < 0.05 vs LPS. (D) Effect of

AMT on LPS-arginase activity in RAW264.7

cells. Cells were exposed to AMT for 18 h. Data

are presented as mean ± SEM (n = 3). *P <

0.05 vs basal, 
#
P < 0.05 vs LPS. 

Fig. 2. Arginase inhibition increased LPS-indu-

ced cell death in RAW264.7 cells. (A) Effect of

arginase inhibition on LPS-induced arginase

activity. Cells were treated with LPS (300 ng/ml)

in the presence or absence of BEC, arginase

inhibitor for 18 h. Data are presented as mean ±

SEM (n = 3). *P < 0.05 vs basal, 
#
P < 0.05 vs.

LPS. (B) Effect of arginase inhibition on LPS-

induced nitrite production. Cells were treated

with LPS (300 ng/ml) in the presence or ab-

sence of BEC, arginase inhibitor for 18 h. Data

are presented as mean ± SEM (n = 5). *P <

0.05 vs basal, 
#
P < 0.05 vs LPS. (C) Effect of

arginase inhibition on LPS-induced cell death.

Cells were treated with LPS (300 ng/ml) in the

presence or absence of BEC, arginase inhibitor

for 18 h. Data are presented as mean ± SEM (n

= 5). *P < 0.05 vs basal, 
#
P < 0.05 vs LPS. 
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Arginase II inhibited LPS-induced mitochondrial apoptosis  
As it was established that LPS treatment induced apoptotic cell 
death in macrophages, we raised the question as to whether 
LPS-induced apoptosis in AdArgII-transfected cells was asso-
ciated with alteration of poly ADP-ribose polymerase (PARP) 
cleavage, and Bcl-2 family proteins expression. As shown in Fig. 
5A, LPS (300 ng/ml) induced PARP cleavage which was sig-
nificantly inhibited in AdArgII-transfected cells. We addressed 
this possibility by determining the effect of arginase II on levels 
of Bcl-2 and Bax proteins by immunoblotting (Fig. 5A). The 
arginase II overexpression resulted in a decrease in Bax protein 
levels while the reverse induction of Bcl-2 protein was evident in 
LPS-treated cells when compared with LPS-treated Adβgal-
transfected cells (Fig. 5B). Also AMT, an inhibitor of iNOS, in-
hibited LPS-induced PARP cleavage and Bax in Adβgal-trans-
fected cells, but did not significantly suppressed in AdArgII-
transfected cells. This data suggested that an inhibition of apop-
totic molecules by iNOS inhibitor or arginase II shares common 
pathways in macrophages. Collectively, these results indicated 

that LPS-induced apoptosis was rescued by regulation of Bcl-
2/Bax in arginase II over-expressed macrophages, through 
reduction of PARP cleavage. 
 
DISCUSSION 

 
This study demonstrated that gene transfer of arginase II inhib-
ited NO-induced apoptosis via suppression of iNOS/NO pro-
duction and apoptosis molecules in RAW264.7 cells.  

In septic shock, iNOS is strongly induced, and a large amount 
of NO can subsequently be produced. The excessive produc-
tion of NO can lead to various symptoms, especially hypoten-
sion, multiple organ failure (Stuehr and Marletta, 1985). Argi-
nase would be a good target molecule for septic shock and 
other conditions due to the excessive NO production. NOS 
inhibitors usually inhibit all types of NOS, and inhibition of con-
stitutive types of NOS may cause side effects. On the other 
hand, the demand of iNOS for its substrate arginine is much 
higher than those of constitutive NOS because of its very high 

Fig. 3. Arginase II overexpression inhibited

LPS-induced cell death in RAW264.7 cells. (A)

Typical Western blot for arginase II (left) and

arginase activity (right) in AdArgII-trasfected

cells. Total adenoviral multiplicity of infection

(100 MOI) was balanced with Adβgal. Data are

presented as mean ± SEM (n = 3). *P < 0.05 vs.

Adβgal. (B) Arginase II overexpression signifi-

cantly inhibited LPS-induced cell death, which

was assessed with propridium iodide staining,

compared with Adβgal-transfected cells. Data

are presented as mean ± SEM (n = 5). *P <

0.05 vs LPS-treated Adβgal-transfected cells.

(C) Effect of arginase II expression on apoptosis

induction in RAW264.7 cells assessed by quan-

titation of cytoplasmic histone-associated DNA

fragmentation. Data are presented as mean ±

SEM (n = 3). *P < 0.05 vs basal, 
#
P < 0.05 vs

LPS in Adβgal-transfected cells. 

Fig. 4. Arginase II overexpression inhibited LPS-

induced iNOS expression in RAW264.7 cells.

(A) Typical immunoblot for iNOS and arginase II

protein using lysates from RAW264.7 cells

treated with 300 ng/ml LPS for 18 h. (B) Effect

of arginase II overexpression on LPS-induced

iNOS expression Data are presented as mean

± SEM (n = 3).
 
*P < 0.05 vs LPS in Adβgal-

transfected cells. (C) Effect of arginase II over-

expression on the nitric oxide production. Nitrite

production was measured in supernatant of

cultured medium using Griess reagent. Data are

presented as mean ± SEM (n = 3). *P < 0.05 vs

LPS in Adβgal-transfected cells. 
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activity. The induction of arginase may lead to selective inhibi-
tion of the high output NO production by iNOS (Gotoh and Mori, 
1999). Several of the harmful effects of bacteria are mediated 
by proinflammatory cytokines induced by bacterial cell wall 
components. The most toxic component of the gram-negative 
bacteria is the lipopolysaccharide (LPS). LPS causes damage 
to mitochondrial electron transport, leading to disordered en-
ergy metabolism and causes the induction of proinflammatory 
gene such as inducible nitric oxide synthase, resulting in a pro-
found increase of NO (Gross and Wolin, 1995).  

