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ARTICLE INFO ABSTRACT

Keywords: Nitric oxide (NO) is an important part of the host defense mechanism; however, it displays both pro- and anti-
Acute inflammation inflammatory properties depending on its location and concentration. Importantly, excessive or inappropriate
Carrageenan NO production can cause tissue damage. Systemic and local administration of NO synthase (NOS) inhibitors
Nitric oxide . . . .
Pleurisy ameliorates and may exacerbate the inflammatory response, respectively. Here, we used a carrageenan-induced

Heme oxygenase-1 pleurisy model of acute inflammation in rats to confirm the location-dependent effects of NO and investigate the

Carbon monoxide underlying mechanisms. As expected, localized suppression of NO production exacerbated inflammation, as
evidenced by increased pleural exudate volumes and leukocyte counts and enhanced activity of enzymes related
to oxidative stress. In contrast, local NO supplementation reduced leukocyte infiltration, vascular permeability,
and the activity of oxidative stress-related enzymes. Interestingly, inhibition of heme oxygenase-1 (HO-1)
reversed the anti-inflammatory effects of localized NO production, while the addition of hemin (HO-1 substrate)
or carbon monoxide (CO; HO-1 metabolite) decreased leukocyte migration and exudation. Together, these
findings confirm a protective role for NO at the inflammatory site, which appears to be mediated via NOS in-
duction of the HO-1/CO pathway. Thus, NO supplementation may be a potential new treatment for oxidative
stress-associated inflammatory diseases.

(NO) [1,2]. NO is a pleiotropic mediator formed from r-arginine and

. oxygen by three NO synthase (NOS) isoforms: neuronal (nNOS), endo-

1. Introduction thelial (eNOS), and inducible (iNOS) [3]. The constitutive NOS (cNOS),

nNOS and eNOS, are constantly present and synthesize small amounts of

NO in response to physical or receptor stimulation. In contrast, iNOS is

induced by inflammatory-like stimuli and can produce large amounts of
NO that predominate during inflammation [3].

eNOS-produced NO has both pro- and anti-inflammatory properties.

Under physiological conditions, endothelium-released NO regulates

Carrageenan (Cg)-induced pleurisy in rats is an acute inflammatory
model characterized by fluid extravasation and phagocyte migration.
Polymorphonuclear leukocytes and migrating mononuclear cells
differentiating into macrophages dominate the reaction in the initial
12-24 h and up to its resolution at 48-72 h, respectively [1]. These cells
synthesize and release inflammatory mediators, including nitric oxide
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Abbreviations

AE-ITU  S-(2-aminoethyl) isothiourea
CAT catalase

CDNB 1-chloro-2,4-dinitrobenzene
Cg carrageenan

CcoO carbon monoxide;

CORM-3 carbon monoxide releasing molecule-3
GPx glutathione peroxidase

GSH glutathione

GST glutathione S-transferase
HO-1 heme oxygenase-1

iCORM-3 inactive carbon monoxide releasing molecule-3

IL-1B interleukin-1 beta
L-NNA  NSnitro-i-arginine;
MCP-1 monocyte chemoattractant protein-1

MPO myeloperoxidase

NADPH nicotinamide adenine dinucleotide phosphate
NO nitric oxide;

NOC-18 1-hydroxy-2-oxo0-3,3-bis(2-aminoethyl)-1-triazene
NOS nitric oxide synthase

SOD superoxide dismutase

TNF-a  tumor necrosis factor alpha

ZnPP-IX zinc protoporphyrin IX

vascular tone and maintains vessel patency by prevention of platelet
aggregation and downregulation of adhesion molecules [4]. However,
mediators released during the acute inflammatory phase evoke addi-
tional endothelial NO release, promoting vasodilatation and vascular
permeability and facilitating edema formation and inflammatory cell
trafficking [5].

NOS inhibitors, namely r-arginine analogs, are pharmacological
agents utilized to inhibit NO production; however, they have poor NOS-
isoform selectivity, thereby inhibiting both iNOS and eNOS during
inflammation. In most reports, NOS inhibitors were administered sys-
temically and ameliorated inflammation [6-10]. In some cases, the
anti-inflammatory effects were reversed by vasodilators [11,12], sug-
gesting that NOS inhibitors reduced inflammation largely through eNOS
inhibition. However, we and others have demonstrated that direct
administration of NOS inhibitors into the inflamed site, rather than
systemically, instead exacerbated the inflammatory response in rat
pleuritis [1,2]. Based on the above reports, we hypothesized that, in
contrast to systemic NO production, local NO production could be
protective during inflammatory insults.

Heme oxygenase-1 (HO-1) is a stress-inducible protein best known
for its role in protecting cells from oxidative stress. However, as well as
sharing many common features and an overlap in biological function,
both exogenous NO and NO derived from iNOS activity strongly induce
HO-1 expression [13-16]. In addition, numerous studies have demon-
strated that HO-1, its substrate heme, and its metabolite carbon mon-
oxide (CO) can modulate the inflammatory process. For example, heme
reportedly mediates oxidative stress and inflammation and is thought to
be important in a wide variety of pathophysiological processes, trig-
gering the production of reactive oxygen species and stimulating
adhesion molecule expression and leukocyte infiltration at the site of
inflammation [17]. However, a low concentration of heme can have
anti-inflammatory and cytoprotective properties via the upregulation of
HO-1 and increased formation of HO-1 metabolites such as CO, which
were also shown to reduce cell migration, exudation, the release of
pro-inflammatory mediators, and the expression of adhesion molecules
[18,19], suggesting that HO-1 has a protective role during
inflammation.

