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Nitric oxide (NO) is widely known to inhibit platelet
and leukocyte adhesion to endothelium through its
regulatory effect on adhesion molecule expression.
The objective of the present study was to investigate if
NO affects the cytoadherence of Plasmodium falcipa-
rum-infected erythrocytes (IRBCs) to human micro-
vascular endothelium (HDMECs) under flow condi-
tions in vitro. The effect of endogenous NO was
studied using the NO synthase inhibitor L-NG-nitro-
arginine-methyl-ester (L-NAME). Treatment of HDMECs
with 3 mmol/L of L-NAME for 4 hours significantly
enhanced IRBC adhesion and the effect could be re-
versed by an anti-P-selectin but not an anti-VCAM-1
antibody. The effect of exogenous NO on cytoadher-
ence was studied by using the NO donor 3-(2-hydroxy-
2-nitroso-1-propylhydrazino)-1-propanamine (PPN).
PPN (300 �mol/L) treatment reduced the number of
adherent IRBCs on resting HDMECs by down-regulat-
ing basal ICAM-1 expression, and on tumor necrosis
factor-�-stimulated HDMECs by inhibition of VCAM-1
induction and down-regulation of ICAM-1 expression.
The inhibitory effect of PPN on tumor necrosis factor-
�-induced VCAM-1 expression at 24 hours was evident
when the NO donor was added for as short as 2 hours.
These findings suggest that NO may be protective
against P. falciparum infection by inhibiting cytoad-
herence, and underscore the therapeutic potential of
NO in the treatment of severe falciparum malaria.
(Am J Pathol 2003, 162:1651–1660)

Severe Plasmodium falciparum malaria is a systemic dis-
ease that affects multiple vital organs.1 Its main patho-
logical feature is the sequestration of erythrocytes con-
taining mature stages of the parasite (IRBCs) in the
microvessels of the brain, heart, liver, lung, and kidney.
Although the pathophysiology of severe falciparum ma-
laria is still not completely understood, clinical and patho-
logical evidence would suggest that the sequestration of
IRBCs is an essential initiating event that ultimately leads

to the impairment of blood flow, local tissue hypoxia, and
the induction of proinflammatory cytokines.2 Sequestra-
tion results from the cytoadherence of IRBCs to venular
endothelium by a selective process involving specific
parasite ligands and host endothelial receptors. We and
others have shown previously that under flow conditions,
IRBCs can tether and roll on ICAM-1, VCAM-1, and P-
selectin, while adhesion is almost exclusively to CD36.3–7

There is no interaction with E-selectin. In both in vitro6 and
in vivo7 models of the human microvasculature, there is
strong evidence that the interactions with the other mol-
ecules enhance subsequent adhesion to CD36, either by
increasing the percentage of rolling cells that become
adherent (ICAM-1 and VCAM-1), or by increasing the
number of rolling and hence adherent IRBCs (P-selec-
tin).6 Because the molecules supporting rolling, but not
CD36, can be up-regulated by cytokines such as tumor
necrosis factor-� (TNF-�) and oncostatin M (OSM), the
rolling component may in fact determine the degree of
cytoadherence and hence disease severity in falciparum
malaria.

Nitric oxide (NO) generated by endothelial cells has a
vital role in maintaining vascular tone and blood flow. NO
also contributes significantly to vascular homeostasis by
the regulation of platelet aggregation and adhesion to
endothelium thereby modulating thrombus formation,8

and the regulation of neutrophil-endothelial cell adhesion
thereby restricting the extent of inflammatory processes.9

Inhibition of endogenous NO synthesis by the L-arginine
analogs NG-monomethyl L-arginine (L-NMMA) or L-NG-
nitro-arginine-methyl-ester (L-NAME) enhances leukocyte
adhesion to vascular endothelial cells in animal models
and in static binding assays in vitro.10–14 The effect of
endogenous NO on leukocyte adhesion appears to be
mediated through the induction of P-selectin in the rat
mesenteric microvasculature11 and in e-NOS-deficient
mice14 in vivo, and on human iliac vein endothelial cells in
flow chamber studies in vitro.13 On the other hand, NO
donors have been demonstrated to attenuate leukocyte-
endothelial cell interaction on cytokine-activated endo-
thelial cells through the down-regulation of the expres-
sion of ICAM-1, VCAM-1, and E-selectin.15,16 The
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adhesion molecules affected appear to vary among dif-
ferent types of endothelial cells.

