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Abstract
Rational development of adjunct or anti-disease therapy for severe Plasmodium falciparum malaria requires cellular and molecular definition of malarial pathogenesis. Nitric oxide (NO) is a potential target
for such therapy but its role during malaria is controversial. It has been proposed that NO is produced at
high levels to kill Plasmodium parasites, although the unfortunate consequence of elevated NO levels
might be impaired neuronal signaling, oxidant damage and red blood cell damage that leads to anemia.
In this case, inhibitors of NO production or NO scavengers might be an effective adjunct therapy. However, increasing amounts of evidence support the alternate hypothesis that NO production is limited
during malaria. Furthermore, the well-documented NO scavenging by cell-free plasma hemoglobin and
superoxide, the levels of which are elevated during malaria, has not been considered. Low NO bioavailability in the vasculature during malaria might contribute to pathologic activation of the immune system,
the endothelium and the coagulation system: factors required for malarial pathogenesis. Therefore, restoring NO bioavailability might represent an effective anti-disease therapy.

Pathogenesis of malaria
Malaria is one of the leading causes of morbidity and mortality, annually killing more than two million
people worldwide [1]. Furthermore, patients with severe Plasmodium falciparum malaria still exhibit a
20–30% risk of mortality when given effective antiparasite therapy, providing the rationale for developing adjunct or anti-disease therapy that rescues ill patients from pathogenesis [2]. To develop adjunct
therapy rationally, cellular and molecular definitions of the pathogenesis of P. falciparum malaria are
needed. Nitric oxide (NO) is a molecule that has been proposed to have a crucial role in malaria pathogenesis [3] but its mechanism of action during the disease is controversial. On the one hand, it has been
proposed that NO is produced in excess and kills the Plasmodium parasite [4], with the unfortunate side
effects of mediating pathogenesis through oxidative damage or aberrant signaling in the brain [3], and
contributing to anemia [5]. In this case, nitric oxide synthase (NOS) inhibitors or extracellular scavengers of NO might function as an adjunct therapy for severe P. falciparum malaria.
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On the other hand, the findings that hypoargininemia [6] and low levels of plasma nitrates and nitrites
(NOx) [7]—the stable degradation products of NO—correlate with the development of severe P. falciparum malaria pathogenesis suggest that levels of NO production might be low during malaria. In addition, the increased levels of free hemoglobin (Hb) in the blood of patients with severe P. falciparum malaria [8,9], an unavoidable consequence of parasite replication in red blood cells (RBCs), and the elevated
levels of superoxide elicited by the infection, together with the well-documented scavenging of NO by
Hb and superoxide, indicate that NO produced during malaria in the vasculature is probably removed
rapidly. Studies of other diseases [10] report that low NO bioavailability contributes to pathologic activation of the immune system, the endothelium and the coagulation system; indeed, these factors are observed during severe P. falciparum malaria [11]. Therefore, restoring NO bioavailability or reversing the
consequences of low NO bioavailability might represent an effective adjunct therapy for severe malaria.

