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Background: Feedback regulatory processes controlling iNOS expression are incompletely defined.
Results: Induction of iNOS expressionwas attenuated by 1) inhibition of iNOS activity, 2) prevention of Ras S-nitrosylation, and
3) inhibition of PI3K and mTOR activity.
Conclusion: iNOS-derived NO amplifies iNOS expression through S-nitrosylation of Ras and activation of PI3K and mTOR.
Significance:We have defined a previously unrecognized positive feedback pathway that amplifies human iNOS expression.

Theproductionof nitric oxide (NO)by inducibleNOsynthase
(iNOS) regulatesmany aspects of physiology andpathology. The
expression of iNOS needs to be tightly regulated to balance the
broad ranging properties of NO.We have investigated the feed-
back regulation of cytokine-induced iNOS expression by NO in
human cells. The pharmacological inhibition of iNOS activity
reduced iNOSprotein levels in response to cytokine stimulation
in a human epithelial cell line (A549 cells) as well as in primary
human astrocytes and bronchial epithelial cells. The addition of
exogenous NO using a NO donor prevented the reduction in
iNOS levels caused by blockade of iNOSactivity. Examination of
signaling pathways affected by iNOS indicated that NO S-ni-
trosylated Ras. Transfection of cells with a S-nitrosylation-re-
sistant Ras mutant reduced iNOS protein levels, indicating a
role for thisRasmodification in the amplificationof iNOS levels.
Further, the inductionof iNOSprotein levels correlatedwith the
late activation of the phosphatidylinositol 3-kinase/Akt and
mammalian target of rapamycin (mTOR) pathways, and inhibi-
tion of these signaling molecules reduced iNOS levels. Alto-
gether, our findings reveal a previously unknown regulatory
pathway that amplifies iNOS expression in human cells.

Nitric oxide (NO) is a bioactive gas involved in many aspects
of physiology and pathology (1). It is produced from the con-
version of L-arginine to L-citrulline andNOby a family of nitric-
oxide synthases (NOSs), of which there are three isoforms: neu-
ronal NOS (nNOS),3 inducible NOS (iNOS), and endothelial

NOS (eNOS). nNOS and eNOS are expressed constitutively in
neurons and endothelial cells, respectively, and iNOS is
induced in several cell types (2–7). The induction of iNOS is
involved in the regulation of immunity, the clearance of patho-
gens, and the pathogenesis of several conditions (8, 9).
Cytokines are one of the main inducers of iNOS expression.

In mice, the proinflammatory cytokines TNF, IL-1, and IFN�
act together to induce very high levels of iNOS in many cell
types (10). Pathogen-derived molecules, such as lipopolysac-
charide, also stimulate iNOS expression (11). In contrast to
mice, expression of iNOS in humans is relatively restricted to
certain cell types, and controversy exists regarding differences
between the regulation of human and mouse expression of this
enzyme (12). iNOS expression has been documented inmacro-
phages from patients with Mycobacterium tuberculosis infec-
tion, although neither bacterial components nor the combina-
tion of TNF, IL-1, and IFN� induces substantial levels of iNOS
expression in cultured human macrophages (13–15). Also,
evaluation of human iNOS gene promoter activity in transgenic
mice expressing human iNOS promoter enhanced GFP has
shown extensive species-specific distinctions in expression pat-
terns of iNOS under both basal and inflammatory settings (16).
These findings highlight the importance of defining mecha-
nisms regulating iNOS expression specifically in human cells to
provide insight into human physiology and pathology.
Inducible expression of iNOS has been defined in only a

handful of primary human cell types such as astrocytes, hepa-
tocytes, and bronchial epithelial cells (17, 18). Certain human
cell lines have also been instrumental in defining the role of
signaling pathways in the regulation of human iNOS expres-
sion. The cytokines TNF, IL-1, and IFN� act in synergy to
induce human iNOS gene expression through the coordinated
activation of NF-�B, JAK-STAT1, ERK1/2, and p38 MAPK
pathways (19–22). In contrast, phosphatidylinositol 3-kinase
(PI3K) inhibits cytokine-induced human iNOS gene promoter
activity, although the effect of this signaling pathway on post-
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transcriptional regulation of iNOS levels has not been exam-
ined (23). Activation of Ras is also involved in the induction of
iNOS in some cell types, although how Ras interacts with other
signaling pathways in this setting is incompletely defined (24).
The cellular effects of NO are mediated largely by the activa-

