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ABSTRACT

Background: The production of nitric oxide by type II
inducible nitric oxide synthase (type II NOS) gene is
controlled at least in part by transcriptional activation.
Although the murine and human type II NOS genes
share significant sequence homology, they differ in the
induction stimuli required for activation.
Materials and Methods: The A549 human and mu-
rine RAW 264.7 cell lines were cultured in the presence
of inducers of the type II NOS gene and exposed to
specific inhibitors of phosphatidyl choline-specific phos-
pholipase C, NF-KB, and endocytosis, as well as to re-
agents that deplete stores of ATP or prevent the acidifi-
cation of endosomes. The effect of these reagents on the
induction of the type II NOS gene transcription, transla-
tion, and NO expression was studied using electromobil-
ity shift assays, Western blotting, and the detection of NO
as nitrates, as appropriate. Additionally, the ability of the
native human type II NOS NF-KB recognition sequence
to bind NF-KB was compared with a concensus sequence
and with a mutated oligomer.
Results: Type II NOS production by both human and

mouse cells could be prevented by the addition of the
specific inhibitor of phosphatidylcholine-specific phos-
pholipase C, D609, and of agents that interfere with the
activation of NF-KB. Both mouse and human cells also
required acidic endosome formation and the production
of 1,2-diacylglycerol for type II NOS expression. Addi-
tionally, the native human type II NOS NF-KB recog-
nition sequence bound NF-KB with significantly less
affinity than did the recognition sequence derived
from the human immunoglobulin light-chain gene
promoter.
Conclusions: These experiments show that whereas
mouse cells can be activated by lipopolysaccharide to
produce nitric oxide, and human cells require activation
by a mixture of cytokines to produce nitric oxide, the
intracellular activation pathway following receptor bind-
ing of these heterologous stimuli is shared. Additionally,
NF-KB activation is necessary but not sufficient for in-
ducible nitric oxide synthase production in human cells,
in contrast to murine cells in which it serves as a com-
plete inducer.

INTRODUCTION

The free radical nitric oxide (NO) has multiple
functions. It acts as a vasoregulatory mediator (1)
and a neurotransmitter (2) and plays a major
role in immunosurveillance (3). Nitric oxide is
synthesized from the substrate L-arginine by one
of three isoforms of nitric oxide synthase (NOS).
Until recently, it was believed that the enzymes
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could be categorized as constitutive or inducible
on the basis of expression behavior. Two of the
isoforms, commonly referred to as constitutive
NOS (cNOS, type I NOS), were differentiated on
the basis of observed activation dependence on
intracellular calcium levels. The third isoform
(iNOS, type II NOS) was considered distinct be-
cause control of the enzyme's activity rested at
the transcriptional level. In certain cases, how-
ever, the cNOS isoforms are activated by in-
creased transcription rates (4,5), and iNOS is
constitutively activated in some respiratory tis-
sues as well as in specific cell lines (6). These are
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likely to be important, because it is becoming
increasingly clear that NO production is critical
for the maintenance of homeostasis as well as of
host defense, and that the organism has multiple
strategies to control NO production.

Type I and type II NOS are also differentiated
by the amount of NO produced and the inductive
stimuli that elicit NO production. The concentra-
tions of NO resulting from type I NOS activation
are usually much lower than those produced by
type II NOS (7). In addition, type I NOS activa-
tion is brief, whereas type II NOS persists for
many hours to days after induction. Further-
more, type I NOS is activated by intracellular
calcium transients, whereas human type II NOS
is induced by the inflammatory cytokines IL- Io3,
TNF-a, and IFN-,y. In mouse and rat monocytoid
cells, type II NOS activity increases in response to
lipopolysaccharide (LPS), and the activity is sig-
nificantly enhanced by IFN-y (8,9). Stimulation
of NO production in human monocytes has only
rarely been reported (10, I 1).

The mouse IFN-y-responsive element was
localized to a region 913 to 1029 base pairs (bp)
from the transcriptional start site and shown to
be functional (12). The murine iNOS gene tran-
scriptional response element responsive to LPS
stimulation has been identified as NF-KB ( 13), an
element also present in the human type II NOS
gene promoter. These studies clearly showed
that control of the murine type II NOS gene
occurs predominantly at the transcriptional
level, and NF-KB is pivotal in the induction of
murine type II NOS. The specific promoter re-
sponse elements, however, that influence the
human analogue are not as well defined.