NO has been postulated to have both a pathogenic17

and protective role18 in falciparum malaria. In support of
the latter role, a population genetics study demonstrated
that a point mutation in the promoter of the nitric oxide
synthase 2 (iNOS) gene, termed NOS2Lambarene (NOS2-
G954C), protected heterozygous carriers against severe
falciparum malaria as effectively as the sickle cell trait.19

Peripheral blood mononuclear cells from heterozygous
individuals produced seven times higher basal NO com-
pared to wild-type cells.20 More recently, a new single
nucleotide polymorphism, �1173 C3T, in the NOS2 pro-
moter associated with increased NO production was
found to protect African children from symptomatic ma-
laria and severe malarial anemia.21 The protective effect
of NO against P. falciparum has been attributed to the
inhibition of parasite growth18 and/or intracellular para-
site killing by reactive nitrogen metabolites,22 although
the production of these metabolites by human macro-
phages is still unresolved. Whether NO has a protective
role in falciparum malaria by regulating IRBC adhesion to
vascular endothelium, in the same way that it attenuates
leukocyte recruitment in inflammation, has not been de-
termined.

In this study, we tested whether NO has an anti-adhe-
sive effect on the rolling and adhesion of IRBCs on hu-
man microvascular endothelial cells under flow condi-
tions in vitro through the regulation of adhesion molecule
expression. Our results indicate that inhibition of endog-
enous NO production enhances cytoadherence through
an apparent effect on P-selectin expression. In addition,
exogenous NO production by NO donors reduced cy-
toadherence by the down-regulation of ICAM-1 and
VCAM-1 expression. These findings underscore the ther-
apeutic potential of NO against severe falciparum malaria
by inhibiting cytoadherence.

Materials and Methods

Parasites

Cryopreserved parasite isolates from adult Thai patients
with well-documented P. falciparum malaria were thawed
and studied during the first cycle in culture as de-
scribed.4 The collection of specimens was approved by
the Ethics Committee of the Faculty of Tropical Medicine,
Mahidol University, Bangkok, Thailand. A total of 20 clin-
ical parasite isolates were studied.

Reagents

Recombinant human TNF-� was purchased from BD Bio-
sciences (Bedford, MA). OSM was purchased from R&D
Systems, Inc. (Minneapolis, MN). The concentration of
cytokines used for the stimulation of endothelial cells in
35-mm tissue culture dishes (Corning, New York, NY)
were 5 to 20 ng/ml of TNF-� for 4 and 24 hours and 10
ng/ml of OSM for 24 or 48 hours. NG-nitro-L-arginine
methyl ester (L-NAME) and the D-stereoisomer D-NAME

were purchased from Bachem, Torrance, CA. Sodium
nitroprusside and thrombin were purchased from Sigma-
Aldrich Co., Oakville, Ont., Canada. 3-(2-Hydroxy-2-ni-
troso-1-propylhydrazino)-1-propanamine (PPN) was pur-
chased from Cayman Chemicals, Ann Arbor, MI. The
polyamine with no adducted NO was from Sigma-Aldrich.
3,3�,5,5�-Tetramethylbenzidine was purchased from
DAKO Corp., Carpinteria, CA.