tion of soluble guanylate cyclase (sGC) and by protein S-ni-
trosylation. Activation of sGC by NO initiates cGMP signaling
pathways by converting GTP to cGMP (25). NO also directly
modifies proteins by S-nitrosylation, which is a post-transla-
tional modification that involves the covalent addition of a
nitroso moiety onto cysteines to form S-nitrosocysteine. This
type of proteinmodification regulates the enzymatic properties
of a large number of proteins andhas recently been suggested to
have similar biological significance as protein phosphorylation
(26). Lander et al. (27, 28) have shown that Ras is S-nitrosylated
on cysteine 118 and that this leads to Ras activation. However,
very little is known about how this modification of Ras affects
cell biology.
The mammalian target of rapamycin (mTOR) is a 289-kDa

serine threonine protein kinase that regulates cell size, prolifer-
ation, survival, and metabolism (29). In mammalian cells,
mTOR forms two complexes, mTOR complex 1 (mTORC1)
and mTORC2. Activation of mTORC1 supports cell growth by
increasing protein translation and lipid biosynthesis through
activation of p70 S6 kinase and the translation initiation factor
eIF-4E BP1. mTORC2 promotes proliferation and survival, at
least in part, by inhibiting activity of the transcription factors
Foxo1 and Foxo3a (30). The Akt and mTOR pathways are
tightly linked as Akt can activate mTORC1 and this kinase is
activated downstream of mTORC2 (31, 32).
iNOS expression is tightly controlled by feedback mecha-

nisms that fine-tune its expression. The nature of NO-medi-
ated feedback regulation of iNOS expression is cell- and con-
text-dependent. NO, either provided exogenously by NO
donors or synthesized endogenously, has been reported to act
as part of a negative feedback loop to down-regulate iNOS
expression (33, 34). iNOS-derived NO can also inhibit iNOS
enzymatic function through post-translational modifications
(35, 36). In contrast to negative regulation, NO positively regu-
lates iNOS expression in certain rodent cell types and in human
cells, but the mechanisms by which this positive feedback
occurs is poorly understood (37–40).
We showed previously that iNOS-derived NO augments

human allogeneic immune responses (41, 42) and, in the cur-
rent study, we define a positive feedback mechanism by which
iNOS-derivedNOamplifies iNOSprotein expression in human
cells. Pharmacological inhibition of iNOS activity attenuated
iNOS protein expression, and the addition of exogenous NO
was sufficient to rescue iNOS levels. Potentiation of iNOS
expression by NO was due to S-nitrosylation of Ras, which
increased iNOS levels through supporting the sustained activa-
tion of Akt. This NO-mediated augmentation of iNOS protein
levels also involved activation of the mTOR pathway, as dem-
onstrated by the attenuation of iNOS protein levels by rapamy-
cin. Altogether, our findings highlight an important regulatory
process controlling the expression of iNOS in human cells and
identify a novel role of Ras S-nitrosylation in this process.

EXPERIMENTAL PROCEDURES

Cell Culture—Human lung epithelial cells (A549) were pur-
chased from ATCC and cultured in F-12K medium containing
10% FBS at 37 °C in a humidified atmosphere of 95% air and 5%
CO2. Primary human astrocytes were purchased from Lonza,
cultured as above in ABMmedium (Lonza, Basel, Switzerland)
supplemented with the AGMSingleQuot Kit (Lonza), and used
between passages 4 and 12 for experiments. Primary bronchial
epithelial cells were also purchased from Lonza, cultured in
BEGMwith the associated supplements, and used between pas-
sages 2 and 6. RAW 264.7 cells were cultured in DMEM � 10%
FCS. All experiments were performed at least three times.
For all experiments using A549 cells, confluent cells were

incubated in basal medium in the absence of serum for 24 h
prior to cytokine treatment. Primary cells were not serum-
starved. To induce iNOS, cells were treated with a cytokine
mixture (CM) of recombinant human IL-1� (PeproTech,
Rocky Hill, NJ), recombinant human TNF� (PeproTech), and
recombinant human IFN� (Invitrogen) for the indicated times.
iNOS activity was inhibited by incubating cells with 1400W (50
�M unless indicated otherwise; Sigma-Aldrich) or L-NAME
(CaymanChemicals, AnnArbor,MI) 1 h prior to cytokine stim-
ulation. Nitric oxide was added using the slow release NO
donor NOC-18 (Calbiochem). Inhibition of signaling pathways
was achieved by incubating cells with the pharmacological
inhibitors FPT inhibitor II (100 �M; Calbiochem), LY294002
(50 �M; Calbiochem), Akt inhibitor VII (50 �M, Calbiochem),
PD98059 (50�M;CaymanChemicals), epidermal growth factor
receptor (EGFR) inhibitor (20 �M; Calbiochem), and PP2 (20
�M; Calbiochem). sGC was inhibited using 1H-[1,2,4]oxadia-
zole[4,3-a]quinoxaline-1-one (ODQ; Cayman Chemicals), and
the mTOR pathway was inhibited with rapamycin (50 nM; LC
Laboratories, Woburn, MA).
SDS-PAGE and Immunoblotting—Cells were lysed as

