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Inducible nitric oxide synthase (iNOS) is one of the enzymes responsible for NO production
in neutrophils (PMN) and in peripheral blood mononuclear cells (PBMC). Several studies
have demonstrated that iNOS expression is controlled by a wide group of cytokines which
achieve their biological effect through, among others, the activation of the p38 MAPK
pathway. The aim of the present study was to define the participation of the p38 MAPK
pathway in the induction of iNOS expression and NO production by PMN and PBMC of
healthy persons after stimulation of rhIL-15 and rhIL-18. We also estimated the influence of
rhIL-15 and rhIL-18 on cGMP production by both population cells and the production of
superoxide anion radicals by neutrophils. The results show that rhIL-15 and rhIL-18 induced
an increase in the expression of iNOS and phospho-p38 MAPK in PMN and PBMC. We also
found that PMN and PBMC, stimulated by these cytokines, released larger amounts of NO
and cGMP in comparison with non-stimulated cells. Additionally, PMN showed a more
pronounced ability to produce superoxide anions. The results suggest that iNOS activation in
neutrophils and in peripheral blood mononuclear cells stimulated with rhIL-15 and rhIL-18
may be achieved through the assistance of the p38 MAPK pathway.
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Inducible nitric oxide synthase (iNOS) is one of
the enzymes responsible for nitric oxide synthesis
in the body. Cell types reported to express iNOS in-
clude lymphocytes, macrophages, neutrophils, fibro-
blasts, Kupfer cells, hepatocytes, astrocytes and chon-
drocytes (BECK et al. 1999; KRONCKE et al. 1995).

Nitric oxide (NO) is a biologically active molecule
of an approximate molecular weight of 30 Da, which
regulates the functioning of many systems includ-
ing the immune system (KRONCKE et al. 1995;
MOODLEY 2002). Its biological effect is achieved
through the activation of the guanylyl cyclases
(sGC) leading to cyclic guanomonophosphate syn-
thesis (cGMP), which is considered an indirect in-
dicator of the amount of generated NO (KOESLING

et al. 1991; STROOP & BEAVO 1991).

The largest quantities of NO are produced in the
course of the immunological reaction. Studies in
vitro and in vivo have shown that NO may inhibit
intracellular development and kill viruses, bacteria,
fungi and protozoa. NO shows anti-inflammatory

properties, including the inhibition of leukocyte
adhesion to the endothelium, degranulation of
mast cells, lymphocyte proliferation, and synthe-
sis of reactive forms of oxygen by phagocytes. On
the other hand, NO has also been demonstrated to
have pro-inflammatory properties, such as the
stimulation of TNF-� production, cyclooxygenase
(COX) activation, and prostaglandin production
(KRONCKE et al. 1995; MOODLEY et al. 2002).

The regulation of iNOS expression depends on
the cell type, activation of appropriate transcrip-
tion factors and their interaction (LIRK et al. 2002).
A previous study has shown the inverse correlation
between iNOS and phospho-I�B (a sign of NF-�B
activation) expression and suggested that iNOS
activation in rhIL-15 and rhIL-18 stimulated PMN
and PBMC was not directly dependent on the
NF-�B pathway and may occur with the involve-
ment of other intracellular signaling pathways
(JABLONSKA et al. 2006).

The p38 MAPK pathway, with the participation
of the enzyme kinase MAP family, can take part in



the initiation of mRNA iNOS transcription. They
have the ability to move to the cell nucleus and acti-
vate the expression of many genes, including tran-
scription factor coding genes, such as AFT-2 or
SAP-1. It is known that cytokines such as IL-15
and IL-18 are p38 MAPK pathway stimulating
factors (WYMAN et al. 2002; PELLETIER et al.
2002; DE VERA et al. 1996).

Therefore this study was undertaken in order to
determine the participation of p38 MAPK pathways
in the induction of iNOS expression and NO produc-
tion by PMN and PBMC after rhIL-15 and rhIL-18
stimulation. As the presence of phospho–p38 MAPK
is a sign of p38 MAPK activation, its expression
may confirm or exclude the involvement of p38
MAPK pathway in the activation of iNOS. Be-
cause cGMP is an indirect coefficient of the gener-
ated amount of NO, its concentration was also
estimated in the examined PMN and PBMC super-
natants. Moreover, an assessment was made of the
ability of neutrophils to release superoxide anion
radicals by PMN, which produces highly toxic
pernitrate (V) with NO, responsible for the peroxi-
dation of proteins, lipids and nucleic acids
(KRONCKE et al. 1995).

