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Nitric oxide (NO) is an important mediator mole-
ule in regulating normal airway function, as well
s in the pathophysiology of inflammatory airway
iseases. In addition, cytokines are potent messen-
er molecules at sites of inflammation. The specific
elationship among IL-1b, TNF-a, and IFN-g on
NOS induction and NO synthesis in human alveo-
ar epithelial cells has not been determined. In ad-
ition, rigorous methods to determine potential
ynergistic action between the cytokines have not
een employed. We exposed monolayer cultures of
549 cells to a factorial combination of three cyto-
ines (IL-1b, TNF-a, and IFN-g) and three concen-
rations (0, 5, and 100 ng/mL). TNF-a alone does not
nduce NO production directly; however, it does
ave a stimulatory effect on IL-1b-induced NO pro-
uction. IL-1b and INF-g both induce NO produc-
ion alone, yet at different concentration thresh-
lds, and act synergistically when present together.
n the presence of all three cytokines, the net effect
f NO production exceeds the predicted additive
ffect of each individual cytokine and the two-way
nteractions. Several plausible mechanisms of syn-
rgy among IL-1b, TNF-a, and IFN-g in NO produc-
ion from human alveolar epithelial cells (A549) are
roposed. In order to verify the proposed mecha-
isms of synergy, future experimental and theoret-

cal studies must address several molecular steps
hrough which the iNOS gene is expressed and reg-
lated, as well as the expression and regulation of

nzyme cofactors and substrates. © 1999 Academic Press

48
Key Words: synergy; A549; interleukin-1b; inter-
eron-g; tumor necrosis factor-a.

Nitric oxide (NO) is a highly reactive and perva-
ive biological mediator produced by mammalian
ells, and its physiological actions are broad. In gen-
ral, NO-mediated functions fall into three catego-
ies: (1) smooth muscle relaxation (1, 2), (2) neuro-
ransmission (3), and (3) cell-mediated immune
esponse (4, 5). The immune response of the lungs is
omplex, and there is growing evidence that NO
lays an important role. Recently, investigators
ave demonstrated the potential for human lung
pithelial cells to express inducible nitric oxide syn-
hase (iNOS) and produce NO (6–8).

iNOS gene expression is regulated by complex
echanisms. Agents that induce iNOS expression

nclude various cytokines (IL-1b, TNF-a, and IFN-g),
ndotoxin (lipopolysaccharide, LPS), and a host of
ther agents (9). Cytokines are regulatory polypep-
ides produced and secreted by a wide variety of cell
ypes. These polypeptides include the interleukins,
umor necrosis factors, interferons, and others. In
he lung and respiratory tract, cytokines are in-
olved in the infammatory response, and ultimately
ith the development of disease (10). Hence, it is not

urprising that a relationship exists among NO pro-
uction in lung cells and cytokines.

In 1994, Robbins et al. (7) and Asano et al. (6) both
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349CYTOKINE-INDUCED NITRIC OXIDE PRODUCTION
emonstrated that a human Type II alveolar epithelial
ell line (A549) could express iNOS and produce NO in
esponse to a combination of IL-1b, TNF-a, and IFN-g.
owever, these studies did not investigate the poten-

ial effect of cytokine concentration on the observed
ynergy, and did not include a rigorous statistical
odel to determine specific one-way and even two-way

nteractions. Gutierrez et al. (11) proposed that combi-
ations of stimuli are often required to induce the in
itro production of NO. Hence, they exposed rat fetal
ype II alveolar cells to different combinations of IL-
b, TNF-a, and IFN-g and demonstrated that all three
ytokines present together induced the largest produc-
ion of NO, but that TNF-a and IFN-g alone did not
ignificantly affect NO synthesis. iNOS induction by
ytokines has been shown to be species specific (12);
he specific relationship between IL-1b, TNF-a, and
FN-g on iNOS induction and NO synthesis in human
lveolar cells has not been determined. We hypothe-
ized that human alveolar epithelial cells (A549)
ould respond in a similar fashion to combinations of

ytokines as the rat alveolar cells. The goal of this
urrent study is to determine the specific synergistic
elationship between IL-1b, TNF-a, and IFN-g in a
uman alveolar type II cell line and propose plausible
echanisms for the observed synergy in NO produc-

ion.

