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(NO) is involved in a variety of vital biological functions in many tissues, including the lung (9,
13, 19, 22, 24, 30). These functions are protean and
range from vascular smooth muscle relaxation and
neurotransmission to inflammatory cell signaling and
antimicrobial effects (30). Nitric oxide synthases (NOS)
are the enzymes responsible for the synthesis of endogenous NO from L-arginine and occur in constitutive
(NOS1 and NOS3) and inducible isoforms (NOS2) (19,
30). The constitutive isoforms generate relatively constant low levels of NO and are regulated by the intracellular calcium/calmodulin system. The inducible isoform of the enzyme generates much larger amounts of

NO in response to stimuli such as bacteria, bacterial
components, and cytokines, including interferon
(IFN)-␥, interleukin (IL)-1␤, and tumor necrosis factor
(TNF)-␣ (9, 19, 30). The dysregulation of NO production, primarily from NOS2, is thought to play a role in
many inflammatory disorders including autoimmune
diseases (rheumatoid arthritis, ulcerative colitis, Crohn’s
disease), septic shock, and atherosclerotic vascular disease, and in lung diseases such as cystic fibrosis (CF)
and diffuse panbronchiolitis (13, 22, 24, 30). The regulation of this enzyme is complex, with a wide variety of
signal transduction pathways involved in inflammatory and epithelial cells (8, 9, 19, 25, 30). Elucidation of
the regulatory pathways of NOS2, particularly in epithelial cells, is required to more fully understand the
pathophysiology of such inflammatory diseases as
asthma and CF. An intriguing pathway necessary for
balancing inflammatory responses and NO production
is the Rho GTPase cascade. Extracellular stimuli and
cytokines that are known to induce NOS2 expression
also activate specific G proteins of the Ras/Rho family
(16), and there is recent evidence that Rho signaling
negatively regulates NO production possibly as a feedback mechanism (23).
The Rho family of GTPases, including Rho, Rac, and
Cdc42, are involved in the regulation of multiple cellular functions ranging from cell migration, proliferation,
and adhesion, to ion transport, bacterial ingestion and
inflammation (6, 12, 17, 23, 27, 29, 33, 34). In addition
to GTP binding and each of its regulatory components,
full Rho activation requires posttranslational prenylation with either a 15-carbon farnesyl moiety or 20carbon geranylgeranyl isoprene unit (1, 2). These reactions are catalyzed by farnesyl transferase (FTase) and
two distinct geranylgeranyl transferases, type I and II
(GGTase I and II), respectively. Prenylation is initiated
by 3-hydroxy-3-methylglutaryl (HMG)-CoA reductase
activity that forms L-mevalonate, a precursor of isoprenoid lipids, and serves to properly localize the normally
soluble protein to the plasma membrane (1, 2).
Several components of Rho GTPase signaling are
available for pharmacological manipulation, including
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The aberrant dysregulation of the inducible form of nitric
oxide synthase (NOS2) is thought to play a role in many
inflammatory disorders including cystic fibrosis (CF). The
complex regulation of NOS2 expression is the subject of
intense investigation, and one intriguing regulatory pathway
known to influence NOS2 expression is the Rho GTPase
cascade. We examined NOS2 regulation in response to inflammatory cytokines in a human alveolar epithelial cell line
treated with inhibitors of different upstream and downstream components of the Rho GTPase pathway to better
define potential signaling mechanisms. Statin-mediated
3-hydroxy-3-methylglutaryl-CoA reductase inhibition increased cytokine-dependent activation of the NOS2 promoter, reversible by the addition of geranylgeranyl pyrphosphate. However, inhibition of Rho-associated kinase (ROCK)
with Y-27632 resulted in a decrease in NOS2 promoter activity, yet an increase in NOS2 mRNA and protein levels.
Our results suggest that prenylation events influence NOS2
promoter activity independently of the Rho GTPase pathway
and that Rho GTPase signaling mediated through ROCK
suppresses NOS2 production downstream of promoter function at the message and protein level.
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MATERIALS AND METHODS