described previously (43). Briefly, cells were washed two times
with Dulbecco’s phosphate-buffered saline and then harvested
in 1� radioimmune precipitation buffer (1% (v/v) Triton
X-100, 1%(w/v) sodium deoxycholate, 0.1% SDS, 150mMNaCl,
50 mM Tris�HCl, 2 mM EDTA supplemented with fresh 1 mM

sodiumorthovanadate, 1mMPMSF, 50mMNaF, 10mM �-glyc-
erophosphate) using a rubber scraper. The lysate was then cen-
trifuged at 17,000 � g for 10 min to remove insoluble material.

Immunoblot was performed as described previously (43).
Primary antibodies used were: polyclonal anti-iNOS (sc-651;
Santa Cruz Biotechnology), monoclonal anti-phospho-Thr-
308-Akt (2965S; Cell Signaling Technology), monoclonal anti-
phospho-ERK1/2 (4370S; Cell Signaling Technology), mono-
clonal anti-phospho-p70 S6 kinase (9234S; Cell Signaling
Technology), monoclonal anti-p70 S6 kinase (2708S; Cell Sig-
naling Technology), monoclonal anti-�-actin (A1978, Sigma-
Aldrich), polyclonal anti-Ras (3965S, Cell Signaling Technol-
ogy), and monoclonal anti-Ras (OP23, Calbiochem).
RNA Isolation and Quantitative RT-PCR Analysis—Total

RNAwas isolated from cells using an RNeasymini kit as per the
manufacturer’s instructions (Qiagen), and TaqMan quantita-
tive RT-PCR was performed as described (44) using validated
primer/probe sets for iNOS andGAPDH (Applied Biosystems).
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Data were acquired on an ABI 7900HT fast real-time PCR sys-
tem (Applied Biosystems).
Quantification of NO Production—NO production was

measured by quantifying the accumulation of nitrite in culture
supernatants as described previously (41) using a NO-specific
chemiluminescence analyzer (Sievers, Boulder, CO).
Transfection of Cells—A549 cells were harvested by

trypsinization, and 1 � 106 cells were transfected with 6 �g of
wild type or 6�g of C118S Ras plasmid using anAmaxa nucleo-
fector as per the manufacturer’s instructions (Lonza) and as
described previously (45). The wild-type (WT) and C118S Ras
plasmids were kindly provided by Dr. Kenneth Tang (Cornell
University). Following transfection, cells were rested in 6-well
tissue culture plates for 24 h and then used for experiments.
Detection of S-Nitrosylation—The biotin switch method to

measure S-nitrosylation was performed using the S-nitrosyla-
tion protein detection assay kit (Cayman Chemicals) as per the
manufacturer’s instructions. Following the biotin switch assay,
Ras was immunoprecipitated using a monoclonal Ras antibody
(Cell Signaling Technology), and the immunoprecipitate was
immunoblotted for biotin using an HRP-conjugated monoclo-
nal biotin antibody (Cell Signaling Technology) and a rabbit
polyclonal Ras antibody (EMDMillipore).
Statistical Analyses—Immunoblot imageswere quantified by

densitometry using the National Institutes of Health ImageJ
software, and protein expression data were normalized to�-ac-
tin levels. Unless otherwise indicated, data are expressed as
mean � S.E. obtained in at least three independent experi-
ments. Statistical comparisons were made with a Student’s t
test or with analysis of variance followed by Tukey’s honestly
significant difference test. Statistically significant differences
were defined as p � 0.05.

RESULTS

iNOS-derived NO Amplifies iNOS Protein Expression—To
study the impact of iNOS-derived NO on the feedback regula-
tion of human iNOS expression, A549 cells were stimulated
with CM composed of TNF� (10 ng/ml), IL-1� (10 ng/ml), and
IFN� (50 ng/ml). This stimulus is known to optimally induce
the expression of iNOS (19). The induction of iNOS expression
was evident in CM-treated cells as early as 3–4 h after stimula-
tion and continued to increase until 6 h after stimulation, which
was the last time point examined (Fig. 1A). CMalso induced the
production of NO that was concomitant with the induction of
iNOS expression. NO levels were significantly increased at 4 h
after stimulation and continued to increase thereafter (Fig. 1B).
Also, NO production in response to CM was completely pre-
vented by the iNOS inhibitor 1400W (data not shown).
The role of iNOS activity in regulating iNOS protein levels