ATERIALS AND METHODS

aterials

Dulbecco’s modified eagle’s medium (DMEM), Dul-
ecco’s phosphate-buffered saline, Trypsin–EDTA so-
ution, antibiotics (penicillin–streptomycin, amphoter-
cin B), recombinant human interleukin-1b (IL-1b),
ecombinant human tumor necrosis factor-a (TNF-a),
nd recombinant human interferon-g (IFN-g) were ob-
ained from Sigma Chemical (St. Louis, MO). Fetal
ovine serum was purchased from Hyclone Laboratory
Logan, UT). L-Glutamine was obtained from ICN Bio-
hemicals (Cleveland, OH), and 48-well plates were
urchased from Corning Costar (Cambridge, MA).

ell Culture

Immortal Type II alveolar cell lines of human

rigin (A549) were obtained from the American Type d

Copyright © 1999 by Academic Press. All right
ulture Collection. A549 is epithelial-like in mor-
hology and originates from a human lung carci-
oma. The cells were seeded at 4 3 104 cells/cm2

nto 48-well plates (Corning Costar) containing 0.5
l of DMEM supplemented with 10% FBS,

-glutamine (2 mM), amphoterincin B (5.6 mg/L),
nd penicillin–streptomycin (100 U/mL) and al-
owed to grow to confluency.

xposure to Cytokines

Following confluency, the cells were incubated in
erum-free media (DMEM) for 24 h prior to cytokine
xposure. Baseline concentration of NO in the media
ue to constitutive NOS (cNOS) was determined
nitially. Monolayers were initially exposed to a com-
ination of cytokines ranging in concentration from
to 100 ng/ml for a period of time up to 120 h to

etermine the point of maximum NO production.
nce this was determined, the monolayers were

hen exposed to a factorial combination of three cy-
okines (IL-1b, TNF-a, and IFN-g) at three con-
entrations (0, 5, and 100 ng/mL) with or without
he presence of 0.1 mM L-NG arginine methyl ester
L-NAME). L-NAME is a competitive inhibitor of
OS and can be used to determine the source of NO

ynthesis. Stable end-products of NO oxidation
NO2

2 and NO3
2) were then measured using chemi-

uminescence (Model 280 NOA, Sievers, Inc., Boul-
er, CO) in the media bathing the apical surface of
he cells at 24-h intervals for 96 h following expo-
ure. The number of viable cells at each time inter-
al was measured by trypan blue dye-exclusion. Cell
ass was determined by a modification of the color-

metric Lowry assay for total cell protein, using a
henol reagent (Folin–Ciocalteau) for the develop-
ent of color (13). Each exposure was repeated in

uplicate, and NO concentration was normalized by
he cell mass in each well.

itric Oxide Assay

NO activity was analyzed by chemiluminescence
Model 280 NOA, Sievers, Inc., Boulder, CO). NO is
ighly unstable in the presence of oxygen, and is
apidly converted into NO2

2 and NO3
2 in liquid me-
ia. In order to detect NO, both NO2
2 and NO3

2 were

s of reproduction in any form reserved.
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350 KWON AND GEORGE
onverted into NO using a reducing agent (vana-
ium (III) chloride). To achieve high conversion ef-
iciency, the reduction is performed at 90°C.

ata Analysis

To determine two-way (interaction between two
ytokines) synergy among the cytokines in NO pro-
uction, observed concentration of NO (CNO

O ) was
ompared with the predicted concentration of NO
CNO

P,II). CNO
P,II was calculated assuming no interaction

r synergy among the cytokines by the equations

CNO
P,II 5 CNO,X

i 1 CNO,Y
i 1 CNO

C [1a]

CNO,X or Y
i 5 CNO,X or Y

O 2 CNO
C , [1b]

here CNO,XorY
i is the concentration of NO induced by

ytokine X or Y (X or Y equals IL-1b, TNF-a, or
FN-g) from iNOS. The superscripts “O”, “P”, “i”, and
C” refer to observed, predicted, induced, and con-
titutive concentrations of nitric oxide, respectively.
To determine whether a three-way (interaction

mong three cytokines) synergy between the cyto-
ines exists, the predicted concentration must ac-
ount for the observed individual inductions as well
s two-way interactions. The three-way predicted
oncentration, CNO