Cell culture and cytokine stimulation. The human alveolar
type II epithelium-like adenocarcinoma cell line (A549) was
grown at 37°C in 95% O2-5% CO2 on Falcon 10-cm-diameter
tissue culture dishes in Ham’s F-12 Kaign’s Modification
(Biofluids) with 10% fetal bovine serum (FBS), 2 mM
L-glutamine, 1 U/ml penicillin and streptomycin, and 250
ng/ml amphotericin B. Cells were transferred to 6-cm-diameter (protein assay/Western blot analysis) or six-well (luciferase assay) Falcon tissue culture plates for experiments.
Cells were stimulated with a combination of cytokines (cytomix: 1 ng/ml TNF-␣, 0.5 ng/ml IL-1␤, 100 U/ml IFN-␥) for 12
(luciferase assay) or 24 h (Western blot analysis) 12–24 h
after the addition of Rho pathway inhibitors as described in
Gene transfection and evaluation of NOS2 gene expression.
RT-PCR analysis of NOS2 mRNA expression. NOS2
mRNA levels were determined on a LightCycler (F. Hoffmann-La Roche) quantitative PCR machine. Human NOS2
was amplified with primer mix obtained from Search-LC
(Heidelberg, Germany). LightCycler parameters were provided by Search-LC. Total RNA was obtained from A549 cells
by the TRIzol method, and cDNA was produced using Moloney murine leukemia virus with random primers according
to the manufacturer’s instructions (GIBCO-BRL, Gaithersburg, MD).
Gene transfection and evaluation of NOS2 gene expression.
We utilized a NOS2-luciferase gene construct (NOS2-luc)
provided by Dr. Joel Moss, National Institutes of Health, and
nuclear factor (NF)-B-luc purchased from Clontech (Palo
Alto, CA). A549 cells were seeded at a density of 6.5 ⫻ 105
cells/well in six-well Falcon tissue culture dishes 24 h before
transfection. For each transfection, 1 g of DNA was placed
AJP-Lung Cell Mol Physiol • VOL

into 100 l of serum-free culture medium with 6 l of Lipofectamine Plus reagent (GIBCO-BRL) and incubated for 15
min at room temperature. Lipofectamine reagent (5 l/reaction) was placed into 100 l of serum-free culture medium.
These two solutions were gently mixed at room temperature
and incubated for an additional 15 min. After being washed
twice with serum-free culture medium, cells were placed in
0.8 ml of serum-free medium. The DNA-liposome mixture
(0.2 ml) was added to each well and mixed gently. Cells were
incubated at 37°C in 95% O2-5% CO2 with the complex for
3–5 h. After incubation, 1 ml of culture medium containing
20% FBS was added to each well (final concentration of FBS
10%), and the entire mixture was incubated overnight (24 h
of total incubation). Cytomix was added, and the cells were
incubated for an additional 12 h at 37°C in 95% O2-5% CO2.
Cells were then lysed in 1⫻ Cell Culture Lysis Reagent
(Promega, Madison, WI) at room temperature for 20–30 min
and assayed for luciferase activity according to manufacturer’s instructions (Promega). Results are expressed in relative
light units and normalized to luciferase activity of the cytomix-stimulated A549 cells in each experiment.
Protein isolation and Western blot analysis. A549 cells
were plated on to 6-cm-diameter cell culture dishes and
grown to 90–95% confluence at 37°C in 95% O2-5% CO2.
Cells were lysed in 500 l of ice-cold lysis buffer (50 mM Tris,
pH 7.5, 1% Triton X-100, 100 mM NaCl, 50 mM NaF, 200 M
Na3VO4, and 10 g/ml pepstatin and leupeptin; all chemicals
from Sigma, St. Louis, MO) for ⬃30 min at 4°C. Plates were
scraped on ice to suspend cells, and cell lysate suspension
was microcentrifuged at 4°C (14,000 rpm for 10 min). The
supernatant was removed and stored at ⫺80°C. Proteins
were separated using SDS-PAGE through a 6%–7.5% acrylamide gel at 100 V. The samples were transferred to an
Immobilon-P membrane (Millipore, Bedford, MA). Blots were
blocked in phosphate-buffered saline (PBS; in mM: 138 NaCl,
15 Na2HPO4, 1.5 KCl, and 2.5 KH2PO4) containing 5% nonfat dehydrated milk and 0.1% Tween 20 (Sigma) overnight at
4°C. Blots were incubated for 90–120 min at room temperature in PBS with primary antibody (1:1,000 dilution; Transduction Laboratories) and then washed three times in PBS
with 0.1% Tween 20. Blots were then incubated with secondary antibody conjugated to horseradish peroxidase (1:4,000
dilution; Sigma) for 1 h at room temperature and washed
again as described above. Signal was visualized by incubation with Super Signal chemiluminescent substrate (Pierce,
Rockford, IL) and exposure of the membrane to Kodak scientific imaging film (Kodak, Rochester, NY).
RESULTS