was studied by treating cells with the iNOS inhibitor 1400W or
the pan-NOS inhibitor L-NAME followed by examination of
iNOS protein expression by immunoblot 6 h later. The inhibi-
tion of iNOS activity using either inhibitor significantly
reducedCM-induced iNOS protein levels (Fig. 1C). To confirm
that NO produced by iNOS was involved in the augmentation
of iNOS protein levels, the NO donor NOC-18 was added to
cells at the same time as iNOS inhibition with 1400W. The
addition of exogenous NO in this manner prevented the reduc-

tion in iNOS expression caused by pharmacological inhibition,
indicating that iNOS-derived NO stimulates a positive feed-
back pathway that amplifies iNOS protein levels (Fig. 1D).
Interestingly, inhibition of iNOS activity did not affect iNOS
mRNA levels, indicating a specific effect of NO in the amplifi-
cation of protein levels through a post-transcriptional mecha-
nism (Fig. 1E).

Other studies have shown in mouse cells that iNOS-derived
NO can inhibit iNOS expression (33, 34). It is possible that NO
has pleiotropic effects on cell signaling and that the effect of
iNOS-derived NO may be different in humans and mice (12).
As such, the effect of iNOS activity on the feedback regulation
of iNOS expression in a mouse cell line was examined. Stimu-
lation of RAW 264.7 cells with LPS � IFN� induced iNOS
expression and, in contrast to our observation in human cells
but consistent with previous studies examining mouse macro-
phages (33, 34), inhibition of iNOS activity with 1400W
increased iNOS levels (Fig. 1F).
The role of iNOS activity in regulating iNOS protein levels

was also examined in primary cells. Primary human astrocytes
stimulated with CM express iNOS with maximal levels appar-
ent at 24 h after stimulation (Fig. 2A). Consistent with our find-
ings inA549 cells, inhibition of iNOS activitywith 1400Wdose-
dependently inhibited CM-induced iNOS protein levels in
astrocytes (Fig. 2B). A similar effect of 1400Wwas also observed
in experiments with primary human bronchial epithelial cells
(Fig. 2C).
S-Nitrosylation of Ras by iNOS-derived NO—NO regulates

signaling pathways largely through the activation of sGC and by
protein modification through S-nitrosylation (25). Therefore,
the role of these processes in positive feedback regulation of
iNOS expression was evaluated. To determine the role of sGC,
A549 cells were treated with the sGC inhibitor ODQ prior to
CM stimulation, and iNOS expression was examined. There
was no effect of sGC inhibition on CM-induced iNOS expres-
sion, indicating that the feedback regulation of iNOS expres-
sion occurs through an sGC-independentmechanism (Fig. 3A).

In addition to sGC, NO also activates cell signaling pathways
through themodification of proteins by S-nitrosylation. In fact,
this protein modification has been reported to induce iNOS
expression through activation of EGFR and Src (46, 47). To
determine the involvement of EGFR and Src in NO-mediated
amplification of iNOS expression in our experiments, their
activity was inhibited pharmacologically. However, neither
inhibition of EGFR nor inhibition of Src had any effect on iNOS
expression, indicating that the NO-induced amplification of
iNOS protein levels in our studies is independent of these sig-
naling pathways (Fig. 3B).
The activity of Ras is also known to be regulated by S-nitrosy-

lation (27). Due to the proximal location of Ras in several sig-
naling pathways implicated in the regulation of iNOS expres-
sion, we examined whether Ras activity was required for the
NO-mediated amplification of iNOS expression. Inhibition of
Ras activity using a farnesyltransferase inhibitor reduced iNOS
expression in response to CM stimulation (Fig. 4A). S-Nitrosy-
lation of Ras was then examined using the biotin switch assay.
Ras was S-nitrosylated in CM-stimulated cells (Fig. 4B). The
elimination of CM-induced Ras S-nitrosylation by 1400W and
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lack of detection of S-nitrosylation when the biotin labeling
step was omitted during the biotin switch procedure demon-
strated the specificity of the assay for this NO-induced protein
modification (Fig. 4B and data not shown).
Ras S-Nitrosylation Is Required for Positive Feedback Regula-

tion of iNOS Expression—Ras is S-nitrosylated on cysteine 118
(28). To study the role of Ras S-nitrosylation in the regulation of
iNOS expression, cells were transfected with WT H-Ras or
modified H-Ras in which cysteine 118 is mutated to serine
(C118S). C118S Ras cannot be activated by NO but has GTPase
activity comparable with WT Ras in response to canonical