Cell Culture

Human dermal microvascular endothelial cells (HD-
MECs) were harvested from discarded neonatal human
foreskins using 0.5 mg/ml of type IA collagenase (Boehr-
inger Mannheim Biochemicals, Indianapolis, IN) as de-
scribed previously.6 The protocol was approved by the
Conjoint Ethics Review Board of the University of Calgary.
The cells were maintained in endothelial basal medium
(EBM) (BioWhittaker Inc., Walkerville, MD) with supple-
ments provided by the manufacturer. Experiments were
performed with cells from passage one to five on which
adhesion molecule expression was shown to be stable.6

We and others have shown previously that HDMECs ex-
press CD36 and ICAM-1 constitutively.6,23,24 Stimulation
with TNF-� for 4 hours up-regulates ICAM-1 expression,
and at 24 hours, ICAM-1 expression is further augmented
while VCAM-1 expression is induced.6,24 Viability of HD-
MECs after treatment with pharmacological agents was ver-
ified by trypan blue exclusion and a CellTiter 96 Aqueous
One Solution Assay (MTS test) from Promega (Madison, WI)
according to the instructions from the manufacturer.

Antibodies

The monoclonal antibodies (mAbs) used were known to
specifically inhibit the binding of IRBCs to the respective
adhesion molecules.6 OKM5 (anti-CD36) was a kind gift
of Ortho Diagnostics System (Raritan, NJ); 84H10 (anti-
ICAM-1) was purchased from R&D Systems, Inc.; 4B9
(anti-VCAM-1) was a kind gift of Dr. R. Lobb, Biogen Inc.,
Boston, MA. The anti-P-selectin mAb TS10-6-6, raised in
our laboratory, has been characterized extensively.5 The
noninhibitory anti-P-selectin mAb S12 was a kind gift of
Dr. R. P. McEver, University of Oklahoma, Oklahoma City,
OK. A commercial affinity-purified polyclonal anti-P-se-
lectin Ab was purchased from Pharmingen (San Diego,
CA), a polyclonal anti-von Willebrand Factor (vWF) Ab
from DAKO Corp., and a mAb against vWF from ICN
Pharmaceuticals Inc., Irvine, CA. Peroxidase-labeled
goat anti-mouse and goat anti-rabbit IgG secondary Abs
were from Jackson ImmunoResearch Laboratories, West
Grove, PA.

Measurement of vWF Release by HDMECs

Confluent monolayers grown in 35-mm2 tissue culture
dishes were washed twice with PBS before fresh medium
was added. Cells were treated with 3 mmol/L of L-NAME
for 3, 4, and 5 hours, or thrombin 1 U/ml for 10 and 20
minutes. The supernatants were aspirated, centrifuged,
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and stored at �70°C. The concentration of vWF in super-
natants was measured by an enzyme-linked immunosor-
bent assay (ELISA) using 96-well plates coated with 2.5
�g/ml of a polyclonal rabbit anti-human vWF. vWF was
detected with 10 �g/ml of an anti-human vWF mAb.

Adhesion Molecule Expression

Cell surface expression of CD36, ICAM-1, VCAM-1, and
P-selectin on resting and stimulated HDMECs was deter-
mined by flow cytometry6 and ELISA.16 Quantitation of
total cellular P-selectin from HDMEC monolayers treated
with 3 mmol/L of L-NAME for 4 hours by ELISA was
performed on cell lysates as described.25 Monolayers
stimulated with OSM were included as a positive control.