RhoA activity influences NOS2 protein expression.
Other reports have demonstrated the influence of the
Rho GTPase pathway on NOS2 expression in various
cell types (5, 9, 10, 17, 23, 28). To establish the role of
this pathway on NOS2 regulation in A549 cells, we
examined NOS2 protein expression in these cells in
response to cytomix (1 ng/ml TNF-␣, 0.5 ng/ml IL-1␤,
100 U/ml IFN-␥) stimulation in the presence of the
Clostridium botulinum toxin C3 ribosyl transferase, a
RhoA-selective inhibitor. We found that NOS2 protein
expression was increased in A549 cells in the presence
of C3 toxin, indicating a role for the Rho GTPase
pathway in NOS2 regulation (Fig. 1, A and B). Extracellular signal-regulated kinase (ERK) 1/2 levels were
unchanged in the samples that were measured as a
control for protein loading. Having established a basic
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HMG-CoA reductase, GGTases, FTase, or the downstream effector Rho-associated kinase (ROCK), to examine Rho signaling mechanisms and function (18, 26,
31, 35). Focusing on NO, recent work has demonstrated that inhibition of Rho GTPase activity with
mevastatin, an HMG-CoA reductase inhibitor, in vascular smooth muscle cells increases NOS2 expression,
implying that Rho activation may decrease NOS2 expression (23). Other studies have demonstrated alterations of NOS2 expression in the presence of Rho
GTPase pathway inhibitors such as Clostridium difficile
toxin B, HMG-CoA reductase inhibitors, and prenyl
transferase inhibitors in a variety of cell types, including
fibroblasts, vascular smooth muscle, endothelial cells,
neuronal cells, macrophages, cardiac myocytes, and human adenocarcinoma cell lines (5, 9, 10, 17, 23, 28).
The goal of this paper is to examine the relationship
between components of the Rho GTPase pathway and
NOS2 expression in airway epithelial cells. We utilized
various compounds that affect different upstream and
downstream components of the Rho GTPase cascade in
a human alveolar epithelial cell line (A549 cells) and
examined their effect on NOS2 promoter activity,
mRNA levels, and protein expression in response to
inflammatory cytokines. We determined that interruption of the Rho GTPase pathway at any point results in
increased NOS2 production in airway epithelial cells.
However, different mechanisms were utilized to bring
about NOS2 regulation depending on the point of inhibition within the pathway.
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sal of the effect of mevastatin was achieved with both
isoprenyl compounds, geranylgeranyl-pp was significantly more effective than farnesyl-pp, indicating that
proteins involved in NOS2 promoter regulation are
modified by geranylgeranyl isoprenylation (Fig. 2B).
Given the stimulation of the NOS2 promoter by
mevastatin, we examined NOS2 protein production in
A549 cells in response to HMG-CoA reductase inhibition. We treated cultured A549 cells with mevastatin

role for the Rho GTPase pathway in the regulation of
NOS2 expression in A549 cells, we had as our goal to
explore the roles of early and late events in the Rho
GTPase cascade on this process.
Effect of prenyltransferase inhibitors on NOS2 promoter activity and protein expression. It has been previously reported that inhibition of protein prenylation
in vascular smooth muscle cells with HMG-CoA reductase inhibitors potentiates the induction of NOS2 in
response to cytokines (9). To assess the effect of HMGCoA reductase activity on NOS2 promoter induction in
human airway epithelial cells, we treated A549 cells
transfected with NOS2-luc with mevastatin (Calbiochem, La Jolla, CA), an HMG-CoA reductase inhibitor,
for 24 h before stimulation with cytomix. The addition
of mevastatin to cell cultures at increasing concentrations resulted in a dose-dependent increase in NOS2
promoter activity. Maximum NOS2 promoter activity
(277.0 ⫾ 22.7%, n ⫽ 8) compared with cytomix alone
was achieved with 50 M mevastatin (Fig. 2A). To
establish that mevastatin is acting directly on HMGCoA reductase, we performed the same experiment in
the presence of the product of HMG-CoA reductase
mevalonate (100 M). The addition of mevalonate effectively reversed the effects of mevastatin, indicating
that inhibition of isoprenyl formation is being targeted
(Fig. 2B). To address whether farnesyl or geranylgeranyl moieties are responsible for NOS2 promoter regulation, we added either farnesyl-pyrophosphate (pp) or
geranygeranyl-pp to the assay system. Although reverAJP-Lung Cell Mol Physiol • VOL