stimuli (48). Moreover, expression of C118S Ras in human cells
has been shown to inhibit activation of endogenous Ras by NO
(28). A549 cells express abundant levels of Ras, but endogenous
expression of the H-Ras isoform was not detected (data not
shown). Transfection of cells with WT Ras did not affect the
induction of iNOS by CM (Fig. 4C). Equivalent amounts ofWT
or C118S H-Ras were detected after transfection with the
respective vectors. Remarkably, transfection of cells with
C118S Ras reduced the levels of iNOS protein in response to
CM stimulation in a manner similar to that observed when
iNOS activity was inhibited, indicating that S-nitrosylation of
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Ras participates in the positive feedback regulation of iNOS
expression (Fig. 4D).
Positive Feedback Regulation of iNOS byNORequires Activa-

tion of PI3K and Akt—Two signaling pathways activated by Ras
are the MAPK and PI3K-Akt pathways (49–51). To examine
the potential role of these pathways in controlling the NO-me-
diated amplification of iNOS levels, we first characterized their
activation in response to CMby visualizing Thr-308 phosphor-
ylation of Akt and phosphorylation of ERK 1/2. In response to
CM, therewas rapid initial phosphorylation of Akt that reached
maximal levels at 15 min after stimulation. Interestingly, there
was a second phase of Akt phosphorylation that coincided with
the expression of iNOS beginning at 3 h after stimulation and
reaching maximal levels at 4–5 h after stimulation. Similar
kinetics of ERK1/2 phosphorylation were observed, although
late phase ERK1/2 phosphorylation was evident slightly earlier
than Akt phosphorylation (Fig. 5A).

The association between the kinetics of iNOS expression and
activation ofAkt andERK1/2 suggested a potential role of iNOS

in activation of these kinase pathways. To examine this, A549
cells were treated with 1400W prior to stimulation with CM,
andAkt andERK1/2 phosphorylationwas examined. Inhibition
of iNOS activity had no effect on the initial activation of Akt
(data not shown) but diminished the phosphorylation of Akt at
5 h after stimulation (Fig. 5B). The addition of exogenous NO
withNOC-18 rescuedAkt activation in the presence of 1400W,
indicating a role for iNOS-derived NO in this process (Fig. 5B).
No clear effect of iNOS inhibition on the activation of ERK1/2
was observed.
The involvement of Ras S-nitrosylation in the activation of

Akt and ERK1/2 was then determined. A549 cells were trans-
fected with WT or C118S Ras prior to stimulation with CM.
Cells were lysed at 5 h after stimulation, and phosphorylation of
Akt and ERK1/2 was determined. Phosphorylation of both Akt
and ERK1/2 was observed in cells transfected with WT Ras.
However, the presence of C118S Ras prevented the phosphor-
ylation of Akt without affecting phosphorylation of ERK1/2
(Fig. 5C). To specifically address the role of the late activation of

FIGURE 1. iNOS-derived NO amplifies iNOS protein expression. A, A549 cells were stimulated with CM for the indicated time points, and iNOS expression was
determined by immunoblot. The graph on the bottom is the mean � S.E. of the percentage of iNOS expression over a series of five separate experiments. *, p �
0.01 as compared with t � 0 h. B, A549 cells were stimulated with CM, and supernatant was collected at the indicated time points. NO production was
determined by quantifying nitrite accumulation in cell culture supernatants using a Siever NO analyzer. Data presented are the mean � S.E. of the -fold increase
in nitrite levels over a series of five separate experiments. *, p � 0.05 as compared with t � 0 h. C, A549 cells were untreated or treated with CM, and iNOS or total
NOS activity was inhibited by adding the indicated concentrations of 1400W or L-NAME, respectively. Cells were lysed at 5 h after stimulation, and iNOS
expression was determined by immunoblot. The effect of 1400W on iNOS expression was quantified over a series of independent experiments, and the graph
on the right is the mean � S.E. of the percentage of iNOS expression relative to cells stimulated with CM that were not treated with 1400W. *, p � 0.01 as
compared with cells stimulated with CM in the absence of 1400W. D, A549 cells were untreated (UNT) or treated with CM. iNOS was inhibited by the addition
of 1400W (50 �M), and NO was added to some 1400W-treated cells using the NO donor NOC-18 at the indicated concentrations. Cells were lysed at 5 h after
stimulation, and iNOS expression was determined by immunoblot. The effect of NOC-18 on iNOS expression was quantified over a series of independent
experiments, and the graph on the bottom is the mean � S.E. of the percentage of iNOS expression relative to cells stimulated with CM that were not treated
with 1400W or NOC-18. *, p � 0.01 as compared with cells treated with CM that were not treated with 1400W; ns, not significant. E, A549 cells were untreated
or stimulated with CM. iNOS activity was inhibited by the addition of 1400W (50 �M), and NO was provided by the addition of NOC-18 (10 �M). At 5 h after
stimulation, the cells were harvested, RNA was isolated, and iNOS mRNA levels were quantified by quantitative RT-PCR. F, the mouse macrophage cell line, RAW
264.7, was unstimulated or stimulated with LPS � IFN�. iNOS was inhibited in stimulated cells by the addition of 1400W. Cells were lysed, and iNOS expression
was determined by immunoblot.