Real-Time Polymerase Chain Reaction (PCR) for
P-Selectin mRNA

Total RNA from resting and L-NAME- or OSM-stimulated
HDMECs was extracted using the RNeasy Mini Kit (Qia-
gen Inc., Missisauga, Ont., Canada) according to the
manufacturer’s instruction. Reverse transcription was
performed using Superscript II RT (Invitrogen, Burlington,
Ont., Canada). Each 20 �l of reaction mixture contained
2 �g of RNA, 5� first strand buffer (250 �mol/L Tris-Cl,
375 �mol/L KCl, 15 �mol/L MgCl2), 10 �mol/L of dNTP
mix, Superscript II RT, RNA guard, RNase inhibitor (Am-
ersham Pharmacia Biotech Inc, Piscataway, NJ), and 25
�mol/L random hexamer (Amersham Pharmacia). Real-
time PCR was performed by using an ABI Prism 7000
sequence detection system (Applied Byosystem Inc.,
Foster City, CA) in a 5� nuclease assay. P-selectin prim-
ers and TaqMan probes were designed using the Primer
Express software (ABI). The P-selectin sense primer se-
quence was AGACTCCCCACCAATGTGTGA and the P-
selectin antisense primer was CCACGAGTGTCAGAA-
CAATCCA. The P-selectin TaqMan probe sequence was
FAM-CCATCAAGTGCCCAGAACTCTTTGCC-TAMRA.
The TaqMan predeveloped GAPDH assay (PDAR) was
used for normalization of gene expression. Each 25 �l of
reaction mixture contained 1 �l of sample from the RT
reaction, universal master mix (ABI), P-selectin forward
and reverse primers at a final concentration of 900
nmol/L, and P-selectin TaqMan probe at a final concen-
tration of 200 nmol/L. A standard curve was set up by
serial 10-fold dilution of an OSM-treated sample. Thermo-
cycling was performed as follows: 50°C for 2 minutes for
activating AmpErase UNG, 95°C for 10 minutes to acti-
vate the Amplitaq gold polymerase. Each PCR cycle
consisted of 95°C for 15 seconds and 60°C for 1 minute
for combined annealing and elongation. The cycles were
performed for a total of 40 times to ensure that all reac-
tions have proceeded to completion. The increase in
fluorescence at each cycle was measured by the ABI
7000 and plotted against the cycle number. A threshold
was established and the relative gene expression from
any given sample was related to the cycle number at
which amplification crossed the threshold (Ct). The rela-

tive quantitation of the samples was determined using the
ddCt method according to the manufacturer’s instruction.

Adhesive Interactions under Flow Condition

IRBC-endothelial cell interactions at fluid shear stresses
approximating those in the microvasculature were stud-
ied using a parallel plate flow chamber as described.6 A
rolling IRBC was defined as one that displayed a typical
end-on-end rolling motion at a velocity of �150 �m/
second, compared to a centerline red blood cell flow rate
of �1000 �m/second, and a velocity of �150 �m/second
for noninteracting cells in close proximity to the endothe-
lial monolayer. The flux of rolling IRBCs was determined
as the number that rolled past a fixed line on the monitor
screen for the duration of the experiment, and expressed
as the number of rolling IRBCs/minute/mm2. An IRBC was
considered adherent if it remained stationary for �10
seconds, and the results were expressed as the number
of adherent IRBCs per mm2 of surface area. In inhibition
studies, HDMEC monolayers were preincubated with the
monoclonal antibodies at 10 �g/ml of Hanks’ balanced
salt solution at 37°C for 30 minutes before being used in
flow chamber experiments.

Statistical Analysis

All data are presented as mean � SEM or mean percent-
age change � SEM from control. Raw data between two
groups were compared by Student’s t-test for paired
samples. Raw data from greater than two groups were
compared by analysis of variance for paired samples,
using post hoc analysis with Bonferoni’s correction for
multiple comparisons. Probabilities of 0.05 or less were
considered statistically significant.

Results

Endogenous NO Enhanced Cytoadherence of
IRBCs to HDMECs

As we reported previously,6 IRBCs from clinical P. falci-
parum isolates rolled and adhered to HDMECs optimally
at 1 dyne/cm2. The mean rolling flux was 28 � 5 IRBCs/
minute/mm2 and adhesion was 170 � 28 IRBCs/mm2 for
the 20 parasite isolates that were studied. Although some
IRBCs bypassed the rolling step and adhered immedi-
ately after tethering, �90% of the adherent cells rolled for
various distances before becoming adherent. On the
other hand, the proportion of rolling cells that became
arrested differed for the different clinical parasite isolates.