Induction of human type II NOS requires
exposure of cells to specific cytokines (7). IL-1 03
elicits low-level production of iNOS, whereas
TNF-a or IFN-y alone is without stimulatory ca-
pacity. When IFN-yis added to TNF-a or IL-1 , a
significant enhancement in NO production is ob-
served, and maximal expression of type II NOS is
achieved by using all three cytokines simulta-
neously. Functional analysis of the first 5 kilo-
bases of the human promoter region showed that
most of the transcription control appeared to
reside in an 1800-bp region upstream from the
TATA box (14). The first 400 bp, which con-
tained the NF-KB region critical for murine iNOS
induction, was found to be without activity
(14,15). These studies suggested that the pre-
dominant promoter activity in the human iNOS
gene lay in regions upstream from the response

elements shown to be critical for control of the
mouse gene.

Several observations suggest that this con-
clusion may not be valid. First, the same cyto-
kines that up-regulate the expression of type II
NOS in human cells have been shown to tran-
scriptionally activate other cellular responses
through increased binding of NF-KB, indicating
that NF-KB activation occurs in these cells.
TNF-a stimulates the increased expression of
class I and class II histocompatibility antigens as
well as the expression of several cytokines
through NF-KB (16). IL-1,B binding to the type I
receptor has also been shown to activate cells
through NF-kB binding (17). Indeed, IL- I,B treat-
ment of human A549 cells that can express NO
(18) resulted in the induction of NF-KB (19). It
has also been reported that human type II NOS
induction can be prevented by the action of glu-
cocorticoids (20,21), which are known to pre-
vent the activation of NF-KB (22,23). Finally,
functional studies have shown that the murine
iNOS promoter is functional in human cells.
Kleinert and co-workers used a construct con-
sisting of a 1711 -bp murine type II NOS pro-
moter coupled to a luciferase reporter gene to
show that human A549 cells supported promoter
activity (24). They concluded that NF-KB was
critical to the response because luciferase activity
was significantly diminished if the cells were ex-
posed to glucocorticoids or to the NF-KB inhibi-
tor, pyrrolidine dithiocarbamate (PDTC).

These observations suggest that NF-KB activ-
ity is also critical for the induction of human type
II NOS activity. To test this hypothesis, we first
showed that activation of a reporter construct
containing the first 1800 bp of the human type II
NOS promoter region was prevented by PDTC.
These results were confirmed with data from
electromobility shift assays showing that NF-KB
levels were increased in cytokine-activated hu-
man cells. On the basis of these results, we ex-
amined several of the transduction steps previ-
ously identified, following either TNF-a or IL- 1,(
activation of human cells, which led to increased
NF-KB concentrations. Both TNF-a and IL-1(3
mediate the activation of phosphatidylcholine-
specific phospholipase C (PC-PLC), which
cleaves phosphatidyl choline to yield the second-
messenger species, 1,2-diacylglycerol (1,2 DAG).
Concomitant with the endocytosis of the cyto-
kine bound to its receptor, the endosome is acid-
ified, and a resident enzyme, acidic sphingomy-
elinase (acidic SMase), is activated. Acidic SMase
in turn cleaves sphingomyelin to yield yet an-



S. V. Spitsin et al.: PC-PLC and Type II NOS 317

other second messenger, ceramide, which acti-
vates NF-KB through undefined intermediaries
(25,26). Each of these steps was evaluated for its
role in the induction of type II NOS activation in
human and mouse cells.

MATERIALS AND METHODS
Reagents
3H-L-arginine (36.8 Ci/mM) was obtained from
Dupont/NEN (Wilmington, DE). D609 and
U73122 were obtained from Biomol Research
Lab (Plymouth Meeting, PA). All other chemi-
cals, unless noted otherwise, were purchased
from Sigma Chemical Co. (St. Louis, MO).

Cell Culture, Cytokine Activation,
and Inhibitors
RAW 264.7 murine macrophages and A549 hu-
man lung epithelioid cells were obtained from
ATCC (Rockville, MD). RAW 264.7 cells were
cultured in RPMI 1640 medium with 10% heat-
inactivated fetal calf serum, 50 units and 50 jig/ml
penicillin and streptomycin, respectively, and
5 mM L-glutamine. A549 cells were cultured in
Hams F- 12 medium with 10% heat-inactivated
fetal calf serum, 50 units of penicillin, 50 ,ug/ml
streptomycin, and 5 mM L-glutamine.