Models of Cg-induced pleurisy have been widely used to investigate
the pathophysiology of acute inflammation and to evaluate the efficacy
of drugs in inflammation. However, to date, no studies have examined
whether HO-1 and its metabolite CO are involved in the inhibitory ef-
fects of NO using this model. Thus, we designed the current study to
confirm the location-dependent contradictory effects of NO during
inflammation and to investigate the underlying mechanisms, including
the role of HO-1. Using NOS inhibitors N®-nitro--arginine (L-NNA; in-
hibits both ¢NOS and iNOS) and S-(2-aminoethyl) isothiourea (AE-ITU;
inhibits iNOS only), we suppressed NO production both locally and
systemically in a rat model of Cg-induced pleurisy, while r-arginine
(substrate for NO formation) and 1-hydroxy-2-oxo-3,3-bis(2-amino-
ethyl)-1-triazene (NOC-18; exogenous NO donor) were used to

enhance NO levels. Rats were also pretreated with HO-1 inhibitor zinc
protoporphyrin IX (ZnPP-IX) or carbon monoxide releasing molecule 3
(CORM-3) to investigate the involvement of the HO-1/CO pathway in
the modulation of the immune response by NO. Edema formation, in-
flammatory cell migration, nitrite/nitrate levels, myeloperoxidase
(MPO) activity, oxidative stress markers, and the levels of inflammatory
cytokines and chemokines were then examined in exudates to better
understand the site-specific effects of NO.

2. Methods
2.1. Reagents

L-NNA, AE-ITU, and NOC-18 were purchased from Dojindo (Kuma-
moto, Japan). Unless otherwise noted, all other chemicals were of the
purest grade available and were obtained from Sigma-Aldrich (Tokyo,
Japan).

ZnPP-IX was dissolved in 50 mM NayCOs3, while hemin was dissolved
in 1 mM NaOH. L-NNA, AE-ITU, 1-arginine, NOC-18, and CORM-3 were
all dissolved in saline. Inactive CORM-3 (iCORM-3) served as a negative
control and was generated by incubating CORM-3 in Dulbecco’s
phosphate-buffered saline (pH 7.4) at room temperature for 48 h to
liberate all available CO gas from the molecule, as previously described
[20].

2.2. Animals

Male Wistar rats (160 + 10 g body weight; Japan SLC, Hamamatsu,
Japan) were used in all experiments. Standard laboratory chow and
fresh drinking water were available ad libitum. Rats were housed under
controlled temperature (23 + 1 °C) and lighting (8:00-20:00 light)
conditions and were acclimatized for 4 days prior to experimentation.
All experiments were carried out in accordance with the ARRIVE
guidelines and the National Institutes of Health Guide for the Care and
Use of Laboratory Animals (NIH Publications No. 8023, revised 1978),
and were approved by the Ethics Committee for Animal Experimenta-
tion at the Nagoya University School of Health Science (approval
number: 028-031).

2.3. Cg-induced pleurisy

Cg pleurisy induction and measurement of pleural exudate volumes
and total leukocyte exudate numbers were performed as previously
described [1]. A A-Cg solution (1%, w/v) in physiological saline (0.15 ml
total) was injected into the right pleural cavity. After 2, 6, 12, 24, 36, 54,
and 72 h, pleural cavities were washed out with 1 ml of 3.15% (w/v)
sodium citrate in saline as an anticoagulant. Edema formation was
assessed by weighing the collected inflammatory exudate, and inflam-
matory cells were counted after trypan blue staining using an optical
microscope with a Burker counting chamber. Exudate samples were
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centrifuged at 800xg for 10 min at 4 °C to separate inflammatory cells
from exudate, with both fractions then stored at —80 °C for subsequent
procedures.

2.4. Drug administration

In the first set of experiments, rats (n = 6-8 per group) received a
single intraperitoneal injection of vehicle (saline), L-NNA (0.1, 0.3, or
1.0 mg/kg), or AE-ITU (1.0, 3.0, or 10 mg/kg) immediately prior to
intrapleural Cg injection. Rats were sacrificed 6 h post-injection, and
pleural exudates were collected and processed as previously described
[11.

In the second set of experiments, immediately prior to intrapleural
Cg injection, rats (n = 7-10 per group) received a single pleural injection
of vehicle (saline), L-NNA (0.1, 0.3, or 1.0 mg/kg), AE-ITU (1.0, 3.0, or
10 mg/kg), L-arginine (10, 30, 100, or 300 mg/kg), or NOC-18 (1.0, 3.0,
10, or 30 mg/kg). A control group of six rats received saline instead of
Cg. Six hours after the induction of pleurisy, pleural exudates were
collected and processed as previously described [1].

In the third set of experiments, rats (n = 5-7 per group) treated
subcutaneously with ZnPP-IX (0.3, 1.0, or 3.0 mg/kg) 1 h prior to Cg
injection also received an intrapleural injection of L-arginine (30 mg/kg)
or NOC-18 (10 mg/kg). Animals were sacrificed 6 h after the induction
of pleurisy, and pleural exudates were collected and processed as pre-
viously described [1].

In the final set of experiments, immediately prior to intrapleural Cg
injection, rats (n = 5-7 per group) received a single pleural injection of
hemin (0.1, 0.3, or 1.0 mg/kg), CORM-3 (0.3, 1.0, or 3.0 mg/kg), or
iCORM-3 (3.0 mg/kg). Six hours after the induction of pleurisy, pleural
exudates were collected and processed as previously described [1].

