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ABSTRACT

Recent studies by a number of different laboratories have implicated nitric oxide (NO) as an important modula-
tor of a variety of acute and chronic inflammatory disorders. A hallmark of inflammation is the adhesion of leuko-
cytes to post-capillary venular endothelium and the infiltration of leukocytes into the tissue interstitium. Leuko-
cyte adhesion and infiltration is known to be dependent on interaction of the leukocytes with the endothelial cell
surface via a class of glycoproteins collectively known as endothelial cell adhesion molecules (ECAMs). Several
recent studies suggest that NO may modulate cytokine-induced ECAM expression in cultured endothelial cells in
vitro by regulating the activation of nuclear transcription factor kappa B (NF-kB). This discussion reviews some
of the more recent studies that assess the role of the different NOS isoforms on the inflammatory response in vivo.
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INTRODUCTION

SINCE THE LANDMARK DISCOVERIES by the Ig-
narro, Furchott, Moncada, and Murad lab-

oratories (Murad et al., 1978; Palmer et al., 1987;
Ignarro et al., 1987; Furchgott and Zawadzki,
1980), nitric oxide (NO) has been shown to
function as a key mediator in several physio-
logical processes ranging from maintenance of
vascular tone to control of neuronal and im-
mune function. To date, three isoforms of ni-
tric oxide synthase (NOS) have been identified:
Two of the isoforms, endothelial cell NOS
(eNOS; NOS 3) and neuronal NOS (nNOS;
NOS 1), are expressed constitutively whereas
the inducible isoform (iNOS; NOS 2) is ex-
pressed in response to a host of inflammatory

stimuli such as bacterial products, cytokines,
and lipid mediators. Recent studies by a num-
ber of different laboratories have implicated
NO in the modulation of a variety of acute and
chronic inflammatory disorders (Grisham et al.,
1999). By definition, inflammation is the nor-
mal physiological response of the microcircu-
lation designed to wall off, dilute, or destroy
injured tissue. A hallmark of inflammation is
the adhesion of leukocytes to post-capillary
venular endothelium and the infiltration of
leukocytes into the tissue interstitium. Leuko-
cyte adhesion and infiltration is known to be
dependent on interaction of the leukocytes
with the endothelial cell surface via a class of
glycoproteins collectively known as endothe-
lial cell adhesion molecules (ECAMs). ECAMs
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such as P-selectin have been shown to promote
leukocyte rolling along the endothelial cell sur-
face whereas intracellular adhesion molecule 1
(ICAM-1), vascular cell adhesion molecule 1
(VCAM-1), or E-selectin allow the rolling
leukocytes to adhere firmly to vascular en-
dothelium, which ultimately facilitates their ex-
travasation into the interstitium (Fig. 1). Sev-
eral recent studies suggest that NO may act as
an endogenous anti-inflammatory agent by
virtue of its ability to down-regulate cytokine-
induced ECAM expression in cultured en-
dothelial cells in vitro (Peng et al., 1995a,b; Khan
et al., 1996; Spiecker et al., 1997; Spiecker and
Liao, 1999). The mechanisms by which exoge-
nous NO exerts this apparent anti-inflamma-
tory effect have not been fully delineated, how-
ever, it is thought that NO inhibits the
activation of nuclear transcription factor kappa
B (NF-kB) by: (i) scavenging reactive oxygen
species (ROS) thought to be important in the
signaling events upstream of NF-kB activation,
(ii) enhancing expression and/or stabilization
of its inhibitor I-kB, and/or (iii) inhibiting the
binding of the p50/p65 heterodimer to its con-
sensus sequence in the promoter/enhancer 
region upstream of ICAM-1, VCAM-1, or E-
selectin (Fig. 2). Although an attractive hy-
pothesis, there has been little information 
reported that has assessed the roles of iNOS,
eNOS, or nNOS-derived NO in modulating
ECAM expression and leukocyte-endothelial
interaction in vivo in different models of acute
or chronic inflammation. The importance of
different isoforms of NO in inflammatory tis-

sue damage has recently been reported by
Jones et al., who demonstrated that ischemia
and reperfusion injury in the mouse myco-
cardium is dramatically enhanced in eNOS-de-
ficient mice compared to wild-type (Jones et al.,
1999). This discussion will review some of the
recent studies that test the modulatory role of
the different NOS isoforms on the inflamma-
tory response in vivo.

