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ABSTRACT
In the study of anti-proinflammation by 7-[2-[4-(2-chlorobenze-
ne)piperazinyl] ethyl]-1,3-dimethylxanthine (KMUP-1) and 7-
[2-[4-(4-nitrobenzene)piperazinyl]ethyl]-1,3-dimethylxanthine
(KMUP-3), exposure of rat tracheal smooth muscle cells
(TSMCs) to tumor necrosis factor-� (TNF-�), a proinflammatory
cytokine, increased the expression of inducible nitric-oxide
synthase (iNOS) and NO production and decreased the expres-
sion of soluble guanylate cyclase �1 (sGC�1), soluble guanylate
cyclase �1 (sGC�1), protein kinase G (PKG), and the release of
cGMP in TSMCs. The cell-permeable cGMP analog 8-Br-
cGMP, xanthine-based KMUP-1 and KMUP-3, and the phos-
phodiesterase 5 inhibitor zaprinast all inhibited TNF-�-induced
increases of iNOS expression and NO levels and reversed
TNF-�-induced decreases of sGC�1, sGC�1, and PKG expres-
sion. These results imply that cGMP enhancers could have
anti-proinflammatory potential in TSMCs. TNF-� also increased

protein kinase A (PKA) expression and cAMP levels, cyclooxy-
genase-2 (COX-2) expression, and activated productions of
prostaglandin (PG) E2 and 6-keto-PGF1� (stable PGI2 metabo-
lite). Dexamethasone and N-[2-(cyclohexyloxyl)-4-nitrophenyl]-
methane sulfonamide (NS-398; a selective COX-2 inhibitor)
attenuated TNF-�-induced expression of COX-2 and activated
productions PGE2 and PGI2. However, KMUP-1 and KMUP-3
did not affect COX-2 activities and did not further enhance
cAMP levels in the presence of TNF-�. It is suggested that
TNF-�-induced increases of PKA expression and cAMP levels
are mediated by releasing PGE2 and PGI2, the activation prod-
ucts of COX-2. In conclusion, xanthine-based KMUP-1 and
KMUP-3 inhibit TNF-�-induced expression of iNOS in TSMCs,
involving the sGC/cGMP/PKG expression pathway but without
the involvement of COX-2.

Pro-inflammatory cytokines, including TNF-�, play an im-
portant role in regulating the tracheal smooth muscle contrac-
tility that is found in the asthmatic phenotype. TNF-� is in-

creased in the sputa of patients with bronchial asthma and
present in the bronchoalveolar lavage fluid of symptomatic
asthmatic patients (Renauld, 2001). As a member of these cy-
tokines, TNF-� attracts and activates nonspecific inflammatory
macrophages and neutrophils during infection and hypersensi-
tivity induced by the inhalation of organic particles or fumes
(Mohr, 2004; Mendez-Samperio et al., 2006).

Likewise, proinflammatory TNF-�, inducible nitric oxide-
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synthase (iNOS), and cyclooxygenase-2 (COX-2) are coex-
pressed in pulmonary airway infection. Local production of
TNF-� has been found to be regulated by iNOS and COX-2
and thus serves to orchestrate the inflammation pathway
(Watkins et al., 1999). Enhanced COX-2 and iNOS expres-
sion by TNF-� can increase the production of cAMP and
cGMP as a result of activated adenylate cyclase and guany-
late cyclase, respectively. Because high-output cyclic nucleo-
tide production in response to inflammation suppresses pro-
tein kinase G (PKG) expression, and cAMP analogs are more
potent than cGMP analogs in reducing PKG mRNA expres-
sion, suggesting that PKA mediated the effects of cAMP and
cGMP through cross-activation (Browner et al., 2004).

Xanthine-based phosphodiesterase inhibitors (PDEIs)
have been used as bronchodilators because they can nonse-
lectively inhibit PDE, resulting in increases of cAMP. There-
fore, they have been used to treat bronchospastic diseases
associated with immunoresponses (Giembycz, 2000; Car-
amori and Adcock, 2003). In contrast, xanthine-based 7-[2-
[4-(2-chlorobenzene)piperazinyl] ethyl]-1,3-dimethylxan-
thine (KMUP-1), with endothelium- and epithelium-derived
NO-enhancing activities, has been found to relax smooth
muscle contractions by both activating sGC and inhibiting
PDE, leading to the accumulation of cGMP (Wu et al., 2001,
2004; Lin et al., 2002). KMUP-1 has been shown to activate
large-conductance Ca2�-activated K� channels in basilar
artery myocytes via cAMP- and cGMP-dependent protein
kinases (Wu et al., 2005). Furthermore, intratracheal 7-[2-
[4-(4-nitrobenzene)piperazinyl]ethyl]-1,3-dimethylxanthine
(KMUP-3) has been reported to increase the respiratory per-
formance and to protect against TNF-�-induced airway re-
sistance, involving the activation of sGC/cGMP/PKG (Lin et
al., 2006). Previously, however, TNF-� was reported to mod-
ulate tracheal responses to G-protein-coupled receptor ago-
nist and to act as an inflammatory cytokine in patients with
asthma (Chen et al., 2003). Thus, it is still not known
whether xanthine-based KMUP-1 and KMUP-3, chemically
with imidazole (isoform of indazole) moiety, have anti-
proinflammatory actions to modulate or attenuate TNF-�-
induced iNOS and COX-2 expression, cGMP, and expression
of PKG.