In RAW264.7 cells, arginase II appears to be constitutively 
active, but its activity can be up-regulated by exposure to LPS. 
In the present study, arginase activity was increased by LPS 
(Fig. 1), suggesting that increased arginase activity could dimin-
ish NO production by limiting the availability of L-arginine, the 
common substrate for both arginase II and iNOS (Wang et al., 
1995). Also in the present study, AMT inhibited LPS-induced 
arginase activity suggesting LPS-induced iNOS induction is 
required to activate arginase II induction, although a more de-
tailed early time course analysis is required to fully address this 
point.  

LPS induced arginase II, but arginase I expression could not 
be detected in LPS-treated RAW264.7 cells, in agreement with 
the results of other groups (Gotoh et al., 1996; Morris et al., 
1998). Arginase inhibitor, BEC, increased LPS-induced NO 
production and cell death even it has very weak effect in basal 
condition as shown in Fig 2. Because only arginase II was ex-
pressed and up-regulated in response to LPS, these results for 
BEC suggested that arginase II plays the protective role against 
LPS-induced cell death in RAW264.7 cells. 

Arginase overexpression rescued LPS-induced apoptosis via 
inhibiting NO production. One possible outcome is a lowering of 
intracellular levels of L-arginine in macrophages. Because L-
arginine is the substrate for iNOS-mediated excessive NO pro-
duction, arginase II overexpression could inhibit the death of 
activated macrophage. Arginase catalyzes the conversion of 
arginine to urea and ornithine. The possibility of an inhibition of 
iNOS by arginase II would be due to arginase-mediated urea 
production. Urea and thiourea derivatives showed their inhibi-
tory activities of NO production in LPS-activated macrophages. 
Urea inhibited NO production through the suppression of iNOS 
protein and mRNA expression (Kim et al., 2007; Moeslinger et 
al., 1999). Also, inhibition of iNOS-dependent NO production 
caused by urea enhances macrophage proliferation as a con-
sequence of diminished NO-mediated apoptosis (Moeslinger 
and Spieckermann, 2001).  

Excess NO induces apoptosis of some cell types, including 
macrophages. As NO is synthesized by NOS from arginine, a 
common substrate of arginase, these two enzymes compete for 

arginine. Arginase, which catalyzes the conversion of arginine 
to urea and ornithine, exists in two distinct isoforms. Arginase I 
is expressed almost exclusively in the liver where it serves as an 
essential enzyme of the urea cycle. In contrast, arginase II is 
expressed in many other extra-hepatic tissues. Arginase II is 
composed of a polypeptide chain of 354 amino acid residues, 
including the putative NH2-terminal pre-sequence for mitochon-
drial targeting and import (Shi et al., 1998). 

Poly ADP-ribose polymerase (PARP) is a family of proteins 
involved in a number of cellular process involving apoptosis 
(Boulares et al., 1999). In the present study, PARP cleavage was 
increased by LPS, suggesting LPS-induced apoptosis. Argi-
nase II inhibited LPS-induced PARP cleavage. Our data sug-
gested that arginase II overexpression prevents against LPS-
induced cell death via inhibiting PARP cleavage. Also, we pro-
vide experimental evidence that the rescue from LPS-mediated 
apoptosis in macrophages is attributed to arginase II over-ex-
pression, showing the regulation of levels of Bcl-2 family pro-
teins. Bcl-2 family proteins have emerged as the critical regula-
tors of mitochondria-mediated apoptosis (Adams and Cory, 
1998; Chao and Korsmeyer, 1998). Previous studies indicated 
that LPS- induced apoptosis in macrophages was associated 
with an alteration in levels of Bcl-2 family proteins (Gotoh and 
Mori, 1999; Messmer et al., 1996a; 1996b; Seminara et al., 
2007). For instance, cell death by LPS in macrophages caused 
an increase of NO production, modulating the stress-activated 
protein kinase (SAPK)/c-jun N-terminal kinase (JNK) signal 
transduction pathway. The activated JNK initiated mitochon-
drial-mediated apoptosis through Bax de-phosphorylation and 
down-regulation of Mcl-1, an anti-apoptotic Bcl-2 family member.  

This study demonstrated that arginase II inhibited LPS-
induced apoptosis via suppression of NO production in RAW264.7 
cells. Inhibition of NO production by arginase II may be due to 
arginine depletion as well as iNOS suppression though its reac-
tion products. Also, data presented herein indicate that argi-
nase II overexpression is required for cell survival from LPS-
mediated apoptotic cell death. This conclusion is based on the 
following observation, a decrease of pro-apoptotic protein Bax, 
an increase of anti-apoptotic protein Bcl-2 level, and PARP 
cleavage in arginase over-expressed cells.  

 
Note: Supplementary information is available on the Molecules 
and Cells website (www.molcells.org). 
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Fig. 5. Arginase II overexpression inhib-

ited mitochondrial apoptosis protein and

apoptosis in RAW264.7 cells. (A) Immu-

noblotting for cleavaged PARP, Bax,

and Bcl-2 proteins in RAW264.7 cells.

LPS (300 ng/ml) or AMT (10 μM) was

treated for 18 h in Adβgal or AdArgII-

transfected cells. (B) Summarized data

for Fig. 5A. Data are presented as mean

± SEM (n = 4). *P < 0.05 vs LPS in

Adβgal-transfected cells. 
#
P < 0.05 vs.

LPS in Adβgal-transfected cells. 
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