ROLE OF NO IN LEUKOCYTE ROLLING
AND ADHESIONS IN VIVO

The advent of genetic engineering technol-
ogy has allowed the production of mice selec-
tively deficient in one of the three isoforms of
NOS (Huang et al., 1993; 1995; MacMicking et
al., 1997). This development has provided in-
vestigators the unique opportunity to delineate
the role of each NOS isoform in normal as well
as pathophysiological conditions. Further-
more, NOS-deficient animals offer an advan-
tage over the use of traditional NO inhibitors,
such as analogs of L-arginine, in that these an-
imals have a targeted deficiency in one isoform
whereas traditional NOS inhibitors are not ab-
solutely selective for one specific isoform nor
can they be easily administered over a period
of several weeks or months.
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FIG. 1. Leukocyte–endothelial cell interactions. The
multistep model of leukocyte rolling, adhesion, and ex-
travasation.

FIG. 2. Potential role of NO in inhibiting NF-kB acti-
vation and ECAM transcription. NO has been proposed
to: (i) scavenge reactive oxygen species (e.g., superoxide,
hydroxyl radical, lipid hydroperoxyl radical) thought to
be important in signaling events upstream of NF-kB ac-
tivation, (ii) inhibit binding of the p50/p65 subunit to its
consensus sequence in the promoter/enhancer regions
upstream of the different ECAM genes, and/or (iii) in-
duce the synthesis and/or stabilization of IkB.
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In a recent series of studies, using intravital
microscopy, basal and stimulated leukocyte
rolling and adherence of leukocytes to the post-
capillary venular endothelium in mesenteric
venules was investigated in iNOS-, eNOS-, and
nNOS-deficient mice (Lefer et al., 1999). Under
basal conditions, the number of rolling leuko-
cytes in iNOS-deficient (iNOS2/2) animals was
unchanged compared to wild-type controls. In-
terestingly, both nNOS2/2 and eNOS2/2 mice
exhibited significant increases in the number of
rolling cells/min of approximately two- and
six-fold, respectively (Lefer et al., 1999). Exam-
ination of leukocyte adhesion to mesenteric
venules in these same animals revealed that, as
with rolling, iNOS2/2 mice exhibited no
change in the number of adherent cells/100-
mm vessel whereas nNOS2/2 and eNOS2/2

animals showed significant increases in num-
bers of adherent leukocytes. These data suggest
that eNOS and nNOS-derived NO play an im-
portant role in modulating leukocyte-endothe-
lial cell interactions and homeostasis.

As stated earlier, leukocyte rolling is depen-
dent upon expression of P-selectin on the vas-
cular endothelial cell surface. Modulation of P-
selectin expression would therefore be
expected to influence leukocyte rolling and
subsequent adhesion of circulating leukocytes.
The role of NO in modulating P-selectin ex-
pression was assessed by examining the num-
ber of P-selectin-positive staining vessels in the
mesentery of the different NOS-deficient mice.
Not surprisingly, under basal conditions both
nNOS2/2 and eNOS2/2 mice exhibited signif-
icant increases in P-selectin expression whereas
iNOS2/2 animals did not under basal condi-
tions (Lefer et al., 1999). When wild-type
nNOS2/2, and eNOS2/2 mice were pretreated
with a specific anti-P-selectin monoclonal anti-
body (RB40.34 Pharmingen), both leukocyte
rolling and adhesion were reduced below con-
trol values in both the eNOS2/2 and nNOS2/2

mice as compared to their IgG1 isotype controls
(Lefer et al., 1999). To confirm these results,
wild-type, eNOS2/2, and nNOS2/2 were pre-
treated with the P-selectin ligand PSGL-1. As
with the RB40.34 monoclonal antibody block-
ade, pretreatment with PSGL-1 markedly re-
duced both rolling and adhesion of leukocytes
in nNOS2/2 and eNOS2/2 mice, confirming
that NO regulates P-selectin expression under

basal conditions and that this selectin plays a
key role in leukocyte–endothelial interactions
(Lefer et al., 1999). Taken together, these data
clearly demonstrate a role for constitutively
produced NO in the modulation of both se-
lectin expression and leukocyte–endothelial
cell interactions under basal conditions.

To assess the role of NO in modulating
leukocyte rolling during acute inflammation,
wild-type as well as NOS-deficient mice were
examined following superfusion of the mesen-
tery with the pro-inflammtory mediator throm-
bin (Lefer et al., 1999). Thrombin treatment for
30 min induced significant increases in leuko-
cyte rolling in all mice with eNOS2/2 and
nNOS2/2 mice exhibiting an exaggerated re-
sponse compared to wild-type mice. Leukocyte
adhesion was, however, significantly increased
in all study groups compared to their baseline
values in response to thrombin, and differences
between groups were observed. In both stud-
ies, the most dramatic increase in leukocyte
rolling and adherence was observed in
eNOS2/2 mice, suggesting that this source of
NO is the most important source for modulat-
ing the response to this acute inflammatory
stimuli. Surprisingly nNOS-derived NO also
appears to be an important modulator of the
inflammatory response to thrombin stimula-
tion in the mouse mesentery.