Material and Methods

We examined 20 healthy donors aged from 21 to
40 years (mean 32 years). Cells were isolated from
heparinized (10U/ml) whole blood by Gradisol G
gradient 1.115g/ml (Polfa) according to ZEMAN et
al. (1988).

Two highly purified leukocyte fractions, mono-
nuclear cells (PBMC), and polymorphonuclear
cells (PMNs), were suspended in the culture me-
dium (HBSS) to provide 5x106 cells/ml and the
cells were incubated in flat-bottomed 96-well
plates (Microtest III-Falcon) for 4 h at 37oC in a
humidified incubator with 5% CO2 (NUAIRETM).

Recombinant human IL-15 (rhIL-15 – 50 ng/ml;
R&D) and/or recombinant human IL-18 (rhIL-18
– 50 ng/ml; R&D Systems) were tested to stimu-
late secretion by PMN and PBMC.

Western blot analysis

The cells were incubated for 4 h and then were
lysed directly by sonication. Total lysates of
PMNs and PBMC were suspended in Laemmli
buffer (Bio-Rad Laboratories) and electrophore-
sed on SDS-PAGE. The resolved protein was
transferred onto 0.2 �m pore-sized nitrocellulose
(Bio-Rad Laboratories, Herkules CA, USA).
Membranes were then blocked with a TBS/Ca-

seine buffer for 1 hour at room temperature. After-
wards the membranes were washed in TBS and
0.05% Tween20. Nitrocelluloses were incubated
at +4oC for 18 h with the primary monoclonal anti-
body anti-iNOS (R&D Systems, Minneapolis,
USA) and polyclonal antibody anti-phospho-p38�
MAPK (ABR Affinity BioReagents, Golden,
USA). After washing with 0.1% TBS-T, the mem-
brane was incubated at room temperature for 1 h
with alkaline phosphatase anti-mouse IgG Abs
(Vector Laboratories, Burlingame, CA, USA). Im-
munoreactive protein bands were visualized by the
BCIP/NBT Liquid substrate system (Sigma, Saint
Louis, USA), determined using LabImage 1 Gel
software and estimated by arbitrary units. The il-
lustrations show a typical image of iNOS and
phosho-p38 MAPK expression (Fig. 1).

Determination of total nitric oxide (NO3
-/NO2

-)

concentration in the PMN and PBMC super-

natants

Nitric oxide produced in cells in the presence of
superoxide anion-radicals is rapidly converted to
nitrate (V) and nitrate (III) (NO3

-, NO2
-). Nitrate

(V) and nitrate (III) are stable final products of NO
metabolism and may be used as indirect markers of
NO presence. Total NO concentration is com-
monly determined as a sum of nitrate (V) and ni-
trate (III) concentrations. NO production by PMN
and PBMC was determined using an indirect
method based on measurement of NO2

- ion con-
centration in culture supernatants and serum ac-
cording to Griess’s reaction. In the samples
analyzed, nitrates (V) were reduced to nitrates (III)
in the presence of cadmium, and then converted to
nitric acid III that gave a colour reaction with
Griess’s reagent (SCHULZ et al. 1999). NO2

- ion
concentrations were determined by spectropho-
tometric analysis at � = 540 nm with reference to a
standard curve.