A nonxanthine sGC activator, YC-1, chemically with inda-
zole moiety, exerts cGMP-dependent and -independent ac-
tions. The latter include the inhibition of PDE (Friebe et al.,
1998) and untoward COX-2 expression in pulmonary epithe-
lial cells (Chang et al., 2004). Thereafter, a more selective
sGC activator, indazole-based Bay-41-2272, similar to YC-1,
has also been reported to come with cGMP-dependent and
-independent actions in vascular system (Teixeira et al.,
2006). In addition, KMUP-1 and KMUP-3 were described
previously to activate sGC in trachea (Wu et al., 2004; Lin et
al., 2006). sGC activation by YC-1 and BAY-41-2272 has thus
encouraged us to investigate the involvement of sGC/cGMP/
PKG in associated anti-proinflammation by KMUP-1 and
KMUP-3. The difficulty in using sGC activators is that they
act nonselectively on several organs (Doggrell, 2005), which
might limit their clinical potential, particularly in the pul-
monary airway.

PDE5 inhibitors with cGMP-increasing activity have
proven to induce tracheal relaxation. One of them, sildenafil,
was found to induce endothelial nitric-oxide synthase and
delay preconditioning through an iNOS-dependent pathway

(Salloum et al., 2003). However, proinflammatory iNOS is
undesirable when researching new and safe tracheal relax-
ants. In contrast, classic xanthine-based PDEIs, theophylline
and pentoxifylline, reduce TNF-� and iNOS expression and
improve indomethacin-induced enteropathy, indicating their
anti-proinflammatory merits (Saud et al., 2005). Xanthine-
based KMUP-1 and KMUP-3 have been found to have cGMP-
enhancing activity and thus may provide cGMP-dependent
anti-proinflammatory benefits.

There are two classes of compounds: 1) indazole-based
YC-1, BAY-41-2272, and sildenafil; and 2) imidazole-based
KMUP-1, KMUP-3 (Fig. 1), and 8-Br-cGMP, predominantly
mimic the action of cGMP by regulating one to three compo-
nents of an endothelial nitric-oxide synthase/sGC/PDE-
mixed functional enzyme system. However, in the present
study, a cGMP-dependent bronchodilator with anti-inflam-
matory activity is desired to suppress TNF-�-induced bron-
chospastic dysfunction. The goal of this study was to develop
a xanthine-based sGC activator/cGMP enhancer with tra-
cheal relaxant and anti-inflammatory properties but devoid
of YC-1’s COX-2 and sildenafil’s iNOS expression activity. So
far, in addition to corticosteroids and �2-adrenoceptor ago-
nists, neither xanthine-based PDEIs nor sGC activators are
inhaled to attenuate inflammatory bronchospastic dysfunc-
tion.

This study aimed to investigate the anti-proinflammatory
effects of xanthine-based KMUP-1 and KMUP-3 on TNF-�-
induced expression of iNOS/COX-2 and the involvement of
sGC/cGMP/PKG in tracheal smooth muscle cells (TSMCs).

Materials and Methods
Animals. Male Wistar rats (250–300 g) were provided by the

National Laboratory Animal Breeding and Research Center (Taipei,
Taiwan) and housed under constant temperature and controlled
illumination. Food and water were available ad libitum. This study
was approved by the Animal Care and Use Committee of the Kaohsi-
ung Medical University.