ROLE OF NO IN MODULATING
LEUKOCYTE EXTRAVASATION IN VIVO

Leukocyte rolling and adhesion may ulti-
mately lead to extravasation of the leukocytes
out of the circulation and into the tissue inter-
stitium. Several reports have suggested that
NO may influence leukocyte extravasation as
well (Granger and Kubes, 1994, 1996; Lefer and
Lefer, 1999). Recently, we have addressed the
role of NO in the migration of leukocytes into
peripheral tissue during acute inflammation by
using mice selectively deficient in the three dif-
ferent isoforms of NOS as well as using selec-
tive iNOS inhibitors such as L-N imnoethyl-ly-
sine (L-NIL) in rats (Cockrell et al., 1999). In one
study, peritonitis was induced in rats by in-
traperitoneal administration of a 1% solution of
oyster glycogen. One group of animals was
given L-NIL orally immediately prior to oyster
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glycogen and again at 2 and 4 h following oys-
ter glycogen injection for a total L-NIL dose of
100 mg/kg. This amount of L-NIL has been
shown to inhibit NO production from iNOS by
.80% as assessed by plasma nitrate/nitrite lev-
els (Cockrell et al., 1999). At 6 hr post injection,
extravasated neutrophils were harvested by
peritoneal lavage, counted, and examined for
the presence of iNOS. Animals treated with L-
NIL exhibited no difference in the number of
extravasated neutrophils when compared to
vehicle-treated controls. Neutrophils harvested
from both vehicle- and L-NIL-treated rats ex-
pressed similar levels of iNOS protein as as-
sessed by Western blotting. These data suggest
that inhibition of iNOS activity in stimulated
rat PMNs has no effect on their ability to ex-
travasate into peripheral tissues from the cir-
culation in an oyster glycogen model of acute
inflammation. A similar study utilized mice de-
ficient in the different isoforms of NOS to elu-
cidate further the role of NO in PMN extrava-
sation. In this study, wild-type mice as well as
mice deficient in each isoform of NOS were in-
jected intraperitoneally with 1 ml of thiogly-
collate medium 135-C (Cockrell et al., 1999). At
6 hr following stimulation, extravasated PMNs
were harvested and counted. As with the oys-
ter glycogen/L-NIL study in rats, iNOS2/2

mice showed no difference in the number of ex-
travasated PMNs when compared to wild-type
controls. However, both nNOS2/2 and
eNOS2/2 mice exhibited an increase in the
number of leukocytes in the peritoneal cavity
with eNOS2/2 animals exhibiting an almost
two-fold increase in extravasated PMNs. These
data correlate well with the observations of in-
creased leukocyte rolling and adhesion in
nNOS2/2 and eNOS2/2 versus wild-type
mice, suggesting that NO does indeed play a
role in the modulation of acute inflammation
when produced from nNOS and eNOS but not
from iNOS. The molecular mechanisms re-
sponsible for this isoform-specific modulatory
role are not clear at the present time.

ADHESION MOLECULE EXPRESSION
AND iNOS

As discussed earlier, NO is able to modulate
the basal expression of certain ECAMS, such as