P,III, is then given by the equations

CNO
P,III 5 CNO,IL

i 1 CNO,IFN
i 1 CNO,TNF

i 1 CNO,IL2TNF
i

1 CNO,IL2IFN
i 1 CNO,IFN2TNF

i 1 CNO
C

[2a]

CNO,IL2TNF
i 5 CNO,IL2TNF

O 2 CNO,IL
i 2 CNO,TNF

i 2 CNO
C

CNO,IL2IFN
i 5 CNO,IL2IFN

O 2 CNO,IL
i 2 CNO,IFN

i 2 CNO
C

CNO,TNF2IFN
i 5 CNO,TNF2IFN

O 2 CNO,TNF
i 2 CNO,IFN

i 2 CNO
C ,

[2b]

here CNO,X2Y
i (X or Y equal to IL-1b, TNF-a, or

FN-g) is the concentration of NO induced by the
ossible two-way interaction of cytokine X and Y.
or example, CNO,IL2IFN

i is the concentration of NO
nduced by the possible two-way interaction of IL-1b
nd IFN-g from iNOS. c

Copyright © 1999 by Academic Press. All right
tatistical Analysis

There were three concentration levels for each of
he three different treatments (i.e., cytokines), mak-
ng a total of 27 different combinations of treat-

ents. Each combination of treatments is referred
o as a cell. As each experiment was performed
wice, there were two measurements for each cell.
he statistical model considered was a 33 factorial
esign. The linear model associated with this design
ncorporated all two-way and three-way interac-
ions. The F-test rejected the null hypothesis of zero
nteraction. This reduced our analysis to performing
air-wise tests among the 27 cells using Fisher’s
east significant difference method. Because of the
arge number of pair-wise comparisons (351 to be
recise) for the observed data, we did not decide on
pair-wise difference unless the P-value was very

mall (P , 0.001 for statistical significance). How-
ver, the more traditional critical P-value of 0.05
as used when comparing observed values to pre-
icted values.

ESULTS

ell Viability

NO concentrations (Fig. 1A) and cell viability (Fig.
B) were simultaneously monitored at 24-h inter-
als for 120 h following exposure to cytokine mix-
ures to determine potential cytotoxicity of the ex-
genous cytokines or the increased concentrations of
O, NO2

2, and NO3
2. Cell viability decreased as time

nd concentrations of cytokine mixtures increased.
hen cytokine mixtures were added to the culture
edia, the number of viable cells, determined by

rypan blue dye-exclusion assay, declined by more
han 50% within 5 days at the maximal cytokine
oncentration (Fig. 1).
The viability of A549 cells was reduced more in

he media containing TNF-a alone than IL-1b or
FN-g alone (Fig. 2). The decrease in cell viability
ay be due to oxidative damage of the higher con-

entration of NO induced by cytokines. However, the
alf-life of the NO free radical is very short (order
s) and the NO free radical is rapidly changed into
itrite and nitrate. To test this hypothesis, A549

ells were exposed to exogenous nitrate (NO3

2). As

s of reproduction in any form reserved.
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351CYTOKINE-INDUCED NITRIC OXIDE PRODUCTION
emonstrated in Fig. 3, exogenous nitrate (NO3
2) in

he absence of exogenous cytokines did not affect the
ell viability and growth of A549 cells.

O Production

Constitutive production. Nitric oxide was consti-
utively produced (cNOS) by A549 in the absence of
xogenous cytokines at a basal level resulting in
pical DMEM concentrations of 5.76–10.8 mM (Fig.
). This constitutive production was completely
liminated with the addition of 0.1 mM L-NAME
data not shown). Cells exposed to cytokines (IL-1b,
NF-a, and IFN-g) produced increased levels of ni-
ric oxide (Fig. 1). Maximal dose-dependent response
ccurred 96 h after exposure using 100 ng/mL of

IG. 1. Time profiles of nitric oxide production (A) and cell
iability (B) for A549 monolayers treated with cytokine mixtures.
ell viability was determined by trypan blue dye-exclusion.
ach cytokine, and was approximately 500% larger c

Copyright © 1999 by Academic Press. All right
han the basal level. Hence, the analysis of syner-
ism between the cytokines was performed using
he NO concentrations at 96 h and cytokine concen-
rations of 0, 5, or 100 ng/ml (Fig. 1).