Fig. 2. Effect of mevastatin (Mev) on NOS2 promoter activity and
protein levels in CM-treated A549 cells. A: NOS2 promoter activity,
as measured by luciferase assay, in response to CM treatment for
12 h in the presence of increasing concentrations of Mev (0–75 M).
*Pⱕ 0.001 determined by Duncan’s multiple range test compared
with zero Mev treatment. B: NOS2 promoter activity, as measured
by luciferase assay, in response to either no treatment (NT) or CM
treatment for 12 h in the presence of Mev (50 M) alone, or in
combination with farnesyl-pyrophosphate (FPP, 1.5 g/ml), geranylgeranyl-pyrophosphate (GGPP, 132 ng/l), or mevalonate (Meval,
100 M). Results are given in relative light units (RLU) as a percentage of CM-treated cells. Numbers in parentheses above bars are
number of experiments. Error bars represent SE. *P ⬍ 0.05 and
**P ⬍ 0.001, determined by Duncan’s multiple range test compared
with CM ⫹ Mev treatment. C: effect of Mev (50 M) treatment on
NOS2 protein levels in CM-treated A549 cells. Cells were treated
with CM alone (lane 2) or after treatment with Mev for 24 h (lane 3)
and examined for NOS2 (top) or ERK 1/2 (bottom) by Western blot.
Protein lysate from untreated cells is shown in lane 1. Cells were
stimulated for 24 h with CM, and 50 g of total protein were loaded
in each lane. Immunoblotting for ERK 1/2 was performed to control
for protein loading (bottom). D: densitometry analysis of NOS2 and
ERK1 levels. Data are reported as NOS2/ERK1 ratio and are averages of 3 separate experiments. Error bars represent SE; *P ⬍ 0.005
determined by t-test.
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Fig. 1. Effect of Clostridium botulinum toxin C3 ribosyl transferase
(C3) treatment on nitric oxide (NO) synthase (NOS) 2 protein levels
in cytomix (CM)-treated A549 cells. A: A549 cells were treated with
CM alone [1 ng/ml tumor necrosis factor (TNF)-␣, 0.5 ng/ml interleukin (IL)-1␤, 100 U/ml interferon (IFN)-␥; lane 2] or after treatment with C3 (62.5 ng/ml) for 24 h (lane 3) and examined for NOS2
(top) or extracellular signal-regulated kinase (ERK) 1/2 (bottom) by
Western blot. Protein lysate from untreated cells is shown in lane 1.
Cells were stimulated for 20 h with CM, and 50 g of total protein
were loaded in each lane. Immunoblotting for ERK 1/2 was performed to control for protein loading (bottom). B: densitometry analysis of NOS2 and ERK1 levels. Data are reported as NOS2/ERK1
ratio and are averages of 3 separate experiments. Error bars represent SE; *P ⬍ 0.05 determined by t-test.
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Fig. 3. Effect of Mev treatment on NOS2 promoter activity in A549
cells stimulated with CM and IL-1␤/TNF-␣. NOS2 promoter activity,
as measured by luciferase assay, in response to CM or 0.5 ng/ml
IL-1␤ and 1 ng/ml TNF-␣ (I/T) stimulation for 12 h in the presence or
absence of Mev (50 M). Results are given in RLU as a percentage of
CM-treated cells. Error bars represent SE; n ⫽ 6.
AJP-Lung Cell Mol Physiol • VOL