In each set of experiments, the control group received only the
vehicle(s) via the appropriate route of administration. The doses of L-
NNA, AE-ITU, r-arginine, NOC-18, ZnPP-IX, hemin, CORM-3, and
iCORM-3 were based on doses used in previous studies, with modifica-
tion of the administration route as necessary [1,2,21-23].

Eight additional groups of rats (4-5 rats per group) were separately
treated with AE-ITU (10 mg/kg), L-NNA (1.0 mg/kg), L-arginine (30 mg/
kg), NOC-18 (10 mg/kg), ZnPP-IX (3.0 mg/kg), hemin (1.0 mg/kg),
CORM-3 (3.0 mg/kg), or iCORM-3 (3.0 mg/kg) in the absence of Cg
injection. After 6 h, the rats were sacrificed and pleural exudates were
collected and processed as described above.

2.5. Inflammatory exudate levels of nitrite/nitrate (NOx), tumor necrosis
factor alpha (TNF-a), interleukin-1 beta (IL-15), and monocyte
chemoattractant protein-1 (MCP-1)

Nitric oxide is a labile free radical that is rapidly metabolized to
nitrate and nitrite in the presence of oxygen. Therefore, after the
reduction of nitrate to nitrite, we measured nitrite levels in the cell-free
inflammatory exudate using a commercial colorimetric kit (Nitrite/Ni-
trate Assay Kit-C II, cat. no. NK-05; Dojindo) according to the manu-
facturer’s instructions, the results of which were expressed in pM.

Total TNF-a, IL-1f, and MCP-1 concentrations were measured in the
cell-free inflammatory exudates using enzyme-immunoassay kits (Bio-
Source International, Camarillo, CA, USA) as per the manufacturer’s
instructions, the results of which were expressed in pg/ml.

2.6. Inflammatory cell iNOS activity

iNOS activity was assessed ex vivo in 96-well microtiter plates as
described previously [24]. Briefly, inflammatory cells were sonicated at
4 °C in the presence of protease inhibitory buffer containing 1 mM
phenylmethylsulphonyl fluoride, 1.5 mM pepstatin A, and 0.2 mM leu-
peptin. Protein concentrations were determined using the Bradford
method [25]. Samples were then incubated with 20 mM Tris-HCI (pH
7.9) supplemented with 3 mM DTT, 4 uM flavin adenine dinucleotide, 2
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mM 1-arginine, 2 mM nicotinamide adenine dinucleotide phosphate
(NADPH), and 4 pM 6R-5,6,7,8-tetrahydrobiopterin (final volume 100
pl) for 2 h at 37 °C. Lactate dehydrogenase (20 U/ml) was then added to
each sample to stop the reaction via the oxidation of residual NADPH.
The resulting nitrite was reacted with Griess reagent (Tokyo Kasei,
Tokyo, Japan) and the absorbance of each sample at 550 nm was
measured. An extra well per sample was incubated with all reagents
except r-arginine and NADPH to assess nonspecific absorbance, which
was then subtracted from that of the test wells. iNOS activity was
expressed as pmol/mg protein/min.

2.7. MPO activity

MPO activity in pleural exudates was measured according to the
method described by Bradley et al. [26] MPO activity was extrapolated
from the standard curve, and the results were expressed as mU/ml.

2.8. Catalase, superoxide dismutase, glutathione peroxidase, and
glutathione S-transferase activities

The supernatant from the centrifuged pleural exudate samples was
used to determine catalase (CAT), superoxide dismutase (SOD), gluta-
thione peroxidase (GPx), and glutathione S-transferase (GST) activities.
CAT activity was assessed via the rate of change of HyO, concentration
based on the absorbance at 240 nm in accordance with the method
described by Aebi [27], and was expressed as mmol/min/ml. SOD ac-
tivity was assayed via the inhibition of adrenaline auto-oxidation based
on changes in absorbance at 480 nm over a 3-min period in accordance
with the method described by Misra and Fridoovich [28], and was
expressed as units of SOD (USOD)/ml. GPx activity was monitored based
on the oxidation of NADPH at 340 nm in the presence of HyO5 as
described by Flohé and Giinzler [29], and was expressed as
pmol/min/ml. GST activity was determined using glutathione (GSH)
and 1-chloro-2,4-dinitrobenzene (CDNB) as substrates and monitoring
the formation of S-(2,4-dinitrophenyl)-glutathione conjugate, calculated
by changes in absorbance at 340 nm, in accordance with the method
described by Habig and Jakoby [30], and was expressed as
pmol/min/ml.

2.9. Statistical analysis

All values are expressed as mean =+ standard error of the mean (SEM).
The data were assessed for statistical significance using one-way analysis
of variance with the Holm-Sidak post-hoc test. For transparency, both
significant differences (P < 0.05) and trends (0.05 < P < 0.1) are re-
ported where appropriate. P-values less than 0.05 were considered sig-
nificant. Statistical analysis was performed using Sigma Plot 13.0
software (Systat Software Inc., San Jose, USA).

3. Results

Time course of exudate NOx levels and inflammatory cell iNOS ac-
tivity in the Cg-induced rat pleurisy model.