To determine whether endogenous NO has an effect
on the adhesive interactions between IRBCs and micro-
vascular endothelium, endothelial monolayers were
treated with the nonspecific NOS inhibitor L-NAME in
doses ranging from 10�6 to 10�2 mol/L (Figure 1) for 30
minutes, and 2, 4, 8, and 24 hours (Figure 2). The viability
and cytotoxicity of treated cells were monitored by trypan
blue dye exclusion and the MTS assay. No significant
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toxic effect was detected until a dose of 10 mmol/L was
reached (100 � 0% for control versus 59 � 11% for
treated cells by MTS assay, P � 0.05; n � 3). The results
show that 3 mmol/L of L-NAME treatment for 4 hours led
to a significant enhancement of IRBC adhesion without
an increase in the rolling flux (Figure 1). However, the
percentage of rolling IRBCs that became adherent rose
from 43 � 10% on untreated to 60 � 12% on L-NAME-
treated endothelial cells (n � 9, P � 0.05). D-NAME, a
stereoisomer of L-NAME, did not have any effect on IRBC
rolling or adhesion (data not shown). The increase in
IRBC adhesion induced by L-NAME could be reversed by
an anti-P-selectin mAb TS10-6-6, but not an anti-VCAM-1
mAb 4B9 that inhibits IRBC adhesion to soluble VCAM-1
by �60%26 (Figure 3). mAb TS10-6-6 had no effect on
IRBC rolling or adhesion on untreated HDMECs or on
CD36 transfectants (data not shown). In parallel experi-

ments, L-NAME-treated monolayers also supported the
rolling and adhesion of leukocytes infused as a 1:10
dilution of fresh whole blood27 (Table 1). The adhesive
interactions were inhibited by mAb TS10-6-6. Cell surface
expression of CD36, ICAM-1, VCAM-1, and P-selectin
determined by ELISA and flow cytometry was not in-
creased on L-NAME-treated endothelial cells (data not
shown).

L-NAME Treatment Did Not Increase P-Selectin
Translocation or Synthesis

The above findings suggested that the enhancement of
IRBC adhesion to HDMECs when endogenous NO pro-
duction was inhibited was mediated by P-selectin. To
determine the mechanism of induction of P-selectin ex-

Figure 1. IRBC rolling and adhesion on HDMECs treated with 10�6 to 10�2

mol/L of L-NAME for 4 hours. Increased adhesion was seen on monolayers
treated with 1 mmol/L and 3 mmol/L of L-NAME for 4 hours (n � 9). P value
relative to untreated HDMECs. Figure 2. IRBC rolling and adhesion on HDMECs treated with 3 mmol/L of

L-NAME for 30 minutes to 24 hours. Increased adhesion was seen on mono-
layers treated for 4 hours (n � 4). P value relative to untreated HDMECs.
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pression on HDMECs, P-selectin mobilization from Wei-
bel-Pallade bodies was studied indirectly by measuring
vWF release28 by ELISA. No increase in the release of
vWF was observed on L-NAME-treated compared to un-
treated HDMECs (45 � 10 versus 43 � 9 ng/ml, n � 3). In
contrast, stimulation with the established agonist throm-
bin resulted in a 2.2 � 0.2-fold increase in vWF release
(n � 2). In addition, real-time PCR showed that L-NAME
did not augment the expression (0.9-fold to 1.4-fold) of

steady state P-selectin mRNA expression in HDMECs
compared to a 4- to 35-fold increase in OSM-stimulated
cells (n � 3). There was also no significant increase in
total P-selectin protein in cell lysates as measured by
ELISA (882 � 464 �g/106 cells versus 1362 � 493 �g/106

cells, n � 6, P � 0.05). The lack of effect of L-NAME on
total P-selectin protein in cell lysates was seen with both
primary and passaged HDMECs.