Physiological role of NO
NO is an uncharged free radical that is produced during the enzymatic conversion of L-arginine to L-citrulline by members of the NOS family of proteins [12]. Three members of the family have been identified: endothelial NOS (eNOS or NOS3), neuronal NOS (nNOS or NOS1) and inducible NOS (iNOS or
NOS2), with eNOS and nNOS both functioning in a calcium-dependent and -independent fashion, and
iNOS functioning in a calcium independent fashion [12].
NO was identified originally as the endothelium derived relaxation factor that mediates vasodilation in a
soluble guanylate cyclase (sGC)-dependent manner [13]. Because NO readily diffuses through cell membranes and can bind with high affinity to heme-containing proteins (e.g. sGC) or nitrosylate proteins, it
has been reported to exhibit complex pleiotropic effects and is central to many aspects of physiology and
pathology [14]. Adding to the complexity, proteins nitrosylated by NO can release NO, thus serving as a
NO-transport mechanism [15], and Gladwin has proposed that the nitrite – the stable end product of NO
degradation – can be converted by deoxyhemoglobin (deoxyHb) to NO and that this NO has an important role in ischemia–reperfusion injury in the heart and liver [10]. Besides NO concentration, the
state of the NO species, its cellular location and the presence of superoxide, which reacts with NO to
produce peroxynitrite, all determine which of the many pleiotropic roles NO has.
Many of the physiological effects of NO (Figure 1), such as vasodilation, inhibition of platelet aggregation
and endothelial-cell activation, are mediated through the activation of sGC by NO, leading to increased
production of guanosine 3’,5’-phosphate (cGMP) [16]. In the vasculature, NO is produced by endothelial
cell eNOS and targets smooth-muscle cells, causing vasodilation through the sGC–cGMP pathway. In
addition, eNOS-derived NO has an important role in maintaining homeostasis by inhibiting the activation of endothelial cells and by modulating their expression of cell-adhesion molecules (CAMs) [17]. NO
in the vasculature also modulates platelet function; platelets express eNOS, and NO inhibits platelet adhesion, activation and aggregation by both cGMP dependent and cGMP-independent pathways [18].
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In the immune system, NO is a component of the innate immune response, and iNOS-derived NO is required for the control of several viral, bacterial and parasitic infections [19]. Despite all three NOS
isoforms having similar NO-production rates of ~1 µM min-1 mg-1 protein [20], iNOS is responsible for
the high-level production of NO by phagocytes because it is highly expressed after activation, comprising up to 1% of total protein [21]. Although the initial controversy regarding differing iNOS functions in
human versus murine phagocytes has been settled [22] and the initial comparison of human and murine
iNOS genes and promoter regions has shown them to be extremely similar [23], further detailed analysis
of the iNOS genes of both species [24] is necessary to determine differences in their transcriptional regulation.
In addition to its antimicrobial role, NO can regulate immune-system function through cGMP-dependent and -independent mechanisms. In particular, several anti-inflammatory effects of NO have been established, including inhibition of T-cell and B-cell proliferation, and leukocyte rolling and adhesion on
microvascular endothelial cells [19,25]. Furthermore, NO also modulates the production of cytokines,
generally decreasing the amounts of pro-inflammatory cytokines [interleukin (IL)-1, IL-2, tumor necrosis factor (TNF) and interferon (IFN)-ɣ] and increasing the amounts of anti-inflammatory cytokines (IL4, IL-13 and transforming growth factor-b) [19].
Finally, NO functions in both the peripheral nervous system (PNS) and the central nervous system
(CNS). In the PNS, neurons use nNOS to produce NO that functions as a neurotransmitter, targeting
smooth muscle and causing relaxation through the sGC–cGMP pathway. In the CNS, however, the role
of NO is not fully understood, although it has been implicated in neuronal excitability (through both
sGC–cGMP-dependent and -independent pathways), synaptic plasticity (through the sGC–cGMP pathway) and neurotransmitter release (through the sGC–cGMP pathway) [26]. Although nNOS is the primary isoform responsible for CNS NO production, eNOS and iNOS might also be involved, particularly
in glial cells. Considering the involvement of NO in processes that are profoundly affected by malaria
pathogenesis (e.g. endothelial activation, expression of CAMs, vascular leak, severe inflammatory response and coagulopathy) (Figure 1), it is easy to see why elucidating the mechanisms with which NO
functions in malaria pathogenesis is an important line of research.