In this model, polymorphonuclear leukocytes are the principal cell
type up to 12 h post-Cg injection when they are replaced by migrating
mononuclear cells, which differentiate into macrophages and dominate
the reaction up to resolution at 48-72 h post-injection [1,31]. NOx, as
determined by measuring nitrite/nitrate levels in the cell-free inflam-
matory exudate, was detectable at 2 h and peaked at 6 h post-Cg in-
jection before gradually decreasing (Fig. 1). Ex vivo measurement of
inflammatory cell iNOS activity revealed a profile similar to that of
exudate NOx levels (Fig. 1).

3.1. Effects of L-NNA and AE-ITU on Cg-induced rat pleurisy

In the first experimental series, rats were treated with NOS inhibitors
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Fig. 1. Correlation between nitrite/nitrate (NOx) levels and inducible nitric oxide synthase (iNOS) activity in carrageenan (Cg)-induced pleurisy. Exudate
NOx (W, left vertical axis; pM) levels and inflammatory cell iNOS activity ([J, right vertical axis; pmol/mg protein/min) throughout the inflammation period (time,

horizontal axis). Data are expressed as mean + SEM (n = 6 rats per time point).

L-NNA or AE-ITU to confirm their effects on Cg-induced rat pleurisy [2]
and to establish our model. We obtained similar results to those reported
previously (Figs. 2 and 3). Specifically, a single intrapleural injection of
L-NNA or AE-ITU at a dose that inhibits NOx generation significantly
exacerbated inflammation compared with vehicle-only inoculation, as
shown by increased pleural exudate volumes and leukocyte influx into
the pleural cavity (Fig. 2). In contrast, when injected systemically into
the peritoneal cavity, both NOS inhibitors decreased inflammatory
exudate NOx levels, exudate volumes, and inflammatory cell counts
compared with the control (Fig. 3).

3.2. Effects of 1-arginine and NOC-18 on Cg-induced rat pleurisy

L-arginine is a substrate for NO formation and stimulates endogenous
NO production in the area near its administration. Because the above
results indicated that local NO production may have a protective effect
at 6 h post-induction of pleurisy, we administered r-arginine to inves-
tigate the role of endogenous NO in Cg-induced pleurisy. An intrapleural
L-arginine injection immediately prior to the establishment of pleurisy
increased NOx concentration in pleural exudates in a dose-dependent
manner (Fig. 4A). NOx levels were significantly higher in rats that
received 10, 30, 100, or 300 mg/kg r-arginine compared with vehicle-
treated rats, with observed increases of 26.0% (P = 0.027), 48.9% (P
< 0.001), 79.0% (P < 0.001), and 110.1% (P < 0.001), respectively.

In rats treated with 10 mg/kg 1-arginine, the exudate volume was
significantly decreased (P = 0.035) compared with that of vehicle-
treated animals; however, there was no significant difference in leuko-
cyte number between the two treatments (P = 0.190) (Fig. 4B and C).
When 1-arginine was administered at 30 mg/kg, both the exudate vol-
ume (P < 0.001) and leukocyte number (P = 0.003) were significantly
decreased compared with the control (by 50.4% and 35.2%, respec-
tively). In contrast, neither the exudate volume nor the extent of cell
migration differed significantly from the vehicle-treated controls
following an r-arginine dose of 100 mg/kg. However, exudate volume
and leukocyte migration increased by 34.0% (P < 0.001) and 44.3%
higher (P < 0.001), respectively, compared with the control following
treatment with the highest tested r-arginine dose (300 mg/kg).

We next used NO donor NOC-18 as an exogenous sustained NO
source to examine the role of exogenous NO in Cg-induced pleurisy.

Following the induction of pleurisy, treatment with NOC-18 at 3.0, 10,
or 30 mg/kg resulted in 39.1% (P = 0.005), 47.9% (P < 0.001), and
66.8% (P < 0.001) increases in NOx levels in the pleural exudates,
respectively, compared with the vehicle-treated controls (Fig. 4A),
although no difference was observed in rats treated with 1.0 mg/kg
NOC-18. Similarly, the exudate volumes and leukocyte numbers were
not affected by treatment with 1.0 mg/kg NOC-18 (Fig. 4B and C). While
the exudate volume of rats treated with 3.0 mg/kg NOC-18 was lower
than that of the controls, the difference was not significant (P = 0.069);
however, administration of 10 mg/kg NOC-18 resulted in a 45.4%
decrease in exudate volume compared with the vehicle treatment (P <
0.001). Similarly, the number of leukocytes in the pleural exudates was
lower or significantly decreased (P = 0.002) compared with the control
following the administration of 3.0 mg/kg NOC-18 (P = 0.051) or 10
mg/kg NOC-18, respectively. In contrast, following administration of 30
mg/kg NOC-18, 43.3% (P < 0.001) and 38.3% (P = 0.001) increases in
exudate volume and leukocyte accumulation, respectively, were
observed. These results suggest that both endogenous and exogenous NO
play a critical role in modulating the inflammatory response.

For the remaining experiments, we selected r-arginine and NOC-18
doses that both significantly increased NO levels and most promi-
nently suppressed the exudate volume and leukocyte number. Thus, 1.0
mg/kg L-NNA, 10 mg/kg AE-ITU, 30 mg/kg r-arginine, and 10 mg/kg
NOC-18 were administered directly into the pleural cavity immediately
prior to Cg injection to analyze the effects of these drugs on MPO and
antioxidant enzyme (CAT, SOD, GPx, and GST) activities.