Effect of NO Donor on IRBC Adhesion to
Resting HDMECs

We next investigated the effect of exogenous NO on
IRBC cytoadherence by using the NO donor PPN. Treat-
ment with PPN at 300 �mol/L for 24 hours resulted in a
32% decrease in IRBC adhesion (Figure 4B), which ap-
peared to be mediated by an inhibitory effect of PPN on
the basal (constitutive) ICAM-1 expression (Figure 5A). No
cytotoxicity or loss of viability of PPN-treated cells was de-
tected by both the MTS assay and trypan blue exclusion.

NO Donors Inhibited IRBC Adhesion on TNF-�-
Stimulated HDMECs

We have previously shown that both ICAM-1 and VCAM-1
contributed to the increased IRBC adhesion seen on
TNF-�-stimulated monolayers.6 In this study, treatment
with 300 �mol/L of PPN reduced the number of adherent
cells on TNF-�-stimulated HDMECs by 24% (Figure 6).
VCAM-1 expression was completely inhibited by PPN,
whereas inducible ICAM-1 expression was reduced (Fig-
ure 7). The control polyamine (ie, without adducted NO)
had no effect on IRBC adhesion or adhesion molecule
expression (data not shown). Similar results were ob-
tained with a structurally unrelated NO donor sodium
nitroprusside that releases NO when it enters the cell with
a half-life of 30 minutes at 37°C (data not shown). The
inhibitory effect of PPN on TNF-�-induced VCAM-1 ex-
pression was evident when the monolayers were treated
for as short as 30 minutes, and the maximum effect was
reached at 2 hours (Figure 8). Neither NO donor had any
effect on CD36 expression on resting or TNF-�-stimu-
lated HDMECs (data not shown).

Figure 3. An anti-P-selectin mAb (TS10-6-6), but not an anti-VCAM-1 mAb
(4B9), inhibited the effect of L-NAME on IRBC adhesion on HDMECs (n � 7).

Table 1. Effect of L-NAME on Leukocyte Rolling and
Adhesion on HDMECs (n � 3)

Control L-NAME L-NAME 	 anti-P-selectin

Rolling*
3 12 �1
0 8 �1
3 8 2

Adhesion†

7 36 9
0 27 2
31 92 14

*Number of rolling IRBC/mm2/minute.
†Number of adherent IRBC/mm2 in 10 minutes.
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NO Donor Did Not Attenuate Effect of L-NAME
on IRBC Adhesion

To determine whether exogenous NO could reverse the
enhancing effect of L-NAME on IRBC adhesion, HDMECs
were treated with 300 �mol/L of PPN for 30 minutes at
37°C before the addition of 3 mmol/L of L-NAME. Flow
chamber studies were performed after 4 hours. The re-
sults with three parasite isolates showed that exogenous
NO had no significant effect on the increase in IRBC
adhesion induced by L-NAME treatment (25 � 4% for
L-NAME alone versus 23 � 3% for PPN plus L-NAME, P �
0.05, n � 3).

Discussion

Many cell-associated or soluble inflammatory mediators
have been implicated in the complex pathogenesis of
severe P. falciparum malaria. Unfortunately, few functional

studies have been performed to define their effects. The
controversial role of NO is no exception. Conclusions
regarding its pathogenic or protective roles have been
based mainly on the correlation of clinical severity with
total blood NO metabolite levels.29–35 It is well known that
plasma nitrite and nitrate levels can be affected by a
number of confounding factors, including food intake and
renal clearance. Furthermore, it has been shown that
plasma nitrite but not nitrate levels can best reflect re-
gional NO production.36

The research described in this report is the first study
to address whether NO has an anti-adhesive effect on the
cytoadherence of IRBCs to endothelial cells. We found
that both endogenous and exogenous NO attenuated cy-
toadherence on resting and TNF-�-stimulated HDMECs,
but appeared to do so by different mechanisms. Results
from inhibition experiments with receptor-specific mAb in

Figure 4. PPN (300 �mol/L for 24 hours) inhibited adhesion but not rolling
on IRBCs on resting HDMECs (n � 6). P value relative to untreated HDMECs.