The role of NO during malaria
Several hypotheses have been proposed regarding the role of NO during malaria pathogenesis. First, virtually all review articles about the killing of Plasmodium by the immune system, including a recent review
by Riley and Stevenson [4], state that NO derived from iNOS-expressing monocytes or macrophages kills
Plasmodium as part of innate immunity. Whereas the case for NO killing in leishmaniasis is well documented [27], there is little evidence to support its role in the killing of Plasmodium [28]. By contrast, most
evidence (Table 1), including the lack of killing after incubation of P. falciparum with a saturated NO solu-
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tion [29], suggests that the parasite possesses innate resistance to killing by NO and other reactive oxygen species (ROS). Rockett et al. observed that nitrosylated cysteine or glutathione kills P. falciparum—
with 50% killing occurring at 40 mM and killing with NOx occurring in the range 10-30 mM—suggesting
that NO-derived products rather than NO itself might be toxic to the parasite [29]. However, the amount
of nitrosylated cysteine or glutathione required is two orders of magnitude greater than the total freenitrosothiol levels observed in human plasma [30], and the NOx levels required are three orders of magnitude greater than the levels observed in P. falciparum malaria patients [7].
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FIGURE 1. PHYSIOLOGICAL ROLES OF NO THAT ARE RELEVANT TO MALARIA PATHOGENESIS. OF
PARTICULAR IMPORTANCE ARE THE HOMEOSTATIC AND ANTI - INFLAMMATORY PATHWAYS ( RED ARROWS)
THAT CAN BE DISRUPTED BY NO QUENCHING DURING MALARIA. GREEN LINES INDICATE ENHANCEMENT,
RED LINES INDICATE DEPRESSION AND BLACK LINES INDICATE MODULATION.
The second hypothesis proposes that NO is overproduced during Plasmodium infection and that NO has
a role in pathogenesis. For example, Clark et al. proposed that iNOS-derived overproduction of NO in
the brain might disrupt the regulatory role of NO in the CNS, leading to the impaired consciousness of
cerebral malaria (CM) [3]. Indeed, elevated levels of iNOS protein are detected in the cerebral-blood-vessel walls of patients who have succumbed to CM [3]. In addition, markedly increased levels of NOx have
been observed in the cerebrospinal fluid (CSF) of children who died from malaria [31]. NO has also been
implicated in the pathology of malaria anemia; plasma [32] and urine [5] NOx levels and ex vivo peripheral blood mononuclear cell (PBMC) iNOS activity [33] have been reported to correlate inversely with Hb
levels.
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Several lines of evidence argue against the hypothesis that NO is overproduced during malaria and that
the excess NO functions systemically to mediate severe malaria pathogenesis. First, the presence of hypoargininemia in malaria patients suggests that NO production might be limited in malaria [6]. Human
erythrocytes contain arginase and, consequently, the rupture of RBCs by the parasite will increase
plasma arginase levels; this is a mechanism of hypoargininemia in sickle-cell patients [10]. Second,
plasma and urine NOx levels correlate inversely with disease severity [7,34]. The results of some earlier
studies seem to contradict this finding but these studies did not properly account for the effects of diet,
dehydration and renal impairment [35]. It is important to note that the endpoint of all NO reactions is
NOx, so it cannot be discerned what impact, if any, the NO had on physiological processes (e.g. binding
to sGC or nitrosylation of a protein). Finally, PBMC iNOS levels [7,36] and iNOS mRNA levels [37] correlate inversely with disease severity. Collectively, these observations suggest that NO is not overproduced
and that iNOS-derived NO might be beneficial rather than harmful.
Although controversial because studies in different regions report opposing results, several investigations report that polymorphisms in the promoter region of the iNOS gene (G-945C and/or C-1173T) of
human malaria patients, which result in higher baseline NOS activity in PBMCs, are associated with
protection from severe P. falciparum malaria [38]. If correct, these findings indicate that increased production of NO might be beneficial, either by killing the parasite or by preventing the development of disease. We propose that prevention of disease development is more likely because of the minimal evidence
supporting parasite killing by NO (Table 1).
TABLE 1. EFFECT OF NO ON PLASMODIUM PARASITES AND ITS INVOLVEMENT IN MALARIA PATHOGENESIS
Plasmodium species Effect of NO on parasite
Plasmodium falciparum No killing in vitro [29]
or in vivo [69,70]

Effect of NO on pathogenesis
NO is beneficial
iNOS protein levels and mRNA correlate inversely with disease [7,36,37]; plasma
and urine NOx levels correlate inversely with disease [7,34]; hypoargininemia correlates with P. falciparum disease severity [6]
NO is harmful
CSF NOx levels correlate with death [31]; elevated iNOS levels in CM brains [3]; NOx
levels and iNOS activity correlate inversely with total Hb levels [5,32,33]

Plasmodium berghei
Plasmodium chabaudi

No killing [39,71]a
Killing [72]
No killing [73–76]

Plasmodium yoelii
No killing [77]
a
P. Sobolewski et al., unpublished.

Controversial
Role of NOS promoter mutations [38]
iNOS or eNOS deficiency or inhibition has no effect [39,71]a
iNOS deficiency or inhibition increases mortality rate [72,73]
iNOS deficiency or inhibition has no effect [74–76]
NOS inhibition increases mortality rate [77]

Furthermore, studies in animal models do not support the hypothesis that NO overproduction mediates
malaria pathogenesis or is antiparasitic (Table 1). Neither Plasmodium berghei ANKA (PbA)-infected
iNOS-deficient mice nor mice treated with aminoguanidine (AG), a NOS inhibitor, are protected from
5

severe malaria, both exhibiting similar parasitemia, pathogenesis and mortality to controls [39]. These
observations indicate that overproduction of NO does not have a pathogenic role during malaria pathogenesis.
One interpretation of the data from animal models is that NO overproduction has a minimal role, if any,
in the development of severe experimental malaria because neither inhibition of NOS nor use of NOSdeficient mice had a measurable effect on pathogenesis. However, it is rare for the rate of malaria mortality to be increased; to our knowledge, there is only one publication reporting more-rapid mortality in
experimental (treated or knockout) mice compared with controls [40], and that article challenges a report of opposing results using the same polyclonal antiplatelet serum [41]. In addition, mice lacking
other molecules with demonstrated efficacy at ameliorating experimental severe malaria (ESM) do not
exhibit increased mortality rates. For example, we observed that IL-10 is present in the plasma of PbA
infected mice and that IL-10-/--knockout mice become moribund at the same time as control mice
[42,43]. However, treatment with this anti-inflammatory cytokine ameliorates the development of ESM
[44]. Finally, an increased mortality rate is not expected in NOS-deficient mice if NO bioavailability during malaria is low owing to NO scavenging or low production; this is because decreasing NO production
through knockout of NOS would not further diminish already minimal NO levels. To date, the preponderance of evidence indicates that NO production is diminished in subjects with severe P. falciparum malaria compared with in uncomplicated controls. It remains to be determined whether low NO bioavailability—caused by NO scavenging—during malaria contributes to malaria pathogenesis. There are two
main candidates for NO scavenging: Hb and superoxide.