Analysis of generation of superoxide anion radi-

cals by PMN using the cytochrom-c reduction test

”Oxygen burst” in neutrophils was explored by
detecting the production of O2

-* by these cells ac-
cording to Mc Cord’s method, in BHUYAN’s
modification, based on differences between light
absorbancies of solutions containing nonreduced
and reduced cytochrome-c (BHUYAN & BHUYAN

1994; BARTOSZ 2003). Cytochrome-c does not
permeate through the plasmic membrane and thus
its reduction by superoxide anion radicals in PMN
supernatants indicates O2

*- release outside of the
cell.
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Cytochrome-c solution in phosphate buffer
(KH2PO4/K2HPO4), pH=7.8, containing 0.1 mM
EDTA, was added to two parallel samples with
isolated neutrophils. Cytochrome-c concentration
was 15mg/ml. Superoxide dismutase (SOD), 5000

U/ml activity, was added to the reference sample,
while buffer was added to the study sample. Next,
after addition of LPS (10�g/ml) to both test-tubes,
the samples were incubated at 37oC, and then ab-
sorbance was read at �=550 nm in the presence of
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Fig. 1. Western blot analysis of iNOS and phospho-p38 MAPK protein expression in PMN and PBMC. A – PMN; B –
PMN+rhIL-15; C – PMN+rhIL-18; D – PBMC; E – PBMC+rhIL-15; F – PBMC+rhIL-18.
* – statistical differences between unstimulated and stimulated cells (P<0.05)
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deionized water. The result was presented as non-
titrated F index expressed by the absorbance of the
reference sample to the reduced sample ratio.

Abs Cyt-c + SOD
F = ––––––––––––––

Abs Cyt-c

Determination of cGMP concentration in the PMN

and PBMC supernatants

cGMP levels in the cell supernatants was as-
sessed using ELISA kit (R&D Systems).

Statistical evaluation

The results obtained were analyzed statistically
using Microsoft Excel spreadsheet and Statistica 5.1
suite. Data were presented as mean ± standard de-
viation (SD). Data distribution normality was de-
termined using the Kolmogorov-Smirnov. Since the
data were not normally distributed, for comparison
of variations between assayed groups, U-Mann-
Whitney nonparametric tests were applied to unre-
lated results. For analysis of correlation between
parameters tested, Pearson’s linear correlation was
used, and its significance was assessed using the
Student’s t-test for the correlation coefficient. A
statistical significance level of P<0.05 was assumed.

Results

iNOS and phospho-p38 MAPK expression in PMN

and PBMC

iNOS protein of approximate molecular mass of
130 kDa was expressed in PMN and PBMC of the
control group. Equal expression was found in
PMN and PBMC. rhIL-15 – and rhIL-18 – stimu-

lated leukocytes increased iNOS expression in
comparison with non-stimulated cells (Fig. 1A).

Moreover, the expression of a phospho–p38
MAPK protein of a molecular weight of 38 kDa
was found in PMN and PBMC. Differences were
not observed in expression of this protein between
PMN and PBMC. In the presence of rhIL-15 and
rhIL-18, phospho–p38 MAPK expression was ele-
vated in both leukocyte groups in comparison to
non-stimulated cells (Fig. 1B).

Concentrations of total NO (NO3
-/NO2

-) in PMN

and PBMC supernatant

Incubation of PMN and PBMC in the presence
of rhIL-15 and rhIL-18 caused a significant in-
crease in the production of NO as compared to
non-stimulated cells (Table 1).

Concentrations of cGMP in PMN and PBMC

supernatants

There was no difference in the concentrations of
cGMP between PMN and PBMC. In the super-
natants of rhIL-15 – and rhIL-18 – stimulated

Fig. 2. Concentrations of cGMP in PMN and PBMC supernatants
* - statistical differences between unstimulated and stimulated cells (P<0.05).

Table 1

Concentrations of total NO (NO3
-/NO2

-)
in PMN and PBMC supernatants

Concentrations of total NO
(NO3

-/NO2
-)

(�M/5x106 cells/ml)

Cells PMN±SD PBMC±SD

Unstimulated 26.75±3.52 24.68±3.61

rhIL-15 stimulated 32.19a±4.02 33.22a±4.13

rhIL-18 stimulated 33.46a±4.21 31.44a±4.28

* – statistical differences between unstimulated and stimulated
cells (P<0.05).

E. JABLONSKA et al.86



PMN and PBMC, cGMP concentrations were
higher compared to non-stimulated cells (Fig. 2).

Superoxide anion radical generation by PMN

Incubation of neutrophils in the presence of
rhIL-15 and rhIL-18 caused a significant increase
in the production of superoxide anion radicals
compared to non-stimulated cells (Fig. 3)

Assessment of correlations between the exam-

ined parameters

A correlation was observed between total NO
concentration and cGMP levels in PMN super-
natants (r=0.78 P<0.05) (Fig. 4).