Figure 5. PPN (300 �mol/L for 24 hours) inhibited constitutive ICAM-1
expression on resting HDMECs (n � 5). P value relative to untreated
HDMECs.
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a functional assay suggest that the increase in the num-
ber of adherent IRBCs induced by L-NAME was mediated
by P-selectin. The involvement of P-selectin in mediating
the effect of L-NAME on cell recruitment is corroborated
by both in vivo and in vitro studies on other types of
endothelial cells.11,13,14 However, we were unable to
demonstrate an increase in cell surface P-selectin ex-
pression, an increase in P-selectin mRNA, or increased
translocation of stored protein from Weibel-Pallade bod-

ies. A well-recognized difficulty with demonstrating P-
selectin on endothelial cells is the low number of mole-
cules (10 to 50 molecules/�m2) that are expressed on
agonist- or cytokine-stimulated endothelium.28,37,38 This
is in contrast to 250 to 350 molecules/�m2 for adhesion
molecules such as E-selectin and ICAM-1 (H Setiadi,
personal communication). Nonetheless, this density of
P-selectin has been shown to be sufficient for mediating
leukocyte adhesion under flow conditions as a result of
selectin and/or ligand dimerization,39 or the clustering of
the molecules around clathrin-coated pits.38

Figure 6. PPN (300 �mol/L) inhibited IRBC adhesion on HDMECs stimu-
lated by TNF-� (10 ng/ml) for 24 hours. There was no significant inhibition
of IRBC rolling (n � 6). P value relative to TNF-�-stimulated HDMECs.

Figure 7. Inhibition of ICAM-1 and VCAM-1 expression on TNF-�-stimulated
HDMECs by 300 �mol/L of PPN.
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A further mechanism that may be at play is the effect of
L-NAME on the endocytosis of P-selectin. Under basal
conditions, some P-selectin protein is recycled between
the plasma membrane and endosomes, resulting in low
levels of constitutive P-selectin protein on the surface of
human endothelial cells.37 Extremely low P-selectin ex-
pression is also believed to contribute to the basal leu-
kocyte rolling on unstimulated endothelial cells in post-
capillary venules of the cremaster muscle of wild-type
mice that is absent in P-selectin knockouts.40 Modifica-
tions to the recycling pathway by inhibiting reinternaliza-
tion of the surface P-selectin without changing the
amount of total P-selectin has been implicated in the
increased recruitment of neutrophils on H2O2-treated hu-

man umbilical vein endothelial cells.41 In support of this
postulate, it has been shown that different rates of endo-
cytosis of E-selectin, and not synthesis, are responsible
for the differential expression of the adhesion molecule
on HDMECs and human umbilical vein endothelial
cells.42 There is some evidence that NO may accelerate
surface receptor internalization. NO generated from so-
dium nitroprusside can induce internalization of musca-
rinic acetylcholine receptors in transfected Chinese ham-
ster ovary cells.43 It is thus possible that inhibition of
endogenous NO synthesis will impede surface receptor
internalization resulting in an accumulation of cell sur-
face-expressed molecules. These interesting mechanis-
tic possibilities are beyond the scope of the present
report, but certainly warrant further investigations.

A low level of P-selectin expression induced by L-
NAME would be in keeping with the observation that
whereas P-selectin induction by OSM resulted in an
increase of both the number of rolling and adherent
IRBCs,6 L-NAME produced a modest increase in the
number of adherent IRBCs by increasing the percentage
of rolling cells that became arrested. This observation
illustrates an important difference between leukocyte and
IRBC recruitment that we have previously demonstrated.
Whereas leukocyte recruitment occurs in a defined pro-
gression from selectins to immunoglobulin superfamily,
IRBCs can tether and roll on a number of different mole-
cules before adhesion to CD36. In fact, CD36 by itself
can mediate all three components of the adhesive inter-
actions.4 If the cumulative affinity of all interactions is
sufficiently high, the IRBCs will adhere. Otherwise, they
will continue rolling.