Effect of individual cytokines. Figures 4B and 6A
emonstrate that TNF-a alone did not significantly
ffect NO production in A549. In contrast, both
L-1b and IFN-g significantly increased NO produc-
ion from A549 over the basal or constitutive level.
he effect of IFN-g (Figs. 5B and 6B) is only ob-
erved at the largest concentration (100 ng/ml),
hereas the effect of IL-1b is observed at the lowest

IG. 2. Effects of IL-1b, TNF-a, or IFN-g on cell viability. Via-
le cells were measured 96 h after exposure to each cytokine.

IG. 3. Effects of exogenous nitrate (NO3
2) on cell growth and

iability. Various concentrations (0–100 mM) of sodium nitrates
ere added to media on A549 monolayers to determine effects of
ytokine-induced increased NO production on cell viability.

s of reproduction in any form reserved.
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352 KWON AND GEORGE
data not shown) and highest concentrations (Figs.
A and 5A).
Interaction between TNF-a and IL-1b. TNF-a

annot directly induce NO production (Figs. 4B and
A), but it has a stimulatory or synergistic effect on
L-1b-induced NO production (Fig. 4). This stimula-
ory effect, as determined by the fact that CNO

P,II is less
han the observed concentration, is observed at the
igher concentration of TNF-a (100 ng/ml) and at
oth the high (100 ng/ml) and low (5 ng/ml) concen-
rations of IL-1b.

IG. 4. Two-way interaction between IL-1b and TNF-a in NO
roduction at 96 h after exposure to various concentrations of
ytokine mixtures. (A) Concentrations of TNF-a were varied un-
er high concentrations of IL-1b. (B) Concentrations of IL-1b

ere varied under high concentrations of TNF-a. Observed ex-
erimental concentrations are shown in light bars, and the pre-
icted NO concentrations (CNO

P,II, dark bars) are calculated based
n Eq. 1. *Significantly higher than control (no cytokines), **Sig-
ificantly higher than left two observed values, ***significantly
igher than left three observed values, respectively (P , 0.001).
ISignificant difference compared with observed value (P , 0.05).

Copyright © 1999 by Academic Press. All right
Interaction between IL-1b and IFN-g. IFN-g and
L-1b are both capable of inducing NO production
lone, but together they produce more NO than pre-
icted based on a simple sum of their individual
ffects (Fig. 5). This observed synergy is different
rom that of TNF-a on IL-1b-induced NO production
n that the synergy is observed at both high and low
oncentrations (either 5 ng/ml or 100 ng/ml) of either

IG. 5. Two-way interaction between IL-1b and IFN-g in NO
roduction at 96 h after exposure to various concentrations of
ytokine mixtures. (A) Concentrations of IFN-g were varied
nder high concentrations of IL-1b. (B) Concentrations of
L-1b were varied under high concentrations of IFN-g. Ob-
erved experimental concentrations are shown in light bars,
nd the predicted NO concentrations (CNO

P,II, dark bars) are
alculated based on Eq. 1. *Significantly higher than control
no cytokines), **significantly higher than left two observed
alues, ***significantly higher than left three observed values,
espectively (P , 0.001). #Significant difference compared with
bserved value (P , 0.05).
L-1b and IFN-g.

s of reproduction in any form reserved.
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353CYTOKINE-INDUCED NITRIC OXIDE PRODUCTION
Interaction between TNF-a and IFN-g. Although
NF-a can stimulate or enhance IL-1b-induced NO
roduction, this is not observed on IFN-g-induced
O production (Fig. 6). The combinations of TNF-a
nd IFN-g produce NO at levels that are consistent
ith the separate actions of the individual cyto-
ines. This suggests no interaction or synergism
etween TNF-a and IFN-g in A549 NO production.
Interaction among IL-1b, TNF-a, and IFN-g.