P-selectin, which in turn may influence leuko-
cyte rolling and adhesion. On the basis of these
observations, studies were conducted to ascer-
tain the role that NO has on ECAM expression
in models of acute and chronic inflammation. Us-
ing the thrombin-induced model of acute in-
flammation in NOS2/2 mice, it was shown that
P-selectin expression is significantly increased in
eNOS2/2 animals compared to wild type and
iNOS2/2 mice (Lefer et al., 1999). P-selectin ex-
pression in iNOS2/2 mice stimulated with
thrombin was unchanged compared to wild-
type mice, supporting previous studies that sug-
gest the lack of a role for iNOS-derived NO in
leukocyte–endothelial cell interactions. In a sep-
arate series of studies, the influence of NO on
VCAM-1 expression in both acute and chronic
inflammation was addressed (Kawachi et al.,
1999). Wild-type and iNOS2/2 mice were given
a single i.p. injection of either 10 or 25 mg/kg re-
combinant tumor necrosis factor-a (TNF-a) and
VCAM-1 expression assessed in vivo using the
dual radiolabeled monoclonal antibody tech-
nique at 5 hr post-stimulation. Injection of 10
mg/kg TNF-a has been shown to produce half-
maximal expression of VCAM-1 in vivo, whereas
25 mg/kg produces maximal expression. VCAM-
1 expression in the colon and cecum of wild-type
mice injected with 10 mg/kg TNF-a was in-
creased by two- to three-fold compared to saline-
injected controls. Surprisingly, iNOS2/2 mice in-
jected with an equal dose of TNF-a showed a
further enhancement of VCAM-1 expression in
the colon and cecum (Kawachi et al., 1999). Wild-
type mice injected with 25 mg/kg TNF-a exhib-
ited an approximately two-fold increase in
VCAM-1 expression in the colon when com-
pared to mice receiving only 10 mg/kg; however,
iNOS2/2 mice stimulated with 25 mg/kg
showed no further enhancement of VCAM-1 ex-
pression over wild-type controls. In addition to
the colon and cecum, a number of different tis-
sues have been assayed in wild-type and
iNOS2/2 mice injected with TNF-a. Approxi-
mately 50% of all tissues respond with an exag-
gerated VCAM-1 response to 10 mg/kg TNF-a
in iNOS2/2 mice. This tissue specificity remains
the subject of active investigation. The fact that
thrombin-stimulated rolling and adhesion or
thioglycollate-elicited PMN recruitment was not
altered in iNOS2/2 mice suggest that either
VCAM-1 is not involved in these processes, the
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mesentery tissue is devoid of iNOS-mediated
regulation, or that the pro-inflammatory media-
tors produced upon stimulation with thrombin
or oyster glycogen produce maximal upregula-
tion of VCAM-1 and thus is no longer regulated
by NO. We know that the mesentery in mice is
one of the tissues that does indeed respond to 10
mg/kg TNF-a with enhanced expression of
VCAM-1 in iNOS2/2 mice compared to their
wild-type control, suggesting that the latter pos-
sibility is more likely.

A second study was carried out to examine
the role of iNOS derived NO in modulating
VCAM-1 expression in a chronic model of gut
inflammation (Kawachi et al., 1999). In this
study, severe combined immunodeficient mice
(SCID) mice were reconstituted with CD41,
CD45RBhigh T cells, producing a progressive
and chronic inflammation of the large bowel at
6–8 weeks post injection. Recent studies
demonstrated that colonic VCAM-1 expression
was elevated by approximately four-fold in
SCID/CD45RBhigh mice compared to their
CD45RBlow reconstituted controls. In addition,
one group of the colitic animals received con-
tinuous inhibition of iNOS via oral adminis-
tration of L-NIL at a dose of 25 mg/kg per day
beginning at 4 weeks post-injection when there
is little or no inflammation of the colon and
continuing until week 8 when maximal colitis
is observed. Expression of VCAM-1 in the
colon of reconstituted L-NIL-treated was also
elevated approximately four-fold compared to
untreated mice, suggesting that iNOS-derived
NO is unable to modulate VCAM-1 expression
during chronic inflammation. These data are
not surprising in view of the fact that TNF-a,
interleukin-1 b (IL-1b), and interferon-g (IFN-
g) levels in the inflamed colon are very high
and most probably produces maximal up-reg-
ulation of VCAM-1.

Taken together, these studies show that NO
can play a role in the modulation of ECAM ex-
pression and subsequent leukocyte–endothelial
interaction under basal conditions as well as dur-
ing certain acute inflammatory responses. How-
ever, this modulation is dependent upon the
source of NO, the tissue involved, and both the
type and dose of stimulus used to induce acute
inflammation. Both nNOS and eNOS appear to
play key roles in the modulation of P-selectin ex-
pression and subsequent leukocyte rolling and

adherence under basal conditions as well as
PMN extravasation into surrounding tissue in re-
sponse to inflammatory stimuli. In addition, we
have found that iNOS-derived NO had little or
no effect on P-selectin expression under basal or
inflammatory conditions but appears to play a
role in the modulation of VCAM-1 expression in
response to a submaximal stimulation of this
ECAM in some but not all tissue. However, iNOS
does not appear to play a role in PMN extrava-
sation into the peritoneum in response to thio-
glycollate or oyster glycogen, nor does there 
appear to be any modulatory effect of iNOS-
derived NO on VCAM-1 expression in an im-
mune-based model of chronic inflammatory
bowel disease. In summary, these data suggest
that the involvement of NO in the modulation
and regulation of ECAM expression as well as
leukocyte–endothelial interactions in both acute
and chronic inflammation is a complex process
that is dependent upon many factors, such as the
source of NO, stimulus used, ECAM being ex-
amined, and degree of stimulation.
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