The adhesion molecules involved in the action of NO
donors on cytoadherence were more readily defined. The
results indicate that PPN could attenuate the adhesion of
IRBCs on resting HDMECs through a reduction in consti-
tutive ICAM-1 expression. Basal ICAM-1 expression was
not high, and the reduction was small although signifi-
cant, compatible with a previous report that the NO donor
SIN-1 could reduce constitutive ICAM-1 expression on
human umbilical vein endothelial cells.44 These observa-
tions suggest that a critical level of ICAM-1 expression
was necessary to support IRBC tethering and rolling, and
that a drop in the expression below this critical level could
lead to a reduction in the strength of the adhesive inter-
actions between IRBCs and the substratum. On TNF-�-
stimulated HDMECs, treatment with PPN reduced IRBC
adhesion. The inhibitory effect was mediated by a reduc-
tion in the expression of VCAM-1 and ICAM-1. These
findings are in agreement with previous reports that NO
donors inhibit TNF-�-induced VCAM-1 transcription by
suppressing promoter activity through the inhibition of
nuclear factor-�B activation and nuclear translocation.16

The data present in this study are from the direct effect
of NO on endothelial cells in vitro, and may not completely
represent the activity of the molecule on cytoadherence
in vivo. It has been demonstrated that the basal NO re-
lease in cultured endothelial cells is substantially lower
than those in freshly isolated cells.45 Furthermore, at least
in animal models, the anti-adhesive effect of endogenous
NO on leukocyte recruitment in vivo involves the stabili-

Figure 8. A: Rate of PPN decomposition at 22°C and 37°C. The half-life of
PPN is 85.4 minutes at 22°C and 46.9 minutes at 37°C (n � 2). B: Incubation
of PPN for 2 hours was sufficient for optimal inhibition of VCAM-1 expression
at 24 hours induced by TNF-� (n � 3).
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zation of perivascular mast cells via the scavenging of
O2, consequently preventing the release of proinflamma-
tory cytokines from these cells.46,47 These mechanisms
would obviously not have been operative in our flow
chamber assay. To address these issues, we have re-
cently established a human/SCID mouse chimeric model
that allows for the direct visualization of IRBC interactions
with grafted human microvasculature in vivo by intravital
microscopy.7 Human mast cells are retained in the skin
graft.48 Preliminary experiments using this model show
that L-NAME administration to the SCID mice for 4 hours
led to an increase in leukocyte rolling and adhesion that
could be inhibited by anti-P- and E-selectin antibodies (P
Kubes, unpublished data). These results indicate that
expression of selectins in the human microvessels can be
induced by L-NAME in vivo, supporting the potential of
this model for studying the role of endogenous NO on
cytoadherence in vivo.

The effect of NO on cytoadherence demonstrated in
this study was less pronounced than its effect on leuko-
cyte recruitment. This is likely because of the dominant
role of CD36 in mediating cytoadherence to the micro-
vasculature,6,7 and the fact that IRBCs can tether, roll,
and adhere directly on CD36, the expression of which
was not affected by NO. It remains to be determined
whether the reduction on IRBC cytoadherence by NO
would be greater in organs expressing predominantly
ICAM-1, such as the brain,49 and whether the reduction
will be sufficient to be clinically beneficial. The effect of
inhaled NO on the outcome of severe falciparum malaria
has not been studied to any extent. In one study, inhaled
NO was administered to patients with severe falciparum
malaria who developed the adult respiratory distress syn-
drome.50 All three patients died. The results may reflect
the poor prognosis of malaria-associated adult respira-
tory distress syndrome (�80% mortality), or that giving
NO in the late stages of the infection when multiple organ
failure has already occurred may not improve the out-
come of the disease. Much more experimental and clin-
ical data are necessary to clarify these important issues.
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