3.3. Effects of L-NNA, AE-ITU, i-arginine, and NOC-18 on Cg-induced
oxidative stress parameters in the pleural cavity of rats

The inflammatory cascade produces, activates, and releases pro-
inflammatory mediators, which can cause oxidative stress. When this
phenomenon is not effectively resolved, it leads to an imbalance be-
tween the pro-oxidant and antioxidant status, aggravating the inflam-
matory condition [32]. To further investigate the consequences of local
NO production, we assessed the effects of L-NNA, AE-ITU, r-arginine,
and NOC-18 on Cg-induced oxidative stress parameters in the pleural
cavity of rats. Using the doses and protocols described above to treat
rats, we then measured MPO, CAT, SOD, GPx, and GST activity in
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Fig. 2. Effects of locally-injected S-(2-aminoethyl) isothiourea (AE-ITU) or
NC-nitro-i-arginine (L-NNA) on rat carrageenan (Cg)-induced pleurisy and
nitrite/nitrate (NOx) levels. (A-C) AE-ITU, L-NNA, or vehicle (saline) was
injected directly into the pleural cavity immediately prior to intrapleural Cg
injection. The effects of the treatments on NOx level (A), exudate volume (B),
and cell number (C) in pleural exudates were evaluated 6 h after Cg challenge.
Horizontal axes: doses (mg/kg) of AE-ITU and L-NNA. Cg indicates control
animals injected with saline prior to Cg injection. Data are expressed as mean +
SEM (n = 6-8 rats). *, P < 0.05; **, P < 0.01; ***, P < 0.001 vs. Cg.
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Fig. 3. Effects of systemically-injected S-(2-aminoethyl) isothiourea (AE-
ITU) or NG-nitro-L-arginine (L-NNA) on rat carrageenan (Cg)-induced
pleurisy and nitrite/nitrate (NOx) levels. (A-C) AE-ITU, L-NNA, or vehicle
(saline) was injected into the peritoneal cavity immediately prior to intrapleural
Cg injection. The effects of the treatments on NOx level (A), exudate volume
(B), and cell number (C) in pleural exudates were evaluated 6 h after Cg
challenge. Horizontal axes: doses (mg/kg) of AE-ITU and L-NNA. Cg indicates
control animals injected with saline prior to Cg injection. Data are expressed as
mean + SEM (n = 6-8 rats). *, P < 0.05; **, P < 0.01; ***, P < 0.001 vs. Cg.
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Fig. 4. Effects of locally-injected r-arginine or 1-hydroxy-2-oxo-3,3-bis(2-
aminoethyl)-1-triazene (NOC-18) on rat carrageenan (Cg)-induced pleu-
risy and nitrite/nitrate (NOx) levels. (A-C) r-arginine, NOC-18, or vehicle
(saline) was injected directly into the pleural cavity immediately prior to
intrapleural Cg injection. The effects of the treatments on NOx level (A),
exudate volume (B), and cell number (C) in pleural exudates were evaluated 6 h
after Cg challenge. Horizontal axes: doses (mg/kg) of r-arginine and NOC-18.
Cg indicates control animals injected with saline prior to Cg injection. Data
are expressed as mean + SEM (n = 7-10 rats). *, P < 0.05; **, P < 0.01; ***, P
< 0.001 vs. Cg. a, b, ¢, and d indicate significant differences among the
designated groups (P < 0.05), where a > b > ¢ > d and ab is not different from a
or b.
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pleural exudate samples (Table 1). The L-NNA (1.0 mg/kg) and AE-ITU
(10 mg/kg) treatments resulted in significant increases in MPO (31.1%
and 37.2%, respectively), CAT (34.6% and 30.4%, respectively), SOD
(32.8% and 39.3%, respectively), GPx (25.3% and 25.8%, respectively),
and GST (35.6% and 41.0%, respectively) activities compared with
vehicle-treated controls (Table 1). In comparison, 30 mg/kg r-arginine
resulted in significant decreases in the activity of MPO (38.7%), CAT
(57.0%), SOD (47.9%), and GST (52.6%) compared with the control,
with a non-significant (P = 0.062) decrease (14.7%) in GPx activity also
observed in r-arginine-treated rats (Table 1). Similar decreases in
enzyme activity compared with the control were observed following
treatment with 10 mg/kg NOC-18 (MPO, 41.2%; CAT, 35.1%; SOD,
55.0%; GPx, 17.9%; GST, 51.9%) (Table 1).

3.4. Mechanisms by which r-arginine and NOC-18 may ameliorate
inflammation

In an attempt to elucidate the mechanism(s) underlying the
amelioration of acute inflammation by local NO production, we inves-
tigated the involvement of HO-1 in the observed inhibitory effects of -
arginine (30 mg/kg) and NOC-18 (10 mg/kg) on Cg-induced inflam-
mation. Inhibition of HO-1 activity by pretreatment of rats with 1.0 or
3.0 mg/kg ZnPP-IX appeared to completely block the inhibitory effects
of NOC-18, with exudate volumes and leukocyte numbers of ZnPP-IX +
NOC-18-treated rats similar to those of the Cg-treated pleurisy controls
(Fig. 5). Interestingly, ZnPP-IX had no effect on NOx levels (Fig. 5).
Similar results were obtained following ZnPP-IX pretreatment of rats
then administered 1-arginine (data not shown).

We next investigated whether hemin, the substrate of HO-1, or CO, a
metabolite, were also involved in the inflammatory response. As shown
in Fig. 6, pretreatment with hemin (0.3 or 1.0 mg/kg) significantly
decreased the degree of exudation (P < 0.001) and leukocyte migration
(P < 0.001) in Cg-induced inflammation. Similarly, pretreatment of rats

Table 1

Effects of local nitric oxide inhibition or induction on myeloperoxidase activity
and antioxidant enzyme activities in the pleural exudates from 6 h post-
carrageenan challenge.