RAW 264.7 cells were activated for NO pro-
duction with 1 ,ug/ml LPS (E. coli 055:B5). A549
cells were induced with IL-l,3 (100 u/ml), IFN-,y
(500 u/ml), and TNF-a (10 ng/ml). Inhibitors
were added to cell cultures 30 min before acti-
vation and included D609, U73122, neomycin
sulfate, 2-nitro-4-carboxyphenyl-N,N-diphenyl-
carbamate (NCDC), rotenone, oligomycin, anti-
mycin A, colchicine, monensin, and PDTC. Cell
viability was quantified with trypan blue, and
cells used in the reported experiments were all
found to have greater than 90% viability after
exposure to the reagents listed in Table 1.

Assay for Phosphatidylcholine-specific
Phospholipase C
The PC-PLC activity was estimated from 1,2 DAG
production assayed as previously described (27).
RAW 264.7 cells were cultured in serum-free
medium for 16 hr and 1 x 1 cells were acti-
vated for the indicated times with 1 jig/ml LPS.
D609 was added 30 min before activation. At the
indicated times after activation, the cells were
scraped from the culture substrate, and lipids

TABLE 1. Effective concentrations of
phospholipase C and endocytosis inhibitors,
and lysomotrophic amines in suppressing type
II NOS production by human and mouse cells

Cells Tested
Inhibitor A549 RAW 264.7

Phospholipase C inhibitors ED50a
D609 18 ,tg/ml 25 ,ug/ml
U73122 8,tM 6,uM
Neomycin sulfate 14 mM 13 mM
NCDC 64 ,uM 108 ,uM
Endocytosis and

lysomotrophic
amines

Rotenone 0.2 ,uM 50 ,uM
Oligomycin 0.5 ,ug/ml 0.5 ,ug/ml
Antimycin 0.1 ,uM 130 ,uM
Monensin 10 ,uM 38 ,uM
Ammonium 17 ,uM 50 ,uM

chloride
Colchicine 100 ,uM 200 ,uM

aED50 is the concentration determined to suppress type II
NOS production by 50% of that produced in untreated cul-
tures identically stimulated.

were extracted by resuspending the cell pellet in
4 ml ice-cold chloroform/methanol (1:2) fol-
lowed by incubation on ice for 30 min. After the
addition of 1.25 ml water and 1.25 ml chloro-
form, the extract mixture was centrifuged (4000
rpm) for 30 min at 40C. The organic phase was
collected and evaporated to dryness under nitro-
gen. Following solubilization in chloroform/
methanol (2:1), the lipids were spotted onto
HPTLC plates (Merck, SilicaGel 60, Dorval, Que-
bec), and chromatographically resolved using a
mobile phase of hexane/diethyl ether/acetic acid
(40:10:1). The 1,2-DAG standards were run in
parallel in all assays. The resulting bands were
stained with Coomassie R-250, and the staining
intensity of the 1,2 DAG bands was estimated by
densitometry using an LKB Ultrascan (Uppsala,
Sweden) laser densitometer.

Quantitation of NOS Activity
and NO Production
NO was measured as the breakdown product,
nitrite, using the Griess reaction. Culture super-
natants (200 ,ul) were mixed with 100 ,ul of
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Griess reagent consisting of 0.05% N-(1-naphthyl)
ethylenediamine dihydrochloride and 0.5% sulfa-
nilamide in 2.5% phosphoric acid and allowed to
react for 5 min. A standard curve was prepared
using defined concentrations of sodium nitrite so-
lution in culture medium. Optical densities were
measured at 550 nm with a microplate reader.

The arginine-to-citrulline assay was used to
monitor routinely that the detected nitrite orig-
inated from NOS activity. Activated or control
cells were detached from culture vessels with
trypsin, washed twice with phosphate-buffered
saline (PBS), counted, and resuspended in five
volumes of lysis buffer (50 mM Tris, pH 7.5,
1 mM dithiothreitol and protease inhibitor mix-
ture Complete [Boehringer Mannheim, India-
napolis, IN]). Cells were lysed by three freeze-thaw
cycles and lysate was cleared by centrifugation at
15,000 X g for 15 min. Reaction was initiated by
addition of lysis buffer containing (final concen-
trations) 1 mM NADPH, 10 ,uM (6R)-5,6,7,8-
tetrahydro L biopterin HCI, 100 ,uM CaCl2, 50
nM calmodulin, 10 ,tM FAD, and 1 ,uCi 3H-L-
arginine. The mixture was incubated for 60 min
at 370C, and a 150 ,lA aliquot was loaded onto a
cation exchange column (AG 50W-Xg, Bio-Rad,
Hercules, CA), then eluted with water. The elu-
ate was collected and the radioactivity present
was quantified by liquid scintillography. The
general NOS inhibitor methyl L-arginine and the
type II NOS inhibitor trifluoperazine were used
to confirm that the NO was produced by iNOS.