Cell Culture. Rats were injected intraperitoneally with a lethal
dose of pentobarbital. The tracheas were excised and cut longitudi-
nally through the cartilage. Using a dissecting microscope, TSM
strips were dissected from the surrounding parenchyma. The epithe-
lium was removed from the luminal surface, and bands of TSM were
gently separated from the underlying connective tissue. The TSM
strips were then chopped into small sections (1 mm3) and incubated
in Hanks’ balanced salt solution (138 mM NaCl, 4 mM NaHCO3, 5
mM KCl, 0.3 mM KH2PO4, 0.3 mM Na2HPO4, and 1.0 mM glucose)

Fig. 1. Chemical structures of KMUP-1 and KMUP-3. The shadow ring
indicates imidazole moiety.
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with 0.05% elastase type IV and 0.2% collagenase type IV (Invitro-
gen, Carlsbad, CA) for 30 min at 37°C with gentle shaking. The
solution of dissociated smooth muscle cells was centrifuged (6 min at
500g), and the pellet was resuspended in 1:1 Dulbecco’s modified
Eagle’s medium/Ham’s F-12 medium supplemented with 10% fetal
bovine serum, 0.244% NaHCO3, and 1% penicillin/streptomycin.
Cells were cultured, with or without KMUP-1, KMUP-3, and other
test agents, in 25-cm2 flasks at 37°C in humidified air containing 5%
CO2. The medium was changed every 2 to 3 days. Confluent cells
were passaged every third to fifth day onto 100-mm culture dishes
after trypsinization. Experiments to measure levels of NO, cGMP,
PGE2, and PGI2 were performed in cell cultures of 24-well plates
with 10,000 cells per well. Determinations of iNOS, sGC, PKG, PKA,
and COX-2 expressions were performed in cell cultures of 100-mm
Petri dishes. The cells were used in passages 2 to 6.

Immunofluorescent Stain. According to our previous method
(Wu et al., 2004), TSMCs (5�103 cells/well) grown in 24-well plates
on sterile 12-mm glass coverslips were rinsed twice with ice-cold
phosphate-buffered saline (PBS) and fixed with fixing buffer (3%
formaldehyde and 2% sucrose in PBS) for 5 min. Samples were
washed with washing buffer (0.1 M glycine in PBS), and the cells
were permeabilized for 20 min with permeabilization buffer (10%
goat serum and 0.4% Triton X-100 in PBS). Samples were then
washed with buffer A (0.2% Triton X-100 and 0.2% bovine serum
albumin in PBS) and incubated with fluorescein isothiocyanate-
conjugated monoclonal mouse anti-smooth muscle �-actin antibody
for 2 h in a dark room. The resulting samples were washed with
buffer A, aqueous fluorescent mounting media were added, and then
coverslips were affixed to the slides. Finally, the coverslips were
allowed to dry in the dark before viewing.

Protein Extraction and Western Blot Analysis. After incuba-
tion with or without KMUP-1, KMUP-3, and other test agents, the
cells were washed rapidly with ice-cold PBS, incubated with protein
extraction reagent (Pierce Biotechnology, Inc., Rockford, IL), and
then cells were scraped from plates. The samples were sonicated for
10 s three times and centrifuged at 13,000 rpm at 4°C for 30 min. The
protein concentrations of supernatants were determined by using
bovine serum albumin as the standard. The cell extracts were then
boiled in ratio of 4:1 with sample buffer (100 mM Tris, pH 6.8, 20%
glycerol, 4% SDS, and 0.2% bromphenol blue). Electrophoresis was
performed using 10% SDS-polyacrylamide gel electrophoresis and
transferred to nitrocellulose membranes (Millipore Corporation, Bil-
lerica, MA). The membrane was blocked with Tris-buffered saline (20
mM Tris and 137 mM NaCl, pH 7.6) containing 0.1% Tween 20
(TTBS) and 5% nonfat milk at room temperature for 1 h, washed
with TTBS, and then incubated overnight at 4°C in the appropriate
primary antibody of COX-2, iNOS, PKARI, PKG1�1�, sGC�1, and
sGC�1. The membranes were washed in TTBS before being incu-
bated with horseradish peroxidase-conjugated antibody against
mouse, goat, or rabbit IgG for 1 h. The membrane was then washed
in TTBS and developed with the enhanced chemiluminescence for
the detection of the specific antigen. The intensity of the bands was
quantitated by densitometry.

Cyclic Nucleotide Radioimmunoassay. Intracellular concen-
trations of cAMP and cGMP in TSMC were measured according to
our previous reports (Wu et al., 2004; Lin et al., 2006). In brief, cells
were grown in 24-well plates (105 cells/well) with or without
KMUP-1, KMUP-3, and other test agents. At confluence, monolayer
cells were washed with PBS and then incubated with isoproterenol,
KMUP-1, KMUP-3, and zaprinast (10 �M) for 20 min at 37°C in
medium and further incubated in the absence or presence of TNF-�
(100 ng/ml) for 9 h. The reaction was terminated by replacement of
medium with 1 ml of ice-cold 1 N hydrochloric acid. Cell suspensions
were sonicated and then centrifuged at 2500 g for 15 min at 4°C.
Then, the supernatants were lyophilized, and the concentrations of
cAMP and cGMP of each sample were measured using cGMP-125I
and cAMP-125I radioimmunoassay kits (GE Healthcare, Little Chal-
font, Buckinghamshire, UK).