NO bioavailability is limited by free Hb
Based on the extensive literature about the role of free Hb both as a blood substitute [45] and during
sickle-cell anemia [46], free Hb released during the asexual cycle of blood-stage Plasmodium might
quench NO, thereby having an important role in limiting NO bioavailability during malaria. Low NO
production as a consequence of hypoargininemia represents another mechanism [6]. During the course
of malaria pathogenesis, there are two possible mechanisms of hemolysis. First, Plasmodium parasites
rupture erythrocytes after completing their development within them, thus releasing progeny merozoites. The rupture will also release the remaining contents of the erythrocyte, which includes Hb. Second,
there are more-complex, immune-system-mediated mechanisms of erythrocyte lysis leading to malaria
anemia [47]. Complement-mediated erythrophagocytosis has long been postulated as a major mechanism of malaria anemia [48] but we speculate that other, non-phagocytic mechanisms such as T-cellmediated and TNF-mediated cytotoxicity [49] might also be involved.
Free-Hb levels are markedly increased in patients with P. falciparum malaria [8], by up to an order of
magnitude (15-µM heme) in acute cases [9], and we have observed elevated levels of cell-free Hb in the
plasma in experimental P. berghei malaria. The in vivo effects due to free, natural molecular Hb in blood
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are well defined within the research community interested in the development of molecular-Hb-based
oxygen-carrying blood substitutes [45]. Free Hb is a powerful in vivo scavenger of NO, leading to vasoconstriction and impaired microvascular blood perfusion, which are major determinants of tissue and
organism survival [50]. The efficiency of free Hb at scavenging NO is almost 1000-fold that of Hb packaged in RBCs [51]. NO reacts with the oxygen in oxyhemoglobin (oxyHb), generating methemoglobin
[metHb or Hb(Fe3+)] and nitrate (Equation 1). NO also reacts with deoxyHb to form Hb(Fe2+)NO, which
then reacts with oxygen to form metHb and nitrate (Equation 2).
Hb(Fe2+)O2 + NO∙ → Hb(Fe3+) + NO3-

(1)