A correlation was also found between total NO
concentration and cGMP levels in PBMC super-
natants (r=0.66 P<0.05) (Fig. 5).

Fig. 3. Superoxide anion radical generation by PMN
* – statistical differences between unstimulated and stimulated cells (P<0.05).

Fig. 4. Correlation between total NO concentration and cGMP level in PMN supernatants.
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Discussion

There are reports that the p38 MAPK pathway
plays several different roles in the induction of
iNOS expression in cells – either activation, inhi-
bition or none (LIRK et al. 2002; DA SILVA et al.
1997). In this study, a simultaneous increase in
iNOS and phospho-p38 MAPK expression and in
production of nitric oxide by non-stimulated PMN
and PBMC in healthy persons was observed. The
same relations were observed in the presence of
rhIL-15 and rhIL-18. These observations confirm
the role of the p38 MAPK pathway in iNOS activa-
tion in these cells.

The results are in agreement with data presented
by AJIZIAN et al. (1999), who assessed p38
MAPK pathway activation in macrophages and
showed that its inhibition blocked iNOS expres-
sion in cells stimulated with IFN-� + LPS. How-
ever, DA SILVA et al. (1997) demonstrated that the
p38 MAPK pathway is necessary, but not suffi-
cient, for iNOS induction in mouse astrocytes
stimulated by TNF-� + IL-�.

In contrast, CHAN et. al. (2001) observed that
p38 MAPK signaling pathway inhibition led to an
increase in iNOS expression in mouse macro-
phages.

It is suggested that all signals which lead to NO
synthase activation simultaneously initiate cGMP
synthesis, considered an indicator of the amount of
generated NO. Activation of the guanylyl cyclases
(sGC) by NO leads to cGMP synthesis (KOESLING

et al. 1991; STROOP et al. 1991). The results ob-
tained in the present study show a correlation be-
tween high cGMP concentrations and elevated
production of NO by PMN and PBMC.

cGMP released by the examined leucocytes may
have different implications in the immune system.
cGMP can lead to the inhibition of neutrophil che-
motaxis and adhesion as well as aggregation of
thrombocytes in auto- and paracrine way
(KOESLING et al. 1991; STROOP & BEAVO 1991).
Moreover, it was confirmed that cGMP decreases
iNOS expression in mouse macrophages by block-
ing the activation of the transcription factor NF-�B
and disturbing mRNA durability of this enzyme
(KIEMER & ANGELIKA 1998). However, in
smooth muscle cells, cGMP exerts an activating
effect on iNOS (HAYDEN & NAKAYAMA 1999).
In this study similar results were obtained, i.e. a
significant increase in the production of cGMP by
PMN and PBMC was accompanied by intensified
iNOS expression in these cells.

It is well established that cytokines influence
cGMP generation. SHINDO et al. (1995) reported

Fig. 5. Correlation between total NO concentration and cGMP level in PBMC supernatants.
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an increase in cGMP production by cardiac myo-
cytes under the influence of IL-1� and LPS in vi-
tro. However, other cytokines, such as TNF-�,
IL-2, IL-6, IL-8, and TGF-� did not demonstrate
this effect. In the current study the influence of
pro – inflammatory cytokines, rhIL-15 and
rhIL-18, on the increase in cGMP release by
PMN and PBMC was observed.

It was also shown that in the presence of these
cytokines neutrophils released increased amounts
of superoxide anion radicals, with accompanied
higher expression of phospho-p38 MAPK. These
results confirm reports of other authors that respi-
ratory burst in granulocytes may occur with the
activation of the p38 MAPK pathway. The study
of BENNA et al. (1997) showed that the protein
p47phox (a component of the NADPH oxidase) is
phosphorylated in activated neutrophils by p38.

In conclusion, the results suggest p38 MAPK
pathway participation in iNOS activation in PMN
and PBMC. Since the induction of two or more sig-
naling pathways is necessary for total iNOS gene
activation in human cells, further investigations in
search of other pathways regulating iNOS expres-
sion in human PMN and PBMC are indispensable.
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