Prostaglandin Radioimmunoreactivity. After treatment with
cGMP-enhancing KMUP-1 and KMUP-3, the culture media were
collected. Concentrations of PGE2 and 6-keto-PGF1� (stable metab-
olite of PGI2) in the culture medium were measured using PGE2 and
6-keto-PGF1� EIA assay kits (Cayman Chemical Co., Ann Arbor,
MI). All samples were run in duplicate.

Measurement of Nitrite/Nitrate. After treatment with
KMUP-1 and KMUP-3, the culture media were collected. Both nitrite
and nitrate (stable breakdown product of NO) were measured in cell
culture media. All samples were analyzed using nitrite/nitrate col-
orimetric assay kits (Cayman Chemical Co.) and run in duplicate.

Drugs and Chemicals. KMUP-1 and KMUP-3 were synthesized
in this laboratory. 8-Br-cGMP, dexamethasone, indomethacin, iso-
proterenol, NS-398, Rp-8-CPT-cAMPS, Rp-8-CPT-cGMPS, TNF-�,
and zaprinast were all purchased from Sigma-Aldrich (St. Louis,
MO). COX-2, iNOS, sGC�1, and sGC�1 antibodies were obtained
from Santa Cruz Biotechnology (Santa Cruz, CA). PKARI and
PKG1�1� antibodies were purchased from Calbiochem (San Diego,
CA). All drugs and reagents were dissolved in distilled water unless
otherwise noted. KMUP-1 and KMUP-3 (10�2 M) were dissolved in
10% absolute alcohol, 10% propylene glycol, and 2% 1 N HCl. Dexa-
methasone, indomethacin, and zaprinast (10�2 M) were dissolved in
dimethyl sulfoxide. Serial dilutions were made by distilled water.

Statistical Analysis. All data are expressed as the mean � S.E.
Statistical differences were determined by independent and paired
Student’s t test in unpaired and paired samples, respectively. When-
ever a control group was compared with more than one treated
group, the one-way or two-way analysis of variance was used. When
the analysis of variance manifested a statistical difference, results
were further analyzed with Dunnett’s or Tukey test. A probability
value (P value) less than 0.05 was considered to be significant.
Analysis of the data and plotting of the figures were done with the
aid of SigmaPlot software (version 8.0) and SigmaStat (version 2.03;
both from Systat Software, Point Richmond, CA) run on an IBM-
compatible computer.

Fig. 2. TNF-� modulated the expression of iNOS in cultured TSMCs.
Cells treated with TNF-� (100 ng/ml) for 1, 3, 6, 9, 12, 18, and 24 h.
Values are means � S.E., n � 6. ��, P � 0.01, ���, P � 0.001 versus
control.
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Results
iNOS and sGC Expression. To investigate the effects of

TNF-� on iNOS and sGC protein, TSMCs were incubated
with TNF-� (100 ng/ml) for 1, 3, 6, 9, 12, 18, and 24 h, and the
levels of iNOS and sGC subunit proteins were measured by
immunoblotting. As shown in Fig. 2, exposure of TSMCs to
TNF-� increased iNOS protein expression in a time-depen-
dent manner, with the maximum level evident at 9 h.
KMUP-1 and KMUP-3 (0.01–100 �M; Fig. 3A) and the PDE5
inhibitor zaprinast and exogenous 8-Br-cGMP (10 �M; Fig.
3B) inhibited TNF-�-induced increases of iNOS expression to
a similar extent (Fig. 3). In contrast, TNF-� decreased the
expression of sGC�1 and sGC�1 proteins in a time-dependent
manner, with the maximal inhibition achieved at 9 h (Fig. 4).
These inhibitions were reversed by KMUP-1, KMUP-3, zap-
rinast, and 8-Br-cGMP at 10 �M (Fig. 5).