Fig. 4. Effect of Y-27632 treatment on NOS2 promoter activity and
protein expression in A549 cells. A: NOS2 promoter activity, as
measured by luciferase assay, in response to CM or I/T stimulation
for 12 h in the presence or absence of 100 M Y-27632 (⫹Y-27632).
Results are given in RLU as a percentage of CM only-treated cells.
Error bars represent SE; n ⫽ 9. B: effect of Y-27632 treatment on
NOS2 protein levels in CM-treated A549 cells. Cells were treated
with CM alone (lane 2) or after treatment with Y-27632 (CM ⫹
Y-27632) for 24 h (lane 3), and examined for NOS2 (top) or ERK 1/2
(bottom) by Western blot. Protein lysate from untreated cells is
shown in lane 1 and from unstimulated cells treated with Y-27632
(100 M) in lane 4. Cells were stimulated for 24 h with CM, and 70
g of total protein were loaded in each lane. Immunoblotting for ERK
1/2 was performed to control for protein loading (bottom). C: densitometry analysis of NOS2 and ERK1 levels. Data are reported as
NOS2/ERK1 ratio and are averages of 6 separate experiments. Error
bars represent SE; *P ⬍ 0.05 determined by t-test.

or IL-1␤/TNF-␣ (Fig. 4A). Despite the observed inhibition of promoter activity, protein production of NOS2
in A549 cells stimulated with cytomix in the presence
of Y-27632 (100 M) was increased (Fig. 4, B and C).
These results suggest divergent mechanisms within
the Rho GTPase cascade that can serve to negatively
regulate NOS2 expression. Early events in the Rho
pathway directly effect NOS2 promoter activity,
whereas later events can influence NOS2 levels independently of the promoter.
Treatment of A549 cells with either Y-27632 or mevastatin increases NOS2 mRNA expression. Given the
discrepancy between the decrease in NOS2 promoter
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24 h before stimulation with cytomix. In the absence of
cytokine stimulation, NOS2 protein is undetectable by
Western blot analysis. Stimulation with cytomix for
24 h results in the appearance of a band at ⬃130 kDa,
consistent with the size of NOS2. Pretreatment with
mevastatin 24 h before stimulation resulted in elevated NOS2 protein levels above that produced by
cytomix stimulation alone (Fig. 2C). These results are
consistent with the previously reported results (5, 9,
10, 17, 23) and demonstrate that statin-mediated increases in NOS2 protein production are likely due to
increased NOS2 promoter activity.
For optimal stimulation of NOS2 expression, two
signaling components are necessary, NF-B activation
and IFN-␥-mediated signaling (20, 36). We have found
that IL-1␤ and TNF-␣ stimulate the NOS2 promoter
but only to ⬃10% of the efficiency obtained when IFN-␥
is added to the mixture (Fig. 3A). To determine
whether mevastatin influenced IL-1␤/TNF-␣ response
or the IFN-␥-mediated enhancement, we examined the
effect of mevastatin on NOS2 promoter activity in
response to both of these stimulatory mixtures. We
found that mevastatin (50 M) mediated a significant
increase in promoter activity when A549 cells are
stimulated with either IL-1␤/TNF-␣ or cytomix and
that fold stimulation is nearly identical. These data
demonstrate that statin-mediated enhancement of
NOS2 promoter activity is likely independent of the
IFN-␥ pathway.
Effect of the ROCK on NOS2 promoter activity and
protein expression. Having established that inhibiting
early events in the Rho GTPase cascade with mevastatin results in enhanced NOS2 promoter activity independent of IFN-␥ signaling and in increased NOS2
protein expression, we chose to examine a later event
in Rho signaling to better define the site within the Rho
GTPase pathway involved in regulating NOS2 induction. We examined NOS2 promoter activity in response
to cytokines in the presence of an inhibitor of ROCK,
Y-27632 (11). Unexpectedly, we found that the addition
of Y-27632 (100 M) inhibited NOS2 promoter activity
by ⬃32% whether cells were stimulated with cytomix
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DISCUSSION

Previous studies have examined the regulation of
NOS2 by Rho GTPases in a variety of cell types, in-

Fig. 5. Effect of Mev and Y-27632 on CM-stimulated NOS2 mRNA
production. NOS2 mRNA levels as measured with quantitative PCR
in A549 cells treated with CM in the presence of either 50 M Mev
(⫹Mev) or 100 M Y-27632. NOS2 mRNA levels were normalized to
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) levels with a
NOS2/GAPDH ratio in unstimulated A549 cells (NT) arbitrarily set
to a value of 1.0. Error bars represent SE; n ⫽ 4.
AJP-Lung Cell Mol Physiol • VOL