Hb(Fe2+) + NO∙ → Hb(Fe2+)NO + O2 → Hb(Fe3+) + NO3- (2)
Parasite-derived hemozoin (Hz) granules, which are vacuoles within the parasite where it stores the
heme moiety of consumed Hb, are released with Hb during rupture of parasitized RBCs. Hz granules
are unlikely to scavenge NO because the iron moiety of Hz is in the ferric Fe3+ state—as with metHb—
which has a lower affinity (10 000 times) than the ferrous Fe2+ state for NO [20]. Recent evidence suggests that Hz increases the levels of lipopolysaccharide-induced and IFN-ɣ-induced iNOS transcription
and NO production in PBMCs in vitro [33]; it remains to be determined whether this mechanism leads to
increased NO production in vivo in P.falciparum patients.
Confirming the role of free Hb in scavenging NO during ESM, we have observed marked in vitro
quenching of NO by the plasma of mice six days after infection with P. berghei, and this quenching correlated well with the increase in plasma Hb levels. Moreover, the quenching was abrogated by cyanide–
ferricyanide inactivation of the Hb, indicating that free Hb in plasma during malaria quenches NO.
These results clarify previous observations that NOS inhibition and NOS deficiency did not affect ESM
pathogenesis; NO bioavailability is already limited by NO quenching in the plasma and, thus, treatment
with NOS inhibitors or the use of NOS-deficient mice does not decrease NO bioavailability further.
An argument against the role of free Hb in malaria pathogenesis is that free Hb is released during other
diseases such as congenital hemolytic anemias without eliciting the impaired mental status and respiratory distress observed during severe P. falciparum malaria. However, less inflammation is elicited during
these congenital anemia syndromes than during malaria, and there is no sequestration of parasites to
cerebral and lung endothelium, as observed during P. falciparum infection. Gladwin’s group proposes
that many of the vascular complications common in hemolytic disorders are attributable to NO quenching by free Hb [10]. Indeed, the amelioration of sickle-cell anemia by administration of the NO donor
sodium nitroprusside or by inhalation of NO gas indicates that NO quenching by Hb has a crucial role in
the pathogenesis of sickle-cell anemia, which is another inflammatory disease [46].
If the low-NO-bioavailability hypothesis is correct, the malaria inflammatory response, in addition to
increased endothelial activation (Figure 2), lacks feedback regulation by NO. This inflammatory re-
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sponse also results in increased production of superoxide, which rapidly reacts with NO to form the labile radical peroxynitrite, thus decreasing NO bioavailability [52]. Furthermore, peroxynitrite is an extremely damaging oxidant [53], particularly in the brain [54] where its formation might reconcile Clark’s
hypothesis that NO is involved in pathogenesis, with low NO bioavailability functioning in the vasculature. Another potential toxic consequence of free Hb in plasma is the potent ability of Hb to generate
radicals, which have been shown to cause vascular leak [45]. Similarly, metHb, produced as a result of
NO scavenging by Hb, is labile and readily dissociates into free heme, which is a highly pro-inflammatory molecule [55]. A buildup of heme at sites of hemorrhage is a potent recruitment signal for inflammation at that site [55]. Thus, the low NO bioavailability, in concert with the malaria-specific inflammatory response, probably mediates the impaired consciousness that is observed in malaria but not in the
other hemolytic disorders.
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FIGURE 2. HYPOTHESIS OF LOW NO BIOAVAILABILITY. IMAGE ILLUSTRATES THE KEY ROLE THAT NO
BIOAVAILABILITY MIGHT HAVE IN MALARIA. R ESTORING NO BIOAVAILABILITY BY REDUCING QUENCHING
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PATHOGENESIS.
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NO bioavailability is limited by superoxide
The rupture of infected erythrocytes caused by the release of parasite progeny also results in the release
of malaria glycosylphosphatidylinositol (GPI)-anchored proteins and Hz. Both GPI and Hz elicit a strong
pro-inflammatory response in monocytes and neutrophils [56,57] that leads to increased production of
ROS, including superoxide, causing oxidative stress [58]. Studies of several fields, including ischemia–
reperfusion injury, cardiovascular disease [59], diabetes [60] and sickle-cell anemia [61], have implicated
oxidative stress in reducing the bioavailability of NO [62] and in pathogenesis. Of particular relevance to
malaria is the fact that NO scavenging by superoxide has been implicated in endothelial dysfunction
[59], platelet activation [63] and regulation of immune response [25].
Possible sources of vascular superoxide include phagocyte NAD(P)H oxidase (NOX2), endothelium
NAD(P)H oxidase (NOX4), xanthine oxidase and uncoupled members of the NOS family. Increased
phagocytic NAD(P)H oxidase activity is expected to occur as a result of the host inflammatory response.
Increased endothelial production of superoxide has been observed in response to proinflammatory cytokines such as TNF [64] and IL-1 [65] that are upregulated during malaria pathogenesis [43]. Xanthine oxidase functions in the pathology of sickle-cell anemia [61] and might be an important component of innate immunity [66]. Finally, members of the NOS family can produce superoxide following depletion of
arginine or tetrahydrobiopterin (a necessary cofactor) [12], which might exacerbate the effects of the hypoargininemia observed during P. falciparum malaria [6]. Superoxide might also mediate Hb scavenging
of NO because Hb is not only a potent NO scavenger by itself but also a generator of superoxide by autooxidation of oxyHb. Within the erythrocyte, autooxidation of oxyHb is balanced by the presence of superoxide dismutase (SOD), catalase and metHb reductase [67] but, in plasma, this process is uncontrolled. Thus, it is likely that malaria inflammation results in increased NO quenching by superoxide.
In confirmation of the role of superoxide in limiting NO bioavailability during malaria pathogenesis, our
group and others have observed marked protection of mice infected with P. berghei by treatment with
pegylated SOD (PEG–SOD) and pegylated catalase (PEG–CAT), compared with PEG–CAT treatment
alone or vehicle controls [68]. All three groups had similar parasitemia and, thus, the results cannot be
attributed to differences in infection or parasite replication. Furthermore, we observed a marked reduction in the profound thrombocytopenia that is a hallmark of malaria, suggesting either that NO bioavailability is increased by the PEG–CAT+PEG–SOD treatment (because NO is a potent inhibitor of platelet
activation) or that superoxide contributes to malaria thrombocytopenia.