PKG and PKA Expression. TNF-� (100 ng/ml) time-
dependently increased PKA within 24 h and significant de-
creased the expression of PKG protein between 6 and 9 h

(Fig. 6). The increased expression of PKA protein by TNF-�
was not further increased by KMUP-1 and KMUP-3 (0.1–100
�M); however, decreases of PKG protein expression were
reversed by both KMUP-1 and KMUP-3 (Figs. 7 and 8).
Zaprinast and 8-Br-cGMP at 10 �M also reversed TNF-�-
induced decreases of PKG protein (Fig. 8A), whereas 8-Br-
cAMP and zaprinast at 10 �M, similar to KMUP-1 and

Fig. 3. Effects of KMUP-1, KMUP-3, and various agents on TNF-�-
induced iNOS expression in cultured TSMCs. A, concentration-depen-
dent effects of KMUP-1 and KMUP-3 (0.01–100 �M) on TNF-� (100
ng/ml)-induced iNOS expression after 9-h incubation. �, P � 0.05; ��, P �
0.01 versus TNF-�-treated cells. B, cells pretreated with zaprinast,
KMUP-1, KMUP-3, and 8-Br-cGMP (10 �M) for 20 min and further
incubated with TNF-� (100 ng/ml) for 9 h. Values are means � S.E., n �
6. ��, P � 0.01 versus TNF-�-treated cells.

Fig. 4. TNF-� modulated the expression of sGC�1 and sGC�1 in cultured
TSMCs. Cells treated with TNF-� (100 ng/ml) for 1, 3, 6, 9, 12, 18, and
24 h. Values are means � S.E., n � 6. �, P � 0.05; ��, P � 0.01 versus
control.

Fig. 5. Effects of KMUP-1, KMUP-3, and various agents on TNF-�-
inhibited sGC�1 or sGC�1 expression in cultured TSMCs. Cells pre-
treated with zaprinast, KMUP-1, KMUP-3, and 8-Br-cGMP (10 �M) for
20 min and further incubated with TNF-� (100 ng/ml) for 9 h. Values are
means � S.E., n � 6. �, P � 0.05 versus TNF-�-treated cells.
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KMUP-3, did not affect TNF-�-induced increases of PKA
protein (Fig. 8B). The addition of the PKG inhibitor Rp-8-
CPT-cGMPS had no effect on TNF-�-induced decreases of
PKG expression. In contrast, the PKA inhibitor Rp-8-CPT-
cAMPS reversed the capacity of TNF-� to down-regulate
PKG expression (Fig. 8C). These results suggest that the
activation of PKA by TNF-� down-regulates PKG expression
in rat TSMCs.

COX-2 Expression. In the absence of TNF-� in rat
TSMCs, the expression of COX-2 showed time-dependent
decreases during incubation for 24 h. In the presence of
TNF-� (100 ng/ml), the expressions of COX-2 were limited to
moderate decreases after 6 h and were sustained for 24 h
compared with non-TNF-� challenge groups (Fig. 9A). It was
clear that not KMUP-1 and KMUP-3 (10 �M) but dexameth-
asone (1 �M) and COX-2 inhibitor NS-398 (10 �M) can sig-
nificantly inhibit TNF-�-induced COX-2 expression in
TSMCs (Fig. 9B).

Cyclic Nucleotide Levels. Intracellular cGMP produc-
tion was decreased, reaching minimal production at 9 h in
TSMCs in the presence of TNF-� (100 ng/ml). However, in
the presence of KMUP-1, KMUP-3, and zaprinast (10 �M),
cGMP was reversed to the basal level (Fig. 10A). In the
absence of TNF-�, the use of KMUP-1, KMUP-3, and isopro-
terenol (10 �M) in the culture of TSMCs significantly in-
creased the production of cAMP compared with the control
group. However, in the presence of TNF-�, KMUP-1, and
KMUP-3 could not further increase the production of cAMP
compared with the control group (Fig. 10B).

NO Levels Measured by Nitrite/Nitrate. TSMCs were
incubated with TNF-� for 9 h. Exposure of TSMCs to TNF-�
(100 ng/ml) led to the accumulation of nitrite and nitrate in
the culture medium, indicating the release of NO. 8-Br-
cGMP, KMUP-1, KMUP-3, and zaprinast (10 �M) all inhib-

ited TNF-�-induced production of nitrite/nitrate, which rep-
resented the NO levels (Fig. 11).

PGs and COX-2 Activities. Incubation of TSMCs with
TNF-� (100 ng/ml) increased the releases of PGs, PGE2, and
6-keto-PGF1�, a PGI2 stable metabolite. The greatest in-
creases that occurred were measured at 24 h. Dexametha-
sone (1 �M) and NS-398 (10 �M), a selective COX-2 inhibitor,
significantly inhibited TNF-�-induced PGE2 and 6-keto-
PGF1� formation. However, KMUP-1 and KMUP-3 (10 �M)
did not inhibit the production of PGs, resulting from the
activation of COX-2 (Fig. 12).