Western Blotting
Cells were activated or not, as described, washed
with PBS, and lysed in 2% sodium dodecyl sulfate
(SDS). The protein concentration in lysates was
determined with the DC Protein Assay kit (Bio-
Rad). Each sample (50 ,g) was loaded on a 10%
SDS-PAGE gel and, following electrophoresis, trans-
ferred to a nitrocellulose membrane (Schleicher
and Schuell, Keene, NH). The membrane was
incubated in triethanolamine-buffered saline
with 5% nonfat dry milk (Carnation) and the
130-kDa band of mouse iNOS was detected with
rabbit anti-iNOS antibodies (Santa Cruz Biotech-
nology, Inc., Santa Cruz, CA). Bound rabbit an-
tibodies were visualized with the Vector ABC
Elite kit (Burlingame CA).

RNase Protection Assay
RNase protection assays were done using a Pro-
mega RNA protection kit (Madison, WI) accord-

ing to the manufacturer's instructions. Cells
were activated for 5 hr and total RNA was ex-
tracted with RNAzol (Cinna/Biotecx, Houston,
TX). Fifty micrograms of total RNA was used for
hybridization with a human or a mouse type II
NOS-specific probe. The mouse type II NOS
probe was prepared by excising a 418-base frag-
ment (positions 54 to 471 from the sequence
reported by Xie et al. [13]; Genbank accession
number M87039). The fragment was cloned into
pBluescript (Clonetech, Palo Alto, CA), and the
negative polarity RNA was transcribed using T3
polymerase. Human reagents were similarly pre-
pared using a 179-base fragment for human
iNOS (positions 2946 to 3124 from the sequence
reported by Geller et al. [211; Genbank accession
number L09210).

Electrophoretic Mobility Shift Assays
Human cells were activated for 1 hr with the cyto-
kine mixture described previously; murine cells
were treated with LPS, also as described, and nuclei
were collected using the method of Stein and co-
workers (28). Nuclear extracts were prepared by
three cycles of freezing and thawing in lysis buffer
containing 250 mM Tris, pH 7.8, 60 mM KCI, 1
mM dithiothreitol, 1 mM phenylmethylsulfonyl
fluoride, and 5 ,ug of protein used in each experi-
ment. The gel shift determinations were performed
using the Gel Shift Assay System (Promega) ac-
cording to the manufacturer's recommendations.
The 32P-labeled, double-stranded DNA probe was
end labeled with [y32p] ATP (Dupont/NEN; 6000
Ci/mM), and 5 x 104 cpm were used per assay.
The following probes were used (the binding site
is underlined): An NF-KB consensus 5'-AGT TGA
GGG GAC 1TT CCC AGG C-3'; the human iNOS
NF-KB (hNF-KB) 5'-CAA GCT GGG GAC ACT C
CCTTT-3', which is actually a fragment of the
DNA from the human iNOS promoter (position
-123 through -102 bp containing the NF-KB bind-
ing site); and a mutated human iNOS NFKB (hNF-
KBmu) 5'-CAA GCTGAA AGC ACTCCC TTT-3',
which served as a specificity control (the mutated
bases are shown in bold).

RESULTS
Treatment of RAW 264.7 cells with LPS or treat-
ment of human A549 cells with IL-1,3, IFN-,y,
and TNF-a stimulated the production of NO,
which was detected by the accumulation of ni-
trite in culture supernatants. RAW 264.7 cells
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produced up to 100 ,M of nitrite during 24 hr of
culture, whereas the A549 cells produced ap-
proximately 10-fold less. To confirm that the ob-
served nitrite accumulation was related to NO pro-
duction, cell lysates were examined in a citrulline
assay. The conversion rate of 3H-arginine to 3H-
citrulline was approximately 50 pmol of arginine/
hr/106 RAW cells and 10 pmol arginine/hr/ 106
A549 cells. Type II NOS was responsible for the NO
produced as shown, by the ability of the NOS in-
hibitor methyl-L-arginine to completely inhibit
the production of NO, whereas the type I NOS
inhibitor trifluoperazine was without effect.

Activation of Phosphatidylcholine-specific
Phospholipase C

Activation of NF-KB by IL-113 and TNF-a (re-
viewed in 29) requires PC-PLC. As shown in
Figure IA and B, addition of the PC-PLC inhib-
itor D609 to the culture medium prevented ni-
trite production in a dose-dependent manner.
Complete inhibition of nitrite production for up
to 72 hr was achieved with 50 gg/ml of D609 in
human cells (Fig. 1 C). Murine cells activated
with LPS and treated with 50 ,ug/ml D609 ex-
pressed no more than 20% of the level of NO
present in cultures not treated with the PC-PLC
inhibitor (Fig. 1D). The data collected using the
Griess reaction were confirmed with 3H-argi-
nine-to-_3H-citrulline conversion analysis.