NO bioavailability and resistance to severe malaria
Any hypothesis regarding malaria pathogenesis must account for the fact that only 1–2% of the individuals infected with P. falciparum develop severe malaria and succumb to the disease. The aforementioned
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clinical studies correlating iNOS promoter polymorphisms with NO production and survival from severe
malaria suggest that elevating NO production might be a mechanism to overcome NO scavenging and
prevent the development of disease. However, the presence of hypoargininemia and low levels of plasma
NOx in patients with severe P. falciparum malaria indicates that these patients might have insufficient
amounts of NOS substrate to elevate NO production. A variety of other factors such as malarial inflammation probably functions in concert with free-Hb toxicity to mediate malaria pathogenesis. Differences in the inflammatory response (e.g. decreased production of pro-inflammatory cytokines) might
inhibit the pathogenic process (Figure 2) independently of free-Hb levels. Furthermore, decreasing the
immune response might reduce hemolysis, thus decreasing free-Hb levels and ameliorating free-Hb exacerbation of the inflammatory response. Differences in activation of the coagulation cascade might inhibit the pathogenic process independently of free-Hb levels but might also decrease vascular leak and
petechial hemorrhage, thus decreasing both inflammation at the hemorrhage site and release of free
Hb. Finally, more-efficient means of clearing plasma Hb or increased expression of antioxidants such as
SOD and catalase might be beneficial by reducing NO scavenging. Thus, increasing the levels of bioavailable NO, either by increasing the release of NO in the vasculature or by mitigating NO scavenging,
might serve as an adjunct or anti-disease treatment for malaria.
Restoration of NO bioavailability is being tested therapeutically for diseases such as acute respiratory
distress, cardiovascular disease, diabetes and sickle-cell anemia. We have observed that treatment with
a NO donor results in marked protection of mice infected with P. berghei compared with vehicle controls.
Both groups had similar parasitemia; thus, the results cannot be attributed to differences in infection,
parasite replication or parasite killing by NO. We conclude that treatment with the NO donor restored
NO bioavailability by overcoming the quenching that occurs during the course of malaria. The NO can
reach one of its targets (sGC) and carry out its homeostatic role. Overall, our interpretation of data from
malaria and other diseases is that NO bioavailability is limited during malaria and exacerbates malaria
inflammation, endothelial activation and coagulopathy (Figure 2).

Concluding remarks
To develop effective adjunct or anti-disease treatment for malaria, the mechanisms of malaria pathogenesis must be understood. We believe that the data indicate that NO bioavailability is low within the
vasculature during malaria because levels of NO production are low owing to hypoargininemia and increased quenching of NO by free Hb and superoxide. NO has a potent role in vascular homeostasis that
is disrupted during malaria pathogenesis. Restoring NO bioavailability by diminishing NO quenching,
providing exogenous NO or restoring arginine levels might, therefore, be an effective anti-disease therapy. It remains to be determined whether restoring NO bioavailability within the vasculature late in the
disease is beneficial. Finally, it is still unclear whether, as proposed by Clark et al. [3], NO produced
within tissue such as the brain might function in pathogenesis.

10

Acknowledgements
This work was supported by NIH grants to J.F. (HL40696), M.I. (R24 HL643952) and H.C.H. (AI40667).
We have no conflicting financial interests.

References
1.

Breman, J.G. et al. (2001) The intolerable burden of malaria: a new look at the numbers. Am. J. Trop.
Med. Hyg. 64 (Suppl. 1–2), iv–vii

2. White, N.J. et al. (1992) The pathophysiology of malaria. Adv. Parasitol. 31, 83–173
3. Clark, I.A. et al. (2003) The pathophysiology of falciparum malaria. Pharmacol. Ther. 99, 221–260
4. Stevenson, M.M. et al. (2004) Innate immunity to malaria. Nat. Rev. Immunol. 4, 169–180
5. Anstey, N.M. et al. (1999) Nitric oxide, malaria, and anemia: inverse relationship between nitric oxide
production and hemoglobin concentration in asymptomatic, malaria-exposed children. Am. J. Trop.
Med. Hyg. 61, 249–252
6. Lopansri, B.K. et al. (2003) Low plasma arginine concentrations in children with cerebral malaria and
decreased nitric oxide production. Lancet 361, 676–678
7. Anstey, N.M. et al. (1996) Nitric oxide in Tanzanian children with malaria: inverse relationship between
malaria severity and nitric oxide production/nitric oxide synthase type 2 expression. J. Exp. Med. 184,
557–567
8. Nanda, N.K. et al. (2000) Presence of pro-oxidants in plasma of patients suffering from falciparum malaria. Trans. R. Soc. Trop. Med. Hyg. 94, 684–688
9. Ekvall, H. et al. (2001) Acute haemolysis in childhood falciparum malaria. Trans. R. Soc. Trop. Med. Hyg.
95, 611–617
10. Rother, R.P. et al. (2005) The clinical sequelae of intravascular hemolysis and extracellular plasma hemoglobin: a novel mechanism of human disease. JAMA 293, 1653–1662
11. Troye-Blomberg, M. et al. (1999) The role of T cells in immunity to malaria and the pathogenesis of disease. In Malaria: Molecular and Clinical Aspects (Wahlgren, M. et al., eds), pp. 403–438, Harwood Academic
12. Stuehr, D.J. (1999) Mammalian nitric oxide synthases. Biochimica et Biophysica Acta-Bioenergetics 1411,
217–230
13. Ignarro, L.J. et al. (1987) Endothelium-derived relaxing factor produced and released from artery and
vein is nitric oxide. Proc. Natl. Acad. Sci. U. S. A. 84, 9265–9269
14. Tuteja, N. et al. (2004) Nitric oxide as a unique bioactive signaling messenger in physiology and pathophysiology. J. Biomed. Biotechnol. 2004, 227–237
15. Hess, D.T. et al. (2005) Protein S-nitrosylation: purview and parameters. Nat. Rev. Mol. Cell Biol. 6, 150–
166
16. Denninger, J.W. et al. (1999) Guanylate cyclase and the NO/cGMP signaling pathway. Biochim. Biophys.
Acta 1411, 334–350
17. Laroux, F.S. et al. (2000) Role of nitric oxide in the regulation of acute and chronic inflammation. Antioxid. Redox Signal. 2, 391–396