Discussion
Bronchodilation and immunosuppression or anti-inflam-

mation activities are important in drug therapy for inflam-

Fig. 7. Effects of KMUP-1 and KMUP-3 on TNF-�-modulated PKG or
PKA expression in cultured TSMCs. A, concentration-dependent effects
of KMUP-1 and KMUP-3 (0.1–100 �M) on TNF-� (100 ng/ml)-regulated
PKG expression after 9-h incubation. �, P � 0.05 versus TNF-�-treated
cells. B, KMUP-1 and KMUP-3 (0.1–100 �M) on TNF-� (100 ng/ml)-
regulated PKA expression after 24-h incubation. Values are means �
S.E., n � 6.

Fig. 6. TNF-� modulated the expression of PKG and PKA in cultured
TSMCs. Cells treated with TNF-� (100 ng/ml) for 1, 3, 6, 9, 12, 18, and
24 h. Values are means � S.E., n � 6. �, P � 0.05 versus control.
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matory bronchospastic dysfunction. Two xanthine- or imida-
zole-based derivatives, KMUP-1 and KMUP-3, have been
found to increase the expression of cGMP and PKG expres-
sion (Wu et al., 2004; Lin et al., 2006), which might make
them useful in the treatment of pulmonary airway dysfunc-
tions. In comparison, the more previously discovered inda-
zole derivatives YC-1 and BAY-41-2272 have been shown to
activate sGC by a binding manner, leading to increases of
cGMP (Ko et al., 1994; Chang et al., 2004; Balashova et al.,
2005). The chemical relationship between KMUP-1/KMUP-3
and YC-1/BAY-41-2272 were thus noted for their sGC acti-
vation, PKG expression, and cGMP-enhancing activities.

Exogenous TNF-� in vivo has been shown to induce bron-

Fig. 8. Effects of KMUP-1, KMUP-3, and various agents on TNF-�-
modulated PKG or PKA expression in cultured TSMCs. A, cells pre-
treated with zaprinast, KMUP-1, KMUP-3, and 8-Br-cGMP (10 �M) for
20 min and further incubated with TNF-� (100 ng/ml) for 9 h. �, P � 0.05
versus TNF-�-treated cells. B, cells pretreated with zaprinast, KMUP-1,
KMUP-3, and 8-Br-cAMP (10 �M) for 20 min and further incubated with
TNF-� (100 ng/ml) for 24 h. C, cells pretreated with Rp-8-CPT-cGMPS
and Rp-8-CPT-cAMPS (1 �M) for 20 min and further incubated with
TNF-� (100 ng/ml) for 9 h. �, P � 0.05 versus TNF-�-treated cells. Values
are means � S.E., n � 6.

Fig. 9. TNF-� modulated the expression of COX-2 in cultured TSMCs. A,
cells treated with TNF-� (100 ng/ml) for 0, 1, 3, 6, 9, 12, 18, and 24 h. �,
P � 0.05; ��, P � 0.01 versus respective time without TNF-�. B, cells
pretreated with dexamethasone (Dex, 1 �M), NS-398 (10 �M), KMUP-1
(10 �M), and KMUP-3 (10 �M) for 20 min and further incubated with
TNF-� (100 ng/ml) for 24 h. Values are means � S.E., n � 6. ��, P � 0.01
versus TNF-�-treated cells.
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chial hyper-responsiveness (Hakonarson et al., 1996). In this
study, TNF-� induced the expression of PKG and cGMP and
increased the expression of iNOS and NO. In theory, iNOS
would be expected to increase the production of NO and
cGMP (Giembycz, 2000; Lincoln et al., 2001). However, cyto-
kines have been found in one study to decrease sGC subunit
mRNA and protein levels and reduce NO-stimulated sGC
enzyme activity (Takata et al., 2001). This reduced genera-
tion of cGMP in cytokine-treated cells could be caused by a
decrease in sGC, an increase in cGMP phosphodiesterase
activity, or an endogenous reaction between NO and O2

�,
leading to the formation of ONOO�. This oxidation reaction
would affect the activity of sGC (Weber et al., 2001; Yan et
al., 2003). In the present study, the time of onset and the
duration of the induction of iNOS expression by TNF-� were

similar to those of sGC subunit protein levels. Thus, we
further investigated the effects of KMUP-1 and KMUP-3 on
TNF-�-induced iNOS and associated sGC expression.