FIGURE 2. iNOS activity amplifies iNOS protein expression in primary human cells. A, primary human astrocytes were unstimulated or stimulated with CM.
Cells were lysed at the indicated time points, and iNOS expression was determined by immunoblot. B, astrocytes were unstimulated or stimulated with CM in
the absence or presence of the indicated concentrations of 1400W. Cells were lysed at 24 h after stimulation, and iNOS expression was determined by
immunoblot. The effect of 1400W on iNOS expression in astrocytes was quantified over a series of experiments, and the graph on the bottom shows the mean �
S.E. of the percentage of iNOS expression relative to cells stimulated with CM that were not treated with 1400W. *, p � 0.02 as compared with cells stimulated
with CM in the absence of 1400W. C, primary human bronchial epithelial cells were unstimulated or stimulated with CM in the absence or presence of 1400W.
Cells were lysed at 18 h after stimulation, and iNOS expression was determined by immunoblot.
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the PI3K-Akt pathway in the positive feedback regulation of
iNOS expression, A549 cells were CM-stimulated and then
treated with the PI3K inhibitor LY294002 or anAkt inhibitor at
2 h after stimulation. This 2-h time point precedes the second
phase of Akt activation observed after CM stimulation but fol-
lows down-regulation of the initial activation ofAkt in response
to CM (Fig. 5A). Therefore, the addition of LY294002 and the
Akt inhibitor at this time point does not affect early processes
controlled by the initial activation of this pathway but specifi-
cally inhibits those affected by the second phase of PI3K-Akt
activation. Inhibition of the second phase of PI3K-Akt activa-
tion reduced iNOS protein levels (Fig. 5D). TheMEK1/2 inhib-
itor PD98059 was also added at 2 h after stimulation, but this
did not affect iNOS levels (Fig. 5E). These findings establish a
role for the PI3K-Akt pathway in mediating the positive feed-
back regulation of iNOS expression by Ras S-nitrosylation.
Positive Feedback Regulation of iNOS Is Regulated by mTOR—

The signaling mechanisms downstream of PI3K-Akt involved
in the positive feedback regulation of iNOS protein levels by
NOwere investigated. mTOR is a metabolic sensor that is acti-
vated by Akt and regulates protein synthesis (29). We consid-
ered a role for this pathway in the positive feedback regulation
of iNOS because of our observation that iNOSmRNA levels are
not affected by iNOS inhibition (Fig. 1E), which suggested the

involvement of post-transcriptional mechanisms. Activation of
the mTOR pathway in response to CM was first examined.
Stimulation of A549 cells with CM resulted in the phosphor-
ylation of p70S6 kinase, an event that is downstream of mTOR
activation and that drives increased protein translation, at time
points concomitant with the induction of iNOS (Fig. 6A).

The effect of iNOS activity on activation of the mTOR path-
way was then examined. Inhibition of iNOS activity with
1400W inhibited phosphorylation of p70S6 kinase at late time
points (Fig. 6B). Also, treatment of cells with the mTOR
inhibitor rapamycin at 2 h after stimulation with CM also
reduced iNOS protein levels (Fig. 6C). Finally, in support of a
role for NO-mediated activation of Akt and mTOR in ampli-
fying iNOS expression through a post-transcriptional mech-
anism, inhibition of Akt and mTOR activity did not reduce
iNOS mRNA expression in response to CM stimulation (Fig.
6D). Taken together, these findings indicate that iNOS-de-
rived NO augments iNOS protein levels through the activa-
tion of mTOR.