1,2-Diacylglycerol Production

Next we assayed the increase in 1,2-diacylglyc-
erol production in cells following activation. To-
tal lipids were extracted from mouse cells follow-
ing stimulation and separated on thin-layer
chromatography plates. The data presented in
Figure 2 show that the amount of detectable
DAG increased significantly. The increase was
evident within 1 hr of the addition of the acti-
vating agent, LPS. D609 significantly reduced not
only the DAG levels in nonstimulated cells but
also suppressed the levels seen in cells activated
by LPS.

Endosome Formation and Acidification:
Energy Requirements
The PC-PLC-mediated production of DAG has
been shown in other systems to activate NF-KB
by a pathway that requires endosomal formation
with compartmental acidification using an ener-
gy-dependent process (29,30). To investigate the

involvement of these steps in the induction of
type II NOS, we used a series of inhibitors specific
for each of the steps. Endosomal formation, pre-
vented by the addition of colchicine, resulted in
the complete abrogation of NO production with a
half-maximal inhibitor concentration of 100 ,uM
(Table 1). The addition of any of three agents
that deplete intracellular ATP stores (rotenone,
oligomycin, and antimycin A) likewise pre-
vented NO production, and monensin or ammo-
nium chloride, which have been shown to pre-
vent endosomal acidification, blocked type II
NOS activation. Concomitant studies indicated
that cell viability was not significantly affected at
the concentrations found to effectively inhibit
NO production.

NF-cB

To determine whether D609 inhibited NF-KB ac-
tivation in human as well as mouse cells, we
used gel shift assays as shown in Figure 3. Anal-
ysis of LPS-treated RAW 264.7 nuclear extracts
showed two sequence-specific gel shifts
(Fig. 3A). The lower band was constitutively
present in both nonactivated and activated cells,
whereas the upper band was activation-depen-
dent. Treatment of cells with D609 resulted in a
reduction in the intensity of the upper band.
When a 100-fold molar excess of nonlabeled
consensus sequence was added, the upper band
was no longer detectable. This result was not
observed if equivalent amounts of either Ap2 or
SpI consensus sequence were added to the reac-
tion mixture. Furthermore, the addition of D609
to nuclear extracts from nonactivated cells did
not change the observed binding pattern. Com-
parable results were obtained with nuclear ex-
tracts from human A549 cells (Fig. 3B). Activa-
tion of the cells with TNF-a, IL-1i 3, and IFN-y
resulted in the appearance of bands that could be
competed with nonlabeled NF-KB consensus oli-
gomer. The addition of oligomers containing the
consensus sequences for Ap2 and Spl recogni-
tion did not diminish the intensity of the NF-KB
binding. Analysis of the intensity of the signals
was quantified using a Phosphorimager (Molec-
ular Devices). Nuclear extracts of cytokine-acti-
vated human A549 cells were arbitrarily assigned
a value of 100%. When the exact NF-KB binding
site sequence from the human type 11 NOS pro-
moter was used, a much weaker binding was
observed under the same experimental condi-
tions-a value nearly 8% that of the concensus
sequence. Nevertheless, activation of the cells
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FIG. 1. Increasing concentrations of D609 progressively inhibit nitrite accumulation in supernatants of
activated human and mouse cells and are effective for at least 72 hr after stimulation
Mouse RAW 264.7 cells were incubated with increasing concentrations of D609 applied 30 min before the addi-
tion of 1 gg/ml LPS (A). Human cells were likewise exposed to D609, then activated with IL-113, IFN-y, and TNF-a
(B). After an 8-hr (dotted line), 24-hr (dashed line), or 48-hr (solid line) incubation period, the culture superna-
tants were tested for the amount of nitrite present using the Griess reaction. The data are presented as a percent-
age of the nitrite determined to be present in stimulated cells without D609 treatment. The ability of D609 to sup-
press nitrite accumulation over a period of several days was shown by adding the inhibitor (50 ,ug/ml) to
stimulated mouse (C) or human (D) cells. Cells were activated as described for A and B, respectively. Unstimulated
cells are represented by dotted lines, cytokine or LPS-activated cell responses, dashed lines, and activated, D609-
treated cell responses, solid lines. Error bars represent the SEM calculated from three independent experiments.