IG. 6. Two-way interaction between TNF-a and IFN-g in NO
roduction at 96 h after exposure to various concentrations of
ytokine mixtures. (A) Concentrations of IFN-g were varied un-
er high concentrations of TNF-a. (B) Concentrations of TNF-a
ere varied under high concentrations of IFN-g. Observed exper-

mental concentrations are shown in light bars, and the predicted
O concentrations (CNO

P,II, dark bars) are calculated based on Eq. 1.
Significantly higher than control (no cytokines), **significantly
igher than left two observed values, ***significantly higher than

eft three observed values, respectively (P , 0.001). #Significant
ifference compared with observed value (P , 0.05).
igure 7 demonstrates that NO production is higher v

Copyright © 1999 by Academic Press. All right
han predicted in the presence of all three cytokines.
hen all three cytokines are present at 100 ng/ml,

he media concentration of NO (138 mM) is larger
han that predicted (119 mM) based on the actions of
he individual cytokines and the two-way interac-
ions described above between IL-1b and TNF-a,
nd between IL-1b and IFN-g (Eq. 2). This repre-
ents a three-way synergistic effect between the cy-
okines.

ISCUSSION

ell Viability

The decrease in cell viability observed following
xposure to the cytokines may be due to oxidative
amage of NO induced by cytokines. However, when
549 cells were exposed to exogenous NO3

2 the cell
iability and growth were not affected (Fig. 3). Wink
nd co-workers have proposed that NO actually pro-
ects against cellular damage and cytotoxicity from
eactive oxygen species (14) by reacting with them
i.e., superoxide anion) and acting as a savenger.
nother possibility for the decrease in cell viability
ould be due to the toxicity of cytokines, specifically

IG. 7. Three-way interaction between IL-1b, TNF-a, and
FN-g in NO production at 96 h after exposure to various concen-
rations of cytokine mixtures. Observed experimental concentra-
ions are shown in light bars, and the predicted NO concentra-
ions (CNO

P,III, dark bars) are calculated based on Eq. 2.
Significantly higher than control (no cytokines), **significantly
igher than left observed value as well as the control, respectively
P , 0.001). #Significant difference compared with observed

alue (P , 0.05).

s of reproduction in any form reserved.
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354 KWON AND GEORGE
NF-a which demonstrated the greatest cytotoxic-
ty. Carswell et al. demonstrated that TNF-a had
elective toxicity for tumor cells and transformed
ell lines (15). In contrast, Sugarman et al. showed
n antiproliferative response of TNF-a in 16 of 34
umor cell lines, while the growth of normal human
ell lines from the colon, fetal skin, and lung was not
nhibited (16). Our results indicate that it is plausi-
le that the growth and proliferation of the A549 cell
ine is sensitive to TNF-a.

O Production

Human alveolar epithelial cells (A549) have the
apacity of releasing NO through the catalytic action
f iNOS which is induced by cytokines. We have
emonstrated in this study that specific combina-
ions of cytokines stimulate the production of NO
ynergistically in a human alveolar epithelial cell
ine. Synergistic interaction between cytokines can
ccur when the individual cytokines impact different
teps in the synthesis. Several plausible mecha-
isms of synergistic interactions can be proposed by
ur studies by considering the following steps in NO
ynthesis: transcription, posttranscription modifica-
ion or processing, translation, and posttranslation.

The fundamental steps involved in cytokine-
nduced NO production either in human or animal
ells is outlined in Fig. 8. Cytosolic transcription
actors such as NF-kB and IRF-1 can diffuse into the
ucleus and enhance the transcription of the iNOS
ene to produce mRNA. The mRNA is then pro-
essed to produce the iNOS mRNA that can be
ranslated to produce the inactive iNOS monomer
rotein. The inactive monomers then undergo a
ransmembrane conformational change that re-
uires several cofactors such as FAD (flavin adenine
inucleotide), FMN (flavin mononucleotide), and
H4 (tetrahydrobiopterin) to produce the active
imer. The active dimer then converts L-arginine to
-citrulline in the presence of O2 and NADPH and
eleases NO.
IL-1b, TNF-a, and IFN-g are known inducers of