DISCUSSION

Studying the regulation of human iNOS expression has
implications for understanding the pathogenesis of several dis-
eases. We have identified a previously unrecognized positive
feedback mechanism controlling the expression of iNOS by
endogenously produced NO in human cells. Specifically, our
data show that NO produced by iNOS acts to S-nitrosylate Ras.
This leads to the activation of the PI3K-Akt and mTOR path-
ways, which amplify iNOS protein levels.
The expression of iNOS and resultant production of NO are

complexly regulated. Factors such as species, NO levels, and the
cellular redox state affect the outcome of NO on biological
processes and signaling. Some studies, mostly performed in
mouse cells, have shown that iNOS-derived NO down-regu-
lates iNOS expression (33, 34). The inhibition of iNOS expres-
sion by NO may involve post-translational modification of
transcription factors or related regulatory factors (52, 53). In
addition to regulating expression, NO is also able to attenuate
iNOS activity by destabilizing iNOS dimers through effects on
the heme prosthetic group or by S-nitrosylating iNOS directly
(35). In contrast to negative regulation of iNOS by NO, studies
have also established that NO can augment iNOS expression
(37–39). Our findings support a role for iNOS-derived NO in
the amplification of iNOS levels in human cells. The paradoxi-
cal effect of NOon inhibiting and augmenting iNOS expression
likely depends on the levels of available gas within cells, with
high levels being inhibitory and lower levels being stimulatory
(40). Indeed, iNOS expression and production ofNOhave been
suggested to be lower in cultured human as compared with
mouse macrophages (54). Moreover, the human cells used in
our studies produce 10–50-fold less NO in response to cyto-
kine stimulation than domousemacrophage cell lines (data not
shown).
Although we have focused our studies on iNOS, NO also

regulates the expression of eNOS and nNOS. Specifically, the
addition of exogenous NO increases eNOS levels and the inhi-
bition of NOS activity decreases basal eNOS levels in endothe-
lial cells, indicative of a positive feedback process controlling

FIGURE 3. iNOS-mediated amplification of iNOS levels does not depend
on sGC, EGFR, or Src activation. A, A549 cells were unstimulated or stimu-
lated with CM. sGC was inhibited by the addition of the indicated concentra-
tions of ODQ. Cells were lysed at 5 h after stimulation, and iNOS expression
was determined by immunoblot. B, A549 cells were unstimulated or stimu-
lated with CM in the absence or presence of an EGFR inhibitor (EGFR Inh) or
the Src inhibitor PP2. Cells were lysed at 5 h after stimulation, and iNOS
expression was determined by immunoblot. The graph on the bottom is the
mean � S.E. of the percentage of iNOS expression relative to cells stimulated
with CM that were not treated with the inhibitors.
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the basal expression of this NOS isoform (55). In contrast, NO
production by eNOS can down-regulate the induction of eNOS
expression that occurs in response to shear stress (56, 57).

nNOS expression is also inhibited by NO in certain pathologi-
cal settings (58). The mechanisms by which either positive or
negative feedback regulation of eNOS and nNOS is controlled

FIGURE 4. S-Nitrosylation of Ras amplifies iNOS protein levels. A, A549 cells were unstimulated or stimulated with CM in the absence or presence of a
farnesyltransferase inhibitor (FPT Inh. II), which prevents Ras activation. Cells were lysed at 5 h after stimulation, and iNOS expression was determined by
immunoblot. B, A549 cells were unstimulated or stimulated with CM in the absence or presence of 1400W. Cells were harvested, and the biotin switch assay was
performed to detect S-nitrosylation. Ras was immunoprecipitated (IP) from the lysates, and S-nitrosylation (SNO) of Ras was detected by immunoblotting for
biotin. Total Ras levels in the immunoprecipitate were also examined. C, cells were transfected with an empty vector plasmid or plasmid encoding WT Ras.
Transfected cells were untreated or stimulated with CM, and iNOS levels were determined by immunoblot 5 h later. D, A549 cells were transfected with WT Ras
or C118S Ras and then left untreated (UNT) or stimulated with CM. Cells were lysed at 5 h after stimulation, and iNOS and Ras expression was determined by
immunoblot. iNOS expression was quantified in a series of independent experiments, and the graph depicts the mean � S.E. of the percentage of iNOS
expression relative to cells transfected with WT Ras and stimulated with CM. *, p � 0.01 as compared with cells transfected with WT Ras and stimulated with CM.

FIGURE 5. Activation of the PI3K-Akt pathway by Ras S-nitrosylation amplifies iNOS levels. A, A549 cells were stimulated with CM, and cell lysates were
prepared at the indicated time points. iNOS expression, Akt phosphorylation (pAkt) (on Thr-308), and ERK1/2 phosphorylation (pERK1/2) were examined by
immunoblot. B, cells were unstimulated or stimulated with CM, and iNOS was inhibited in CM-treated cells with 1400W. In some 1400W-treated cells, NO was
added using the indicated concentrations of NOC-18. Cells were lysed 5 h after stimulation, and phosphorylation of Akt and ERK1/2 was determined by
immunoblot. C, cells were transfected with WT or C118S Ras and then left unstimulated or stimulated with CM. Phosphorylation of Akt and ERK1/2 and levels
of H-Ras were determined by immunoblot. D and E, A549 cells were unstimulated or stimulated with CM. PI3K, Akt, and ERK1/2 activation was inhibited by the
addition of LY294002 or Akt inhibitor VII (Akt Inh) (D) or PD98059 (E), respectively, at 2 h after stimulation with CM. Cells were lysed at 5 h after stimulation, and
iNOS expression was determined by immunoblot.
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remain poorly understood, but these complex feedback mech-
anisms are likely in place to precisely control the broad ranging
biological effects of NO.
Ras has been defined to undergo S-nitrosylation at cysteine