with cytokines resulted in increased NF-KB binding
and D609 inhibited this up-regulation (Fig. 3C).
When the reaction was done using a recognition
sequence that had been mutated to disrupt the
core elements critical for NF-KB binding, no re-

sponse to activation or to D609 treatment was

seen (Fig. 3D). Nuclear extracts from mouse
RAW 264.7 cells were also tested with NF-KB
binding sites from human iNOS promoter. The

results were similar to those presented in
Figures 3C and D.

mRNA Determination by RNase
Protection

The transcriptional activity of D609-treated hu-
man and mouse cells was examined using an
RNase protection assay. As can be seen in
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control 1min 15min 60min

FIG. 2. LPS treatment of RAW 264.7 cells up-
regulates the production of 1,2 DAG and is
blocked by exposure to D609
Murine cells were activated with LPS (open bars) or
activated after treatment with D609 (solid bars) as
described in Materials and Methods, and lipids were
extracted. The extracts were chromatographed on
silica gel thin-layer plates, stained with Coomassie
250 dye, and quantified with an image processor.
The data presented are representative of two pooled
experiments; the error bars represent the range.

Figure 4A and B, nonactivated cells contained
minimal detectable iNOS-specific mRNA. Type
NOS-specific protected fragments appeared after
activation but treatment of activated cells with
D609 significantly decreased the intensity of the
iNOS-specific bands. Neither activation nor treat-
ment with D609 changed the mRNA levels for
two housekeeping genes, human j3-actin and
mouse glyceraldehyde-3-phosphate dehydroge-
nase (GAPDH). Bands corresponding to iNOS,
f3-actin, or GAPDH-protected fragments were ex-

cised from gels and quantified with a scintillation
counter. The amount of iNOS-specific mRNA, as

cpm present in the band, was divided by the
corresponding cpm of /3-actin or GAPDH mRNA,
as appropriate, to normalize the results for dif-
ferences in gel loading. The resulting statistics are

presented in Figure 4C. Treatment with D609
lowered iNOS-specific mRNA levels 3-fold in
murine cells and 13-fold in human cells.

Protein Production by Western Blotting
To confirm that D609 treatment resulted in a

reduced level of type II NOS expression, we

quantified type II NOS protein levels in RAW
264.7 and A549 cells cultured in the presence
and absence of D609 using Western blots. The
characteristic 130-kDa iNOS band was detected

in extracts of activated cells but not in extracts of
unstimulated cells (Fig. 5). A significant decrease
in the intensity of the 130-kDa band was seen in
stimulated cells treated with D609.

DISCUSSION
The induction of human type II NOS is believed
to be controlled predominantly at the transcrip-
tional level, as has been reported for the mouse
enzyme (31). A direct comparison of the nucleo-
tide sequences of the mouse and human pro-
moter regions (14,32) shows significant homology,
suggesting that similar transcriptional activation
mechanisms should exist. However, the pivotal
involvement of the human NF-KB binding do-
main has not been clearly shown. The results of
the experiments reported here clearly indicate
that cytokine activation of human A549 cells
results in the significant increase in NF-KB
present in the nuclei of induced cells as deter-
mined by electromobility shift assay. Our results
indicate further that the nuclear binding factor is
specific for both a consensus NF-KB sequence
and the exact sequence of the human iNOS
NF-KB present between positions -106 and -116
as determined from the nucleotide sequence of
the region (14,32,33). Interestingly, the amount
of cytokine-induced human NF-KB bound ap-
peared to be 10-fold less when the authentic
sequence was used as a probe than when the
consensus sequence was used. The two se-
quences differ by only two bases: one conserva-
tive substitution and one not (see legend to
Fig. 5). We speculate that a diminished binding
of the native human NF-KB sequence is respon-
sible for the weaker signal observed with the
exact human sequence, as nuclear extracts from
the same pool of cytokine activated cells were
used for the gel shift assays. It has been consis-
tently observed that human cells express signif-
icantly less iNOS-produced NO than do murine
cells, and it is possible that a fundamental reason
for this discrepancy is the weaker binding of the
NF-KB to the human type II NOS promoter com-
pared with the murine analogue. We have ob-
served in previous experiments that reporter
constructs containing the human type II NOS
promoter region were significantly more active
after transfection into murine cells than into hu-
man cells, indicating that one or more cell-spe-
cific factors strongly influenced promoter activ-
ity. Studies are in progress to evaluate this
possibility. It is nevertheless clear that NF-KB
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FIG. 3. Electromobility shift assay using unactivated, activated, and activated, D609-treated mouse
and human cells
Nuclear extracts were prepared from unactivated, activated, or activated, D609-treated mouse (A) or human (B, C,
D) cells. The extracts were incubated with radiolabeled probes containing different recognition sequences specific
for either consensus NF-KB (A, B: 5'-AGT TGA GGG GAC TlT CCC AGG C-3'). In indicated cases, extracts were
incubated with a 100-fold molar excess of unlabeled oligomers containing NF-KB or ApI or Sp2 binding motifs.
Panel C shows the results of a representative experiment in which nuclear extract from control or activated A549
cells was incubated with an oligomer with the sequence 5'-CAA GCT GGG GAC ACT CCC TTT-3', which is the
exact DNA sequence of the human type II NOS promoter NF-KB binding site (position -123 through -102). A mu-
tated sequence (5'-CAA GCT GAA AGC ACT CCC TTT-3') was used in D, the mutated bases are in bold type. All
binding sites are underlined.