NOS. IL-1b-induced NO production in murine mac-
ophages (17) and human A549 cells (18, 19) is tran-
criptionally regulated by NF-kB. Although NF-kB

s activated in the cytosol by the removal of IkB, it is p

Copyright © 1999 by Academic Press. All right
ot clear if IL-1b increases the amount of free NF-
B, enhances the transport of free NF-kB from the
ytosol to the nucleus, or enhances the binding of
F-kB to the promotor region of the iNOS gene. It is
ossible that IL-1b is involved in all three of these
echanisms at different concentration thresholds.
hu et al. (12) reported that IL-1b could not induce

NOS mRNA transcription at a concentration of 0.5
g/ml in A549 cells. This concentration is an order of
agnitude smaller than that used in our studies
hich demonstrated a significant increase in NO
roduction. This certainly suggests a concentration
hreshold for the effect of IL-1b as an individual
ytokine and cannot rule out effects of IL-1b that are
ot related to transcription.
IFN-g-induced NO production has been shown to be

egulated by another transcription factor, IRF-1, in
urine macrophages (20). NF-kB, and a third tran-

cription factor AP-1 (activator protein 1), are both
nvolved when all three cytokines induce NO produc-
ion in A549 cells (21). The probable mechanism of
NF-a in enhanced NO production is not well charac-

erized, but it has been recently demonstrated that
NF-a alone can increase the binding of NF-kB to the
romoter region of iNOS in A549 cells (18).
In addition, the effect of each cytokine on the

nduction of iNOS is both species and cell specific.
or example, TNF-a alone can induce iNOS in both
at and mouse lung fibroblasts (22) whereas, rat
ype II alveolar cells do not respond to TNF-a alone
11). The promoter region of the iNOS gene in hu-

an A549 cells requires different activator proteins,
uch as AP-1, when compared to murine cells (12).
TNF-a alone cannot induce NO production di-

ectly (Figs. 4B and 6A). This finding is consistent
ith previous results in rat type II alveolar cells

11). However, TNF-a enhances NO production in
he presence of IL-1b (Fig. 4). A possible mechanism
or this action is that TNF-a may stimulate the
nduction of NF-kB precursor mRNA, resulting in an
ncrease in the level of NF-kB–IkB complex (Fig. 8).
his would augment IL-1b-induced NO production,
ut would not allow TNF-a to directly induce NO
roduction alone.
In the case of NO production in the presence of

oth IL-1b and IFN-g, the net effect exceeds the

redicted additive effect of each cytokine (Fig. 7).

s of reproduction in any form reserved.
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355CYTOKINE-INDUCED NITRIC OXIDE PRODUCTION
IG. 8. Proposed mechanisms of two-way or three-way interaction among three cytokines. Solid lines represent known or probable
athways and mechanism based on evidence in the literature. Dashed lines represent hypotheses yet to be tested experimentally in
uman cells. NO is produced by the NOS enzyme, one of the largest (;300 kDa) and most complicated. NOS requires three
osubstrates (L-arginine, NADPH, and O2) and five cofactors (FAD, FMN, calmodulin, tetrahydrobiopterin (BH4), and heme). NO is
roduced by the catalytic action of NOS. The transcription of iNOS mRNA can be induced by cytokines. Nuclear factor-kappa B
NF-kB) and interferon regulating factor-1 (IRF-1) are involved in the transcriptional expression of iNOS gene (19, 20). Each
ytokine cannot penetrate the cell membrane; rather, they attach to a transmembrane receptor and exert their effect through an
ntracellular signal. (1) Proposed mechanism of two-way interaction between IL-1b and TNF-a in NO production. TNF-a acts
ynergistically with IL-1b by increasing the level of the DNA–NF-kB complex. This could be due to increasing precursors of NF-kB.
2) Proposed mechanism of two-way interaction between IL-1b and IFN-g in NO production. NF-kB and IRF-1 binding simulta-
eously to DNA may increase transcription efficiency/processing accuracy of iNOS mRNA. (3) TNF-a could inhibit the degradation
f iNOS mRNA, or increase the transcription efficiency and processing accuracy of iNOS mRNA induced by IL-1b. (4) TNF-a may
nhance the production of prosthetic groups (NADPH, FAD, FMN, and BH4) that are required for the iNOS conformational change
nd its catalytic action for releasing NO. (5) TNF-a may inhibit the degradation of iNOS protein induced by IL-1b. (6) An
nflammatory cytokine or cytokine mixture can upregulate substrate synthesis (L-arginine) and/or substrate uptake for the iNOS

nzyme.