Group MPO? CAT" SoD¢ GPx‘ GST®
(mU/ml) (mmol/ (USOD/ (pmol/ (umol/
min/ml) ml) min/ml) min/ml)
Saline 731+38 11.5+1.0 828+ 1.5 1.54 + 304+1.6
0.09
Vehicle' 295.8 + 345+1.3 115.4 + 3.52 + 106.4 +
+ Cg® 8.1 *x* Kk 3.0 *x* 0.10 *** 1.6
L-NNA" + 3879 + 46.5 + 2.8 153.2 + 4.41 + 144.4 +
Cg 11.2 w¥ Fesesks HHHE 6.3 *¥ 0.21 % 3.8 i
#H# #H# ## #H#
AE-ITU' + 4059 + 45.0 +1.3 160.8 + 4.42 + 150.1 +
Cg 10.3 **# Fesesks HHHE 5.2 ¥ 0.11 *%x% 2.9 ¥k
#H# #H# #H# #H#
L-arginine 181.4 + 149 £ 0.6 60.1 &+ 4.0 3.00 + 50.4+£1.7
+Cg 6.0 *x% #r# s, #HE 0.21 B
#H#
NOC-18 174.0 + 224 +1.7 519+ 3.5 2.89 + 51.2+20
+Cg 6.5 *** sesese, HHH Sedeser HHH 0.19 * # o HHE
#H#

Each value represents the mean + SEM of 6-10 rats. *, P < 0.05; **, P < 0.01;
*x% P < 0,001 vs. saline controls. #, P < 0.05; *#, P < 0.01; ###, P < 0.001 vs.
vehicle + Cg.

# MPO, myeloperoxidase activity.

b CAT, catalase activity.

¢ SOD, superoxide dismutase activity.

4 GPx, glutathione peroxidase activity.

¢ GST, glutathione S-transferase activity.

f Vehicle, saline.

8 Cg, carrageenan.

" 1-NNA, N-nitro-i-arginine.

i AE-ITU, S-(2-aminoethyl) isothiourea.
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Fig. 5. Effects of zinc protoporphyrin IX (ZnPP-IX) on the influence of 1-
hydroxy-2-ox0-3,3-bis(2-aminoethyl)-1-triazene (NOC-18) on rat carra-
geenan (Cg)-induced pleurisy and nitrite/nitrate (NOx) levels. (A-C) ZnPP-
IX or vehicle (Na,CO3) was injected subcutaneously 1 h prior to intrapleural Cg
injection. Intrapleural injection of NOC-18 (10 mg/kg) was performed imme-
diately prior to Cg injection. The effects of the treatments on NOx level (A),
exudate volume (B), and cell number (C) in pleural exudates were evaluated 6 h
after Cg challenge. Horizontal axes: doses (mg/kg) of ZnPP-IX. Cg indicates
control animals injected with vehicle prior to Cg injection. Data are expressed
as mean + SEM (n = 5-7 rats). *, P < 0.05; **, P < 0.01; ***, P < 0.001 vs. Cg.
++ P < 0.01; ***, P < 0.001 vs. NOC-18.
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with the water-soluble exogenous CO donor CORM-3 at 1.0 or 3.0 mg/kg
decreased both inflammatory cell numbers and exudate formation
compared with the untreated controls (Fig. 6A and B). Interestingly, the
negative control, iCORM-3 (3.0 mg/kg), which is unable to release CO,
had no effect on the assessed inflammatory parameters (Fig. 6).

3.5. Effects of 1-arginine, NOC-18, hemin, CORM-3, and iCORM-3 on
Cg-induced release of pro-inflammatory cytokines and chemokines in the
pleural cavity of rats

In the final series of experiments, we investigated the possible
interference of r-arginine (30 mg/kg), NOC-18 (10 mg/kg), hemin (1.0
mg/kg), CORM-3 (3.0 mg/kg), and iCORM-3 (3.0 mg/kg) in the release
of cytokines TNF-a and IL-1p and the chemokine MCP-1 in the pleural
exudates of Cg-treated rats 6 h post-injection. As shown in Table 2, in-
duction of pleural inflammation by Cg treatment significantly increased
the levels of TNF-a, IL-1p, and MCP-1 in the pleural exudate compared
with the saline control group. In contrast, pretreatment with -arginine,
NOC-18, hemin, or CORM-3 resulted in a marked decrease in TNF-a, IL-
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Fig. 6. Effects of locally-injected hemin, carbon monoxide releasing
molecule-3 (CORM-3), or inactive carbon monoxide releasing molecule-3
(iCORM-3) on rat carrageenan (Cg)-induced pleurisy. (A, B) Hemin, CORM-
3, iCORM-3, or vehicle (NaOH) was injected directly into the pleural cavity
immediately prior to intrapleural Cg injection. The effects of the treatments on
exudate volume (A) and cell number (B) in pleural exudates were evaluated 6 h
after Cg challenge. Horizontal axes: doses (mg/kg) of hemin, CORM-3, and
iCORM-3. Cg indicates control animals injected with vehicle prior to Cg in-
jection. Data are expressed as mean + SEM (n = 5-7 rats). *, P < 0.05; **, P <
0.01; *** P < 0.001 vs. Cg. 7%, P < 0.01; 7%, P < 0.001 vs. iCORM-3.
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Table 2

Effects of r-arginine, 1-hydroxy-2-oxo-3,3-bis(2-aminoethyl)-1-triazene (NOC-
18), hemin, carbon monoxide releasing molecule-3 (CORM-3), or inactive car-
bon monoxide releasing molecule-3 (iCROM-3) on the release of pro-
inflammatory cytokines and chemokines in the pleural exudates 6 h after
carrageenan (Cg) challenge.