118, and this modification controls cellular processes such as
progress through the cell cycle, cell death, T cell activation, and
responses to ischemia (27, 59–62). Several signaling pathways
are activated downstream of Ras, including PI3K-Akt and
MAPK. Despite the clear role of Ras S-nitrosylation in amplify-
ing iNOS expression in our experiments, we were not able to
observe any differences in global Ras activation, as defined by
Raf1 binding, within whole cell lysates after the inhibition of
iNOS (data not shown). However, it is known that S-nitrosyla-
tion of Ras also regulates the intracellular localization of this
GTPase and that Ras activates Raf1-independent signaling
pathways (63, 64). Indeed, Ras S-nitrosylation triggers activa-
tion of the PI3K pathway by increasing the interaction of this
GTPase with PI3K at cellular membranes, and it also regulates
the interaction of Ras with membrane surfaces (65, 66).

Our findings also suggest a complex role of the PI3K pathway
in the regulation of iNOS expression. Analysis of human iNOS
promoter activity has shown that PI3K activation attenuates
iNOS gene transcription through the recruitment and binding
of Foxo3a to the iNOS gene promoter (23). Our data show that
the augmentation of iNOS levels by NO occurs at a post-tran-
scriptional level because NO does not effect iNOS mRNA lev-
els. We also show that inhibition of PI3K and mTOR, at a time
point after the induction of gene transcription but immediately
prior to the detectable induction of iNOS protein, reduces the
accumulation of iNOS protein levels. As such, there may be at
least two opposing effects of PI3K on iNOS regulation that act
together to fine-tune expression of this enzyme, namely atten-
uation of gene transcription and post-transcriptional amplifi-
cation of iNOS protein levels.
Augmentation of iNOS protein levels by NO involves the

activation of mTOR because treatment of cells with the mTOR
inhibitor rapamycin attenuated iNOS protein levels. mTOR is
known to increase protein translation (67). In addition to reg-

FIGURE 6. iNOS-derived NO amplifies iNOS protein levels through activation of mTOR. A, A549 cells were stimulated with CM, and lysates were prepared
at the indicated time points. Activation of the mTOR pathway was determined by immunoblot for phosphorylated p70S6K (p-p70S6K), which is downstream of
mTOR activation. Total p70S6K levels were also examined. B, cells were unstimulated or stimulated with CM, and iNOS activity was inhibited by the addition of
1400W. Cells were lysed at 5 h after stimulation, and phosphorylation of p70S6K was determined by immunoblot. C, cells were unstimulated or stimulated with
CM. mTOR activity was inhibited by adding rapamycin (Rapa; 50 nM) at 2 h after stimulation. Lysates were prepared at 5 h after stimulation, and iNOS expression
and p70S6K phosphorylation were determined by immunoblot. iNOS expression was quantified in a series of independent experiments, and the graph on the
bottom is the mean � S.E. of the percentage of iNOS expression relative to cells stimulated with CM in the absence of rapamycin. *, p � 0.02 as compared with
cells stimulated with CM in the absence of rapamycin. D, A549 cells were unstimulated or stimulated with CM. mTOR and Akt activity was prevented in
CM-stimulated cells by the addition of rapamycin or Akt inhibitor VII (Akt Inh.). RNA was isolated at 5 h after stimulation, and the iNOS mRNA expression was
quantified by quantitative RT-PCR.
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ulating protein translation, the activity of mTORmay also reg-
ulate iNOS expression through effects on protein stability (68).
The specific post-transcriptional processes modulated by NO
that augment iNOS protein levels require further study.
In conclusion, we have shown that NO from iNOS triggers a

positive feedback loop that amplifies iNOS protein levels
through the S-nitrosylation of Ras in human cells. Our findings
also show that this biochemical modification of Ras preferen-
tially activates the PI3K andmTOR pathways. The precise con-
trol of iNOS expression by feedback mechanisms may be
important in defining the biological actions of this enzyme. The
mechanisms regulating iNOS expression are likely to affect var-
ious aspects of physiology and pathology.
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