Copyright © 1999 by Academic Press. All rights of reproduction in any form reserved.
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356 KWON AND GEORGE
ne possible mechanism for this synergy is that
oth NF-kB activated by IL-1b and IRF-1 induced by
FN-g together enables iNOS DNA to transcribe
NOS mRNA more efficiently, compared to each cy-
okine alone (Fig. 8).

The mixture of TNF-a and IFN-g produce NO at
oncentrations that are almost the same as the sum
f the separate actions of the individual cytokines
Fig. 7). This suggests no interaction between TNF-a
nd IFN-g. One possible hypothesis that is consis-
ent with the above discussion is that TNF-a in-
reases the synthesis of NF-kB (and hence the NF-
B–IkB complex) while IFN-g increases the binding
f IRF-1. Thus, increasing the NF-kB–IkB complex
ould not enhance IFN-g-induced NO production.
The mixture of all three cytokines produces NO at

oncentrations that are larger than that predicted
y the sum of the individual contributions and the
wo-way interactions (Fig. 7). Our previous discus-
ion regarding possible mechanisms of actions of the
ytokines might explain this observation. For exam-
le, if TNF-a increases the level of the NF-kB–IkB
omplex which is subsequently activated by the
resence of IL-1b, the resulting level of NF-kB
hich can bind the DNA is larger than that avail-
ble when only IFN-g and IL-1b are present. Thus,
hen IFN-g is also added, the increased level of

RF-1 binding could produce an even greater (i.e., a
hree-way interaction or synergy) level of stable
NOS mRNA leading to NO production. This possi-
le qualitative description needs to be tested with a
ore rigorous quantitative model.
Other possible sites where the cytokines may ex-

rt effects that could impact NO production are
RNA processing and stability, iNOS translation,

r posttranslational activation of the iNOS protein.
ne cytokine (e.g., TNF-a) could inhibit the degra-
ation of iNOS mRNA, or increase transcription ef-
iciency and processing accuracy of iNOS mRNA
nduced by other cytokines (e.g., IL-1b) (Fig. 8). We
annot exclude the possibility that one cytokine af-
ects the conformational change from inactive iNOS
rotein monomer to active iNOS protein dimer. For
xample, one cytokine (e.g., TNF-a or IFN-g) may
nhance the production of prosthetic groups
NADPH, FAD, FMN, and BH4) that are required

or iNOS conformational change and its catalytic t

Copyright © 1999 by Academic Press. All right
ction for releasing NO (Fig. 8). Another possibility
s that one cytokine may inhibit the degradation of
NOS protein induced by another cytokine(s) (Fig.
). Finally, we cannot overlook potential effects of
nflammatory cytokines on substrate (L-arginine)
oncentration (Fig. 8). An inflammatory cytokine or
ytokine mixture can upregulate substrate synthe-
is (L-arginine) and/or substrate uptake for the iNOS
nzyme (23–25). Increased L-arginine substrate may
e another mechanism by which NO production
ould be increased and lead to synergy between cy-
okines. These possibilities are less likely in light of
he experimental evidence relating the effects of
L-1b and IFN-g to transcription factors. In addi-
ion, TNF-a specifically augments the effect of IL-
b, but not IFN-g on NO production. If TNF-a ex-
rted an effect posttranscriptionally, this would
ugment the effects of both IL-1b and IFN-g.

ONCLUSION

Our study was aimed at determining the specific
elationship among IL-1b, TNF-a, and IFN-g in the
nduction of NO in human alveolar epithelial cells.

e demonstrated that TNF-a is not capable of in-
ucing NO production alone, but can enhance the
roduction of NO induced by IL-1b. IFN-g can in-
uce NO production alone, which differs from the
attern reported for rat alveolar cells. In addition
FN-g and IL-1b induce NO by different mecha-
isms and act synergistically in the production of
O. We conclude that an overall hypothesis or qual-

tative model of the complete NO production system
n the cell must be established that includes not only
ranscriptional control, but also pretranscriptional
nd posttranscriptional control. A significant
mount of work, both experimental and theoretical,
s needed to fully elucidate the complex mechanism
nderlying cytokine-induced NO production in hu-
an lung cells.
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