Group TNF-a” (pg/ml) IL1-p” (pg/ml)

167.3 £ 9.8
1897.4 £ 165.7

*kk

MCP-1° (pg/ml)

Saline 36.0 £ 0.6
Vehicle? + Cg  1412.2 + 109.4 ***

517.6 £ 27.6
2889.6 £+ 183.6 ***

L-arginine + 778.2 +100.6 *** 1231.5 + 220.3 1756.4 + 176.9 ***
Cg ## e # #H##
NOC-18 + Cg 792.2 + 106.3 *** 883.7 £ 152.6 1806.5 + 161.7 ***
#H# #H# #H#
Hemin + Cg 721.2 £ 72.8 *** 930.5 +171.1 * 1758.9 + 205.8 ***
#H## ## #H##
CORM-3 +Cg  598.9 + 88.9 ** 723.6 £ 131.0 993.4 £+ 125.1 ***
#H# #H# #H#
iCORM-3 + 1475.2 + 89.3 *** 1844.9 £174.8 3167.3 4 178.4 ***
Cg dkk

Each value represents the mean + SEM of 5-10 rats. *, P < 0.05; **, P < 0.01;
#*% P < 0,001 vs. saline controls. #, P < 0.05; ## P < 0.01, *## P < 0.001 vs.
vehicle + Cg.

2 TNF-«, tumor necrosis factor-a.

b 1L-1p, interleukin-1p.

¢ MCP-1, monocyte chemoattractant protein-1.

d Vehicle, saline.

1p, and MCP-1 levels compared with the vehicle-treated controls.
Administration of negative control iCORM-3 failed to significantly
modify the levels of these mediators.

3.6. Effects of L-NNA, AE-ITU, i-arginine, NOC-18, ZnPP-IX, hemin,
CORM-3, and iCORM-3 on pleural inflammation in the absence of Cg

To confirm that AE-ITU, L-NNA, i-arginine, NOC-18, ZnPP-IX,
hemin, CORM-3, and iCORM-3 did not affect inflammation simply as a
result of direct irritation, these compounds, as well as the appropriate
vehicles, were injected into rats in the absence of Cg. None of the
compounds caused exudate formation or an increase in inflammatory
cells (data not shown).

4. Discussion

NO is responsible for numerous physiological and pathophysiolog-
ical processes, although excess concentrations are toxic and can cause
tissue damage [33]. As such, NOS inhibitors have shown
anti-inflammatory effects in both acute and chronic models of inflam-
mation. For example, in a rat trinitrobenzene sulfonic acid-induced co-
litis model, NOS inhibitor NCnitro-L-arginine methyl ester
hydrochloride reduced the influx of both neutrophils and macrophages
[6], while a second NOS inhibitor, N°-L-monomethylarginine, signifi-
cantly inhibited exudate formation and cellular influx in a Cg-induced
pleurisy model [10]. However, in contrast to these findings, a single
intrapleural injection of the selective iNOS inhibitors AE-ITU and
N-(3-(aminomethyl)-benzyl) acetamidine or the selective eNOS inhibi-
tor L-N [5](1-iminoethyl)-ornithine not only exacerbated inflammation
but also prevented the resolution of inflammation [2]. The apparently
contradictory and site-specific effects of NO on inflammation were
confirmed in the current study, where intrapleural injection of NOS
inhibitors L-NNA or AE-ITU significantly exacerbated inflammation,
while systemic injection of the inhibitors into the peritoneal cavity
decreased inflammatory exudate NOx levels, exudate volumes, and in-
flammatory cell counts compared with the control. These findings were
further supported by the decreased leukocyte infiltration, vascular
permeability, and oxidative stress-associated enzyme activity observed
in the rats following treatment with NO substrate 1-arginine or NO donor
NOC-18.
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While our results supported a protective role for low levels of NO at
the site of inflammation, the underlying mechanism remained elusive.
HO is a member of the heat shock protein family that catalyzes the
conversion of heme to biliverdin/bilirubin, ferrous iron, and CO. The
inducible isoform of HO, HO-1, is activated in response to cellular stress,
with NO shown to be a powerful inducer of HO-1 expression [14-16].
For example, Motterlini et al. showed that iNOS activity significantly
induced the expression of HO-1 in porcine aortic endothelial cells,
providing protection against hydrogen peroxide stress [14]. Subsequent
studies confirmed the protective role of NO-mediated HO-1 expression
under both hypoxia and nitrosative stress conditions [15,16], which can
impair the cellular redox status, leading to inflammation and cell injury
[34,35]. As such, numerous studies have demonstrated that HO-1
expression and the concomitant production of its metabolite CO have
an anti-inflammatory effect [22,36-38]. Therefore, we explored the
interplay between the HO-1 and NOS systems. Pretreatment of rats with
HO-1-specific inhibitor ZnPP-IX completely blocked the beneficial ef-
fects of NOC-18 on the degree of exudation and leukocyte migration
triggered by Cg challenge, without affecting NOx levels. In contrast,
HO-1 substrate hemin and CO-releasing molecule CORM-3 significantly
decreased leukocyte migration and exudation, indicating that
NO-induced HO-1 expression is likely to be at least partly responsible for
the anti-inflammatory effects of localized NO expression. In addition,
the reduction of inflammatory parameters promoted by CO was
dependent on the production of pro-inflammatory cytokines and che-
mokines. There is substantial evidence that pro-inflammatory cytokines
TNF-a and IL-1p, along with chemokine MCP-1, propagate both local
and systemic inflammatory processes [39,40]. Our results confirm that
the inflammatory process induced by Cg injection into the pleural cavity
leads to substantial increases in the levels of TNF-a, IL-1f, and MCP-1 in
the exudate. In contrast, NOC-18 and r-arginine prevented the increase
in these inflammatory molecules in the exudate, which is consistent with
our previous findings [1].