11

18. Loscalzo, J. (2001) Nitric oxide insufficiency, platelet activation, and arterial thrombosis. Circ. Res. 88,
756–762
19. Bogdan, C. (2001) Nitric oxide and the immune response. Nat. Immunol. 2, 907–916
20. Feelisch, M. et al., ed. (1996) Methods in Nitric Oxide Research, John Wiley & Sons
21. Nathan, C. (1992) Nitric oxide as a secretory product of mammalian cells. FASEB J. 6, 3051–3064
22. MacMicking, J. et al. (1997) Nitric oxide and macrophage function. Annu. Rev. Immunol. 15, 323–350
23. Chartrain, N.A. et al. (1994) Molecular cloning, structure, and chromosomal localization of the human
inducible nitric oxide synthase gene. J. Biol. Chem. 269, 6765–6772
24. de Vera, M.E. et al. (1996) Transcriptional regulation of human inducible nitric oxide synthase (NOS2)
gene by cytokines: initial analysis of the human NOS2 promoter. Proc. Natl. Acad. Sci. U. S. A. 93, 1054–
1059
25. van der Veen, R.C. (2001) Nitric oxide and T helper cell immunity. Int. Immunopharmacol. 1, 1491–1500
26. Prast, H. et al. (2001) Nitric oxide as modulator of neuronal function. Prog. Neurobiol. 64, 51–68
27. Stenger, S. et al. (1996) Reactivation of latent leishmaniasis by inhibition of inducible nitric oxide synthase. J. Exp. Med. 183, 1501–1514
28. Sobolewski, P. et al. Hemoglobin serves to protect Plasmodium parasites from nitric oxide and reactive
oxygen species. J. Invest. Med. (in press)
29. Rockett, K.A. et al. (1991) Killing of Plasmodium falciparum in vitro by nitric oxide derivatives. Infect.
Immun. 59, 3280–3283
30. Stamler, J.S. et al. (1992) Nitric oxide circulates in mammalian plasma primarily as an S-nitroso adduct of
serum albumin. Proc. Natl. Acad. Sci. U. S. A. 89, 7674–7677
31. Weiss, G. et al. (1998) Cerebrospinal fluid levels of biopterin, nitric oxide metabolites, and immune activation markers and the clinical course of human cerebral malaria. J. Infect. Dis. 177, 1064–1068
32. Gyan, B. et al. (2002) Elevated levels of nitric oxide and low levels of haptoglobin are associated with severe malarial anaemia in African children. Acta Trop. 83, 133–140
33. Keller, C.C. et al. (2004) Elevated nitric oxide production in children with malarial anemia: hemozoininduced nitric oxide synthase type 2 transcripts and nitric oxide in blood mononuclear cells. Infect. Immun. 72, 4868–4873
34. Boutlis, C.S. et al. (2003) Nitric oxide production and mononuclear cell nitric oxide synthase activity in
malaria-tolerant Papuan adults. Infect. Immun. 71, 3682–3689
35. Anstey, N.M. et al. (1997) Nitrate levels in malaria. Trans. R. Soc. Trop. Med. Hyg. 91, 238–240
36. Perkins, D.J. et al. (1999) Blood mononuclear cell nitric oxide production and plasma cytokine levels in
healthy Gabonese children with prior mild or severe malaria. Infect. Immun. 67, 4977–4981
37. Chiwakata, C.B. et al. (2000) High levels of inducible nitric oxide synthase mRNA are associated with increased monocyte counts in blood and have a beneficial role in Plasmodium falciparum malaria. Infect.
Immun. 68, 394–399
38. Ascenzi, P. et al. (2004) Question. Do NOS2 promoter polymorphisms protect against malaria? IUBMB
Life 56, 229–230