Fig. 6. Effect of Mev and Y-27632 on nuclear factor (NF)-B activity
in response to stimulation with I/T. A: NF-B activity, as measured
by luciferase assay, in response to I/T stimulation for 12 h in the
presence or absence of 50 M Mev and 100 M Y-27632. Results are
given in RLU as a percentage of I/T-treated cells. Error bars represent SE; n ⫽ 6. B: activator protein (AP)-1 activity, as measured by
luciferase assay, in response to I/T stimulation for 12 h in the
presence or absence of 50 M Mev and Y-27632 (100 M). Results
are given in RLU as a percentage of I/T-treated cells. Error bars
represent SE; n ⫽ 8. NS, not significant; luc, luciferase gene construct.

cluding fibroblasts, vascular smooth muscle, cardiac
myocytes, endothelial cells, neurons, macrophages,
and human adenocarcinoma cell lines (5, 9, 10, 17, 23,
28). These studies conclude that inhibition of the Rho
GTPase pathway enhances NO production in response
to inflammatory stimuli (5, 9, 10, 17, 23). Hausding et
al. (9) demonstrated increased NOS2 promoter activity
and message accumulation in response to HMG-CoA
reductase inhibitors, as well as increased NOS2 mRNA
in response to direct Rho GTPase inhibition. Our data
are consistent with these findings, and our goal was to
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activity and increase in NOS2 protein expression in
airway epithelial cells treated with an inhibitor of
ROCK, we examined the effects of Y-27632 (100 M)
and mevastatin (50 M) treatment on NOS2 mRNA
expression using quantitative RT-PCR. NOS2 mRNA
levels were normalized to glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) levels with a NOS2/GAPDH
ratio in unstimulated A549 cells arbitrarily set to a
value of 1.0. Stimulation of A549 cells with cytomix
increases NOS2 mRNA levels by 121.9 ⫾ 30.0-fold (Fig.
5A). Treatment of cells with cytomix in the presence of
Y-27632 or mevastatin, however, increased the NOS2/
GAPDH ratio by 639.3 ⫾ 90.9- and 694.9 ⫾ 135.2-fold,
respectively. Despite the opposite effects on promoter
regulation, these data demonstrate that both mevastatin and Y-27632 have identical effects on NOS2 message levels. These findings are consistent with our data
demonstrating increased NOS2 protein production in
response to these compounds.
Regulation of NF-B and activator protein-1 activity
by early and late Rho GTPase signaling events. Our
data indicate that both mevastatin and Y-27632 act
independently of IFN-␥ signaling in their opposite regulation of the NOS2 promoter. To identify a partial
mechanism for this observation, we hypothesized that
differential effects of mevastatin and Y-27632 on
NF-B activation were likely responsible for the observed effects on the NOS2 promoter. To test this
hypothesis, we examined activation of a NF-B-luc
construct in response to IL-1␤/TNF-␣ in the presence of
either mevastatin (50 M) or Y-27632 (100 M). We
found that mevastatin had no influence on NF-B
activation, whereas Y-27632 inhibited activation by
63.8 ⫾ 1.4% (Fig. 6A). The examination of an activator
protein (AP)-1-luc yielded identical results. Mevastatin
had no effect on AP-1 stimulation, whereas Y-27632
inhibited activation by 57.0 ⫹ 1.7% (Fig. 6B).
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Fig. 7. Schematic of NOS2 and NF-B regulation by Rho GTPase
signaling pathways. The probable sites of activity of mevastatin, C.
botulinum toxin C3 ribosyl transferase, and Y-27632 are shown. (⫹),
Positive regulation of indicated signaling event; (⫺), negative regulation; HMG, 3-hydroxy-3-methylglutaryl; PP, pyrophosphate;
ROCK, Rho-associated kinase.