Importantly, hemin and CORM-3 also decreased the levels of the pro-
inflammatory mediators in the exudate. This supports the findings of
Vicente et al. [19], who demonstrated that HO-1 induction by hemin
reduced the levels of TNF-a and IL-1f in a zymosan-induced model of
inflammation. Another study revealed that CORM-3-derived CO reduces
the concentrations of TNF-a and IL-1f in joint tissues in a mouse model
of collagen-induced arthritis [41]. In vitro studies have also shown that
NO donors (NONOate compounds, 3-morpholino-sydnonimine (SIN-1),
and nitroprusside) inhibit TNF-a- or IL-1p-induced expression and pro-
duction of MCP-1 in human endothelial and mesangial cells [42,43],
suggesting that NO modulates MCP-1 expression and activity in vitro.
These findings, together with the current results showing lower levels of
TNF-a, IL-1f, and MCP-1 in the 1-arginine + Cg, NOC-18 + Cg, hemin +
Cg, and CORM-3 + Cg groups, confirm the protective effects of both NO
and HO-1 induction, leading us to hypothesize that the NOS/HO-1/CO
pathway is involved in blunting the inflammatory response.

Our results showed that both r-arginine and NOC-18 significantly
increase vascular permeability and cell migration at the highest tested
doses, which may be associated with blood pressure reduction or addi-
tional tissue damage caused by the high concentrations of NO at the
inflammatory site [21,33]. Conversely, low r-arginine or NOC-18 doses,
which are not likely to affect vascular tone [21], significantly suppressed
leukocyte migration, suggesting that NO primarily modulates
Cg-induced pleurisy by reducing cell accumulation at the inflammation
site. The modulatory role of r-arginine depends on NO formation, which
can be generated at the inflammatory site by either cNOS or iNOS [7].
However, the observed dose-dependent effects of L-arginine in this study
indicate that iNOS expression plays an important role in rat Cg-induced
pleurisy. Intracellular r-arginine levels are inadequate to sustain the
large amounts of NO produced by iNOS, meaning that NO synthesis from
iNOS depends on substrate replenishment from extracellular stores [44],
and that NO generation from L-arginine is dose-dependent. In contrast,
we did not observe any significant difference in NOx concentrations in
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pleural exudates of rats treated with NOC-18 at 3, 10, or 30 mg/kg. This
indicates that the mechanisms of NO formation from r-arginine and
NOC-18 may differ, which is supported by the previously demonstrated
blood pressure drop induced by 30 mg/kg NOC-18 [21].

GST is a detoxification enzyme that plays a pivotal role in cellular
responses to oxidative stress along with CAT, SOD, and GPx [45]. GST,
CAT, SOD, and GPx activities are increased in various models of acute
inflammation, including Cg-induced pleurisy [46-48]. In the current
study, the Cg-induced overactivity of these four antioxidant enzymes
reverted to baseline levels following co-treatment with r-arginine or
NOC-18. In contrast, both L-NNA and AE-ITU increased enzymatic ac-
tivity. Therefore, we hypothesize that because leukocytes are largely
responsible for the formation of reactive oxygen species as a host de-
fense, this effect is a consequence of the inhibitory activity of NO on
leukocyte migration. The enzyme MPO is another major
pro-inflammatory mediator that participates in neutrophil phagocytosis
and is responsible for the conversion of HyO,, generated by SOD, into
hypochlorous acid. Although it stimulates the host immune response to
microbial invasion, continuous and unbalanced MPO activity is closely
related to tissue damage as a consequence of oxidative stress [49]. Our
results demonstrate that the administration of a NO substrate or NO
donor can inhibit MPO activity, which supports previous findings by
Fernandes et al. [50] who showed that two different NO donors
inhibited MPO activity in a Cg-induced paw edema mouse model.

In summary, using a Cg-induced pleurisy model, we explored the
critical involvement of NO in leukocyte migration to the inflammatory
site and the interplay between the HO-1 and NOS systems, finding evi-
dence that a molecular cascade formed by NOS/NO/HO-1/CO down-
regulates leukocyte migration during an acute inflammatory reaction.
Importantly, we also showed that HO-1 activity and CO are involved in
the inhibitory effect of NO on the production of pro-inflammatory cy-
tokines and chemokines. To our knowledge, this is the first time that
local production of NO has been shown to be protective by virtue of its
ability to regulate the release of typical pro-inflammatory mediators,
and that the effect of NO is likely to be mediated via the HO-1/CO
pathway. Although our findings are currently limited to the Cg model
of rat pleurisy and need confirmation in other inflammation models,
they suggest that NO supplementation may be a promising treatment for
inflammatory diseases involving oxidative stress.
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