plays a pivotal role in the induction of human
type II NOS.

The stimuli required for type II NOS induc-
tion in murine and human cells differ signifi-
cantly, suggesting that despite promoter se-
quence similarities, other factors may account for
the disparity in induction requirements. Murine
cells are efficiently activated with LPS and IFN-,y
whereas IL-11, TNF-a, and IFN-,y are required
for the activation of human cells. Despite the ap-
parent differences in the stimuli needed by human
and murine cells, we found significant similarities
in the signal transduction paths involved, culmi-
nating in the expression of type II NOS.

Addition of the PC-PLC inhibitor D609 to
cultures of stimulated RAW 264.7 or A549 cells

resulted in essentially complete inhibition of the
production of NO by human cells and an 80%
reduction in murine cells. Murine cells could be
completely inhibited at D609 concentrations of
100 ,ug/ml (Fig. 1), a dose not used in the exper-
iments reported here and substantially less than
the 175 ,uM required for toxicity. D609 has been
reported to be a highly specific inhibitor of PC-
PLC (34). It can be seen in Table 1 that the ED50
varied between mouse and human cells for sev-
eral other of the inhibitors tested, which suggests
that the cells are differentially susceptible to
many of the agents. We also found that addi-
tional PLC inhibitors of less selectivity (NCDC,
U73122, and neomycin sulfate) also variably in-
hibited the generation of type II NOS (Table 1).
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FIG. 4. D609 inhibits transcriptional activation of the type II NOS gene in human and mouse cells
(A) Mouse RAW 264.7 cells were activated with 1 ,tg/ml LPS for 5 hr, and RNA was collected. An aliquot of 50
gg of total RNA was hybridized with a mouse type II NOS probe prepared from a 418-base, radiolabeled fragment
(position 54-471 from the sequence of Xie et al. [13]; Genbank accession number M87039), or a loading control
consisting of a radiolabeled, 315-base fragment specific for mouse GAPDH. Following RNase digestion, the mixture
was resolved on a polyacrylamide gel and subjected to autoradiography; the results are presented in Fig. 3A. Lanes
1 represent the protected fragments derived from unactivated cells, lanes 2 were derived from LPS-activated cells,
and lanes 3 were derived from activated, D609-treated cells. (B) Human A549 cells were activated; total RNA was
isolated and hybridized to a human type II NOS radiolabeled probe derived from a 179-base sequence of human
type II NOS (position 2946-3124 reported by DA Geller et al. [21]; Genbank accession number L09210). All other
experimental protocols were as described for the mouse RNase protection assay. The data are presented in B. (C)
The type II NOS-specific bands (indicated by arrows) were excised from the gel, and radioactivity was quantified
with a gamma counter. The data were normalized to percent of type II NOS radioactivity divided by the radioac-
tivity present in the GAPDH loading control lane. Figure 3C presents the results of the quantitation of protected
RNA isolated from control and treated murine cells. (D) Human type II NOS-protected fragments were quantified
as described for murine sequences in Fig. 3C. The loading control was a 249-radiolabeled base sequence specific
for human ,B-actin. Data are presented as described for Fig. 3C.