Exogenous cytokine, such as interleukin-1� in pulmonary
epithelial cells, has been reported to increase the release of
PGE2 through the activation of COX-2 (Chang et al., 2004).
In this study, exogenous TNF-� also caused significant in-
creases in the release of PGE2 and PGI2, production of cAMP,
and expression of PKA in TSMCs (Figs. 8, 10B, and 12).
These results seemed to confirm that TNF-� is able to elicit
the PGE2 formation via the activation of COX-2 in TSMCs.
KMUP-1 and KMUP-3 cannot further increase PKA and
cAMP in the presence of TNF-� (Figs. 8B and 10B) and
implicate that they might predominantly have the ability to
protect against TNF-�-induced inhibition of PKG (Fig. 13).

Inflammatory response is under the control of cAMP,

Fig. 10. Effects of KMUP-1, KMUP-3, and various agents on TNF-�-
induced cGMP or cAMP production in cultured TSMCs. A, cells pre-
treated with zaprinast, KMUP-1, and KMUP-3 (10 �M) for 20 min and
further incubated with TNF-� (100 ng/ml) for 9 h. �, P � 0.05 versus
TNF-�-treated cells. B, cells pretreated with isoproterenol (Iso), KMUP-1,
and KMUP-3 (10 �M) for 20 min and further incubated with and without
TNF-� (100 ng/ml) for 24 h. Values are means � S.E., n � 3, each
conducted in triplicate. �, P � 0.05; ��, P � 0.01 versus control.

Fig. 11. Effects of KMUP-1, KMUP-3, and various agents on TNF-�-
induced nitrite/nitrate production in cultured TSMCs. Cells pretreated
with zaprinast, KMUP-1, KMUP-3, and 8-Br-cGMP (10 �M) for 20 min
and further incubated with TNF-� (100 ng/ml) for 9 h. Values are
means � S.E., n � 3, each conducted in triplicate. ��, P � 0.01 versus
TNF-�-treated cells.

Fig. 12. Effects of KMUP-1, KMUP-3, and various agents on TNF-�-
induced PGE2 or 6-keto-PGF1� (PGI2 stable metabolite) production in
cultured TSMCs. Cells pretreated with dexamethasone (Dex, 1 �M),
NS-398 (10 �M), KMUP-1 (10 �M), and KMUP-3 (10 �M) for 20 min and
further incubated with TNF-� (100 ng/ml) for 24 h. Values are means �
S.E., n � 3, each conducted in triplicate. ��, P � 0.01 versus TNF-�-
treated cells.
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which is partly regulated by PDE. The role of PDE4 inhibi-
tion in anti-inflammation and on COX-2 expression has been
described in non-TSMCs (Juergens et al., 1999; Jimenez et
al., 2004). PDEIs suppressed IL-1-induced NO release and
iNOS mRNA expression (Geng et al., 1998; Beshay and
Prud’homme, 2001). Pentoxifylline also affected NO synthe-
sis by interferon-� (Samardzic et al., 2000). TNF-�-induced
iNOS expressions were reduced by amrinone in cardiomyo-
cyte, and such effects were increased by milrinone, a PDE3
and PDE4 inhibitor (Chanani et al., 2002). On the other
hand, 8-Br-cGMP augmented NO synthesis in IL-1�-stimu-
lated articular chondrocytes and cardiac myocytes (Geng et
al., 1998). The increase of cGMP also augmented IL-1-in-
duced iNOS expression in vascular smooth muscle cells (In-
oue et al., 1995). In addition, 8-Br-cGMP inhibited iNOS
expression and NO production in LPS-activated macro-
phages (Pang and Hoult, 1997). We observed that 8-Br-cGMP
attenuated the expression of iNOS in TSMCs. These evi-
dences suggest that the effects of cGMP on iNOS seem to be
cell- and probably stimulus-dependent.

We investigated whether the effects of TNF-� on TSMCs
could be prevented by cGMP enhancers. As shown in Fig.
10A, pretreatment with KMUP-1, KMUP-3 and zaprinast all
protected against TNF-�-induced decreases of cGMP. We
further investigated whether exposure of TSMCs to TNF-�
could affect the expression of PKG protein by cGMP enhanc-
ers. As expected, incubation of TSMCs with TNF-� decreased
the level of PKG, which was reversed by treatment with
KMUP-1 and KMUP-3 (Fig. 7A).