is unknown, but it is a key regulatory element in
balancing NO production in response to inflammatory
stimuli.
We propose that Rho functions as a negative regulator of NOS2 production in response to inflammation
and thus limits the synthesis of excessive NO that may
lead to the overzealous production of reactive oxygen
species and resultant tissue damage. This regulatory
pathway balancing inflammation and NO production is
relevant to pulmonary disorders such as diffuse panbronchiolitis, CF, and ciliary dyskinesia, which are
thought to involve NO dysregulation in the presence of
excessive inflammation (7, 13, 21, 22, 24). It has been
previously reported that exhaled NO is depressed in
patients with these disorders, in contrast to other inflammatory lung disorders such as asthma, bronchiectasis, and chronic bronchitis (3, 7, 14, 15, 21, 24), which
may be partially due to reduced NOS2 expression in
CF airway epithelial cells (13, 22). Because NO also
acts as an anti-inflammatory, it is suggested that this
lack of NO in CF airways contributes to the hyperinflammatory response to chronic bacterial infection
characteristic of this disease (13, 22).
Our data indicate that prenylation events in conjunction with ROCK activity act to balance NO produc-
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expand the studies to include downstream signaling
events and to determine sites of interaction within the
NOS2 regulatory pathway. In this study, we demonstrate
that inhibition of HMG-CoA reductase augments NOS2
expression through a mechanism consistent with increasing NOS2 promoter activity. However, inhibition of the
Rho GTPase downstream effector ROCK mediated an
increase in NOS2 message and protein levels independently of promoter activation. The divergent mechanisms
utilized by early and late events of the Rho GTPase
cascade need to be considered when interpreting pharmacological interventions.
The fact that inhibition of mevalonate synthesis, the
precursor of isoprenoids, with mevastatin and related
compounds, increases NOS2 promoter activity has
been clearly established (9, 23). These findings are
taken as an implication that the Rho GTPase pathway
is acting as a negative regulator of the NOS2 promoter.
Rho GTPases require prenylation to be properly localized and to mediate proper function (1, 2). The effect of
mevastatin appears to be specific to the inhibition of
HMG-CoA reductase, as the addition of mevalonate
abolishes the stimulatory effect of mevastatin. HMGCoA reductase inhibitors, such as mevastatin, nonspecifically inhibit prenylation by removing isoprenoid
precursors (4). Data presented here are consistent with
previous findings in that NOS2 promoter activity is
regulated by geranylgeranylation events (5, 10, 17).
Our results, however, demonstrate that statin-induced
NOS2 promoter activity is likely independent of the
Rho GTPase pathway. The exact mechanism responsible for the role of prenylation in NOS2 promoter activation is unknown. Our data indicate that mevastatinmediated enhancement of promoter stimulation is
independent of IFN-␥ signaling and mevastatin had no
effect on either NF-B or AP-1 activation. An examination of prenylation-dependent events in NOS2 promoter activation will be the focus of future studies.
We also explored the effects of modulating ROCK
activity, a downstream effector of the Rho GTPase
pathway involved in many Rho-dependent functions,
on NOS2 induction (31). In contrast to results obtained
with mevastatin, treating A549 cells with Y-27632
resulted in decreased NOS2 promoter activity. Despite
this reduced NOS2 promoter activity in the presence of
Y-27632, a significant increase in NOS2 mRNA and
protein expression was observed in response to ROCK
inhibition. These data suggest that a mechanism exists
in the epithelial cell meant to balance inflammatory
responses and NO production. Prenylation events negatively regulate NOS2 promoter activity, while simultaneously acting as positive mediators of Rho GTPase
function. Increases in Rho GTPase function result in
the activation of ROCK, which serves as another interesting branch point. ROCK activation in response to
inflammatory stimuli has a positive effect on both
NF-B and AP-1 activity, as well as NOS2 promoter
function but apparently has distinct negative influences on NOS2 mRNA levels and protein production
(Fig. 7). The exact nature of message control by ROCK
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tion in the presence of inflammatory cytokines. An
ongoing puzzle with regard to CF research is understanding how dysregulation between inflammatory responses and NO production develops. A previous report
by Shen et al. (32) demonstrated inhibition of the cystic
fibrosis transmembrane conductance regulator (CFTR)
trafficking with lovastatin, another HMG-CoA reductase inhibitor, with a concurrent decrease in chloride
transport. Prenylation-dependent events may represent a possible link between CFTR function and altered NOS2 expression characteristic of CF epithelium. The coordinated interactions between early and
late signaling events within the Rho GTPase cascade
in regulating NOS2 expression may be a indication of
underlying defects related to pathology in CF and other
similar airway inflammatory diseases. The inhibitors
of Rho activation, such as the HMG-CoA reductase
inhibitors and Y-27632, may represent novel therapeutic approaches to these inflammatory disorders. More
research into the downstream effectors of Rho and
ROCK and the interactions of these two complex inflammatory cascades is needed.
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