That PC-PLC might be pivotal in the control
of human type II NOS is not surprising because it
has been shown that both IL-:I and TNF-a me-

diate cellular activation through this pathway.
IL-113 has been shown to enable numerous bio-
logical activities, and central to the activation
process is the phosphorylation of cellular pro-

teins through phosphokinase A or phosphoki-
nase C (35). Because the classical calcium-inosi-
tol triphosphate path is not activated by IL- 1O
(36), it has been suggested that a pathway in-
volving PC-PLC might be employed. The in-
volvement of PC-PLC in TNF-a activation trans-
duction has been much better documented.
Occupancy of the p55 receptor by TNF-a results

in the activation of PC-PLC located in the plasma
membrane. This enzyme hydrolyzes PC to yield
phosphocholine and 1,2 DAG (37). The latter
hydrolysis product, 1,2 DAG, activates another
membrane-associated enzyme, sphingomyeli-
nase, which hydrolytically degrades sphingomy-
elin to yield ceramide. More recent studies have
shown that sphingomyelinase actually exists as

two isomers, each of which is activated by differ-
ent domains of the TNF-55kd receptor (38). The
enzymes can also be differentiated on the basis of
their intracellular locations and pH optima. A
neutral sphingomyelinase is located exclusively
in the plasma membrane and generates cer-

amide, which in turn activates a proline-directed
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FIG. 5. D609 inhibits expression of human and
mouse type II NOS protein
D609 (50 ,tg/ml) was added to cell RAW 264.7 or
human A549 cell cultures 30 min before they were
activated as described for Fig. 1. Following incuba-
tion for 24 hr, cells were washed with PBS and lysed
in 2% SDS; the protein concentration was deter-
mined with a DC Protein Assay kit (Bio-Rad). An
aliquot of 50 ,ug of each sample was electrophoresed
through a 10% SDS-PAGE gel and transferred to a
nitrocellulose membrane. The presence of a 130-kDa
type II NOS band was detected with rabbit anti-type
II NOS antibodies (Santa Cruz Biotechnology, Inc.).
For both human (hiNOS) and mouse (miNOS) cell
lysates, unactivated (lane 1) cells were compared
with activated (lane 2), and activated, D609-treated
cells (lane 3).

serine/threonine protein kinase and phospho-
lipase A2 (38). A second form of sphingomyeli-
nase, also activated by 1,2 DAG, is located only in
endosomes and requires an acid environment for
catalysis. This acidic sphingomyelinase triggers
the activation of NF-KB through a series of inter-
mediary steps (38). The data provided in this
report indicate that the latter pathway is in-
volved in the activation of type II NOS in both
human and mouse cells; a role for the neutral
sphingomyelinase is unlikely because D609 has
no effect on this enzyme (38).

We further used a series of inhibitors to in-
vestigate the events distal to the generation of
1-2 DAG. When rotenone, oligomycin, or anti-
mycin A was added to either stimulated human
A549 cell cultures or mouse RAW 264.7 cultures,
the production of NO was significantly inhibited.
These agents have been shown to deplete ATP
stores in cells, resulting in the failure of endo-
some acidification (39). This result was con-
firmed by the finding that the addition of mo-
nensin or ammonium chloride, lysomotrophic
agents that also prevent endosome acidification,
likewise prevented the generation of NO. The
concentrations found effective were also found
not to influence cell viability.

An unexpected finding reported here is that
D609 efficiently inhibited NO generation by LPS-
activated RAW 264.7 cells. Although the induc-

tion of NF-KB in LPS-treated cells has been
shown (25), the transduction pathway used fol-
lowing endotoxin stimulation has been only par-
tially defined. It has been shown that LPS specif-
ically binds to CD14 after interaction with a
circulating LPS-binding protein, and subsequent
studies have implicated protein tyrosine phos-
phorylation in cellular activation (26); a more
detailed resolution has not been provided. Addi-
tionally, the ligand for LPS, CD 14, is a member of
a class of cellular receptors that anchor within
the membrane but do not penetrate the cyto-
plasm. Some glucosylphosphatidylinositol-an-
chored proteins use transduction mechanisms
that require co-receptors; others remain unde-
fined (40). It is thus surprising that blockade of
the PC-PLC transduction pathway at several
points can prevent the LPS-mediated induction
of NO. It is possible that the postulated uniden-
tified CD14 co-receptor (41) may be membrane-
associated PC-PLC.

It has been suggested that the transduction
steps that link acidic sphingomyelinase-mediated
production of ceramide with the dissociation of
IKB-a to yield active NF-KB involve either a pro-
tein kinase (42) or a protein phosphatase (43).
The experiments reported here did not address
this possibly complex series of events (29), and
experiments designed to compare intermediary
events are in progress.

The data presented here indicate that NF-KB
activation of type II NOS transcription is central
to the expression of the gene in both human and
mouse cells, although the stimuli (LPS for mouse
cells and IL-1p/, TNF-a, and IFN-y for human
cells) that initiate the cascade with PC-PLC acti-
vation are significantly different. Why human
cells require activation by three cytokines, espe-
cially when two share a common transduction
mechanism, remains to be explained. Undoubt-
edly, other transduction paths are active and will
be the subject of future research.
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