In certain physiological and pathophysiological circum-
stances, cAMP may act through PKG, showing their cross-
interaction. Although PKG is relatively specific for cGMP
over cAMP, the basal cAMP concentration in smooth muscle
is typically 5 to 6 times higher than the concentration of
cGMP, which allows cross-activation when cAMP is elevated.
Conversely, in some instances, PKA may be cross-activated
by cGMP (Shabb, 2001). In the presence of TNF-�, the ex-
pression of PKG decreased to the minimum at 9 h and then
returned to basal level; in contrast, cAMP increased gradu-
ally and time-dependently. Thus, we have further confirmed
previous findings (Browner et al., 2004) that elevation of
cAMP but not cGMP by pro-inflammatory mediators medi-
ates the PKG down-regulation in rat TSMCs (Figs. 8C and
13). Here, KMUP-1 and KMUP-3 were suggested to inhibit
iNOS and associated ONOO� formation, similar to that by
aminoguanidine (Ruetten and Thiemermann, 1996), and to
increase cGMP by activating sGC and inhibiting PDE (Lin et
al., 2006). It is noteworthy that both elevated cAMP- and
TNF�-induced decreases of PKG could be prevented or re-
versed by KMUP-1 and KMUP-3 (Fig. 13).

COX-2 is up-regulated by inflammatory stimuli such as
cytokines, including TNF-�, and it contributes to the patho-
genesis of inflammation (Laporte et al., 1998). Although
COX-2 is generally believed to be inducible, there is evidence
that COX-2 is expressed constitutively and the expression is
low under physiological conditions (Baber et al., 2003). In
this study, the expression of COX-2 protein without TNF-�
challenge sharply decreased in a time-dependent manner. In
contrast, in the presence of TNF-�, the expression of COX-2
was limited to moderate decreases. However, at a respective
incubation time of TSMCs, the expression of COX-2 by
TNF-� was significantly different from that of nontreatment
(Fig. 9A). Accompanied with TNF-�-induced COX-2 expres-
sion in TSMCs, we further investigated whether exposure of
TSMCs to TNF-� could elicit the production of PGE2 and
PGI2. As expected, incubation of TSMCs with TNF-� in-
creased PGE2 and 6-keto-PGF1� (PGI2 stable metabolite).
Preincubation of TSMCs with NS-398 (a selective COX-2
inhibitor) caused a marked reduction in TNF-�-induced PGs,
the products of activated COX-2. However, KMUP-1 and
KMUP-3 had no significant effects on the expression of
COX-2 and the production of PGE2 and PGI2 after TNF-�
challenge.

In summary, our results indicate that TNF-� significantly
increases iNOS expression and NO formation in TSMCs.
Thus, overproduction of NO and accompanied oxidative re-
action were suggested to decrease sGC expression, cGMP
production and PKG protein levels (Weber et al., 2001; Mu-
nzel et al., 2003; Yan et al., 2003). TNF-� also induces ex-
pression of COX-2 and productions of PGE2 and PGI2, lead-
ing to increases in cAMP and PKA. KMUP-1, KMUP-3, and
8-Br-cGMP protect against TNF-�-induced increases in ex-
pression of iNOS and PKA and production of NO. They fur-
ther protect against decreases in expression of sGC and PKG
in this study. These findings suggest that they might possess
iNOS inhibition-associated anti-proinflammatory properties,
unrelated to inhibition on COX-2 expression, in TSMCs.
KMUP-1 and KMUP-3 did not induce the iNOS expression
activity, which was able to be shown by sildenafil (Salloum et
al., 2003). Unlike YC-1 in pulmonary epithelial cells (Chang
et al., 2004), KMUP-1 and KMUP-3 were not found to induce

Fig. 13. Proposed mechanisms of action of KMUP-1 and KMUP-3 on
TNF-�-induced inflammatory responses in rat tracheal smooth muscle
cells.
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the activation of COX-2 in TSMCs. Similar to that with
�2-adrenergic agonist, pretreatment of TSMCs with KMUP-1
and KMUP-3 had no significant effects on TNF-�-induced
expression of COX-2 and production of PGE2 and PGI2

(Shore, 2002). However, elevation of cAMP by PGE2 can
desensitize the airway response to �2-adrenergic agonist by
inhibiting cGMP and PKG (Laporte et al., 1998). We thus
suggest that KMUP-1 and KMUP-3 might reverse this de-
sensitization via enhancing cGMP, sGC activation, and PKG
expression.

In conclusion, in the presence of TNF-� in TSM, KMUP-1
and KMUP-3 might modulate the cross-action between PKA
and PKG by activating sGC/cGMP/PKG pathway without the
involvement of COX-2. KMUP-1 and KMUP-3 might reduce
cytokine-induced proinflammation and limit the risk of fur-
ther worsening of pulmonary dysfunction.
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