12

39. Favre, N. et al. (1999) The development of murine cerebral malaria does not require nitric oxide production. Parasitology 118, 135–138
40. Polack, B. et al. (1997) Protective role of platelets in chronic (Balb/C) and acute (CBA/J) Plasmodium
berghei murine malaria. Haemostasis 27, 278–285
41. Grau, G.E. et al. (1993) TNF-induced microvascular pathology: active role for platelets and importance of
the LFA-1/ICAM-1 interaction. Eur. Cytokine Netw. 4, 415–419
42. Yanez, D.M. et al. (1996) Participation of lymphocyte subpopulations in the pathogenesis of experimental
murine cerebral malaria. J. Immunol. 157, 1620–1624
43. van der Heyde, H.C. et al. (2005) Platelet depletion by anti-CD41 (aIIb) mAb injection early but not late in
the course of disease protects against Plasmodium berghei pathogenesis by altering the levels of pathogenic cytokines. Blood 105, 1956–1963
44. Kossodo, S. et al. (1997) Interleukin-10 modulates susceptibility in experimental cerebral malaria. Immunology 91, 536–540
45. Alayash, A.I. (2004) Oxygen therapeutics: can we tame haemoglobin? Nat. Rev. Drug Discov. 3, 152–159
46. Reiter, C.D. et al. (2002) Cell-free hemoglobin limits nitric oxide bioavailability in sickle-cell disease.
Nat. Med. 8, 1383–1389
47. McDevitt, M.A. et al. (2004) The anemia of malaria infection: role of inflammatory cytokines. Curr. Hematol. Rep. 3, 97–106
48. Woodruff, A.W. et al. (1979) Cause of anaemia in malaria. Lancet 1, 1055–1057
49. Saxena, R.K. et al. (2000) A novel nonphagocytic mechanism of erythrocyte destruction involving direct
cell-mediated cytotoxicity. Int. J. Hematol. 71, 227–237
50. Kerger, H. et al. (1996) Systemic and subcutaneous microvascular Po2 dissociation during 4-h hemorrhagic shock in conscious hamsters. Am. J. Physiol. 270, H827–H836
51. Liu, X. et al. (1998) Diffusion-limited reaction of free nitric oxide with erythrocytes. J. Biol. Chem. 273,
18709–18713
52. Rubanyi, G.M. et al. (1986) Superoxide anions and hyperoxia inactivate endothelium-derived relaxing
factor. Am. J. Physiol. 250, H822–H827
53. Beckman, J.S. et al. (1996) Nitric oxide, superoxide, and peroxynitrite: the good, the bad, and ugly. Am. J.
Physiol. 271, C1424–C1437
54. Estevez, A.G. et al. (2002) Nitric oxide and superoxide, a deadly cocktail. Ann. N. Y. Acad. Sci. 962, 207–
211
55. Wagener, F.A. et al. (2003) Different faces of the heme–heme oxygenase system in inflammation. Pharmacol. Rev. 55, 551–571
56. Schofield, L. et al. (1993) Signal transduction in host cells by a glycosylphosphatidylinositol toxin of malaria parasites. J. Exp. Med. 177, 145–153
57. Jaramillo, M. et al. (2004) Hemozoin-inducible proinflammatory events in vivo: potential role in malaria
infection. J. Immunol. 172, 3101–3110
58. Postma, N.S. et al. (1996) Oxidative stress in malaria; implications for prevention and therapy. Pharm.
World Sci. 18, 121–129

13

59. Cai, H. et al. (2000) Endothelial dysfunction in cardiovascular diseases: the role of oxidant stress. Circ.
Res. 87, 840–844
60. Guzik, T.J. et al. (2002) Mechanisms of increased vascular superoxide production in human diabetes
mellitus: role of NAD(P)H oxidase and endothelial nitric oxide synthase. Circulation 105, 1656–1662
61. Aslan, M. et al. (2001) Oxygen radical inhibition of nitric oxidedependent vascular function in sickle cell
disease. Proc. Natl. Acad. Sci. U. S. A. 98, 15215–15220
62. Thomas, S.R. et al. (2003) Oxidative stress and endothelial nitric oxide bioactivity. Antioxid. Redox Signal. 5, 181–194
63. Krotz, F. et al. (2004) Reactive oxygen species: players in the platelet game. Arterioscler. Thromb. Vasc.
Biol. 24, 1988–1996
64. Frey, R.S. et al. (2002) PKCz regulates TNF-a-induced activation of NADPH oxidase in endothelial cells.
Circ. Res. 90, 1012–1019
65. Gu, Y. et al. (2003) p47phox participates in activation of RelA in endothelial cells. J. Biol. Chem. 278,
17210–17217
66. Vorbach, C. et al. (2003) Xanthine oxidoreductase is central to the evolution and function of the innate
immune system. Trends Immunol. 24, 512–517
67. Faivre, B. et al. (1998) Hemoglobin autooxidation/oxidation mechanisms and methemoglobin prevention
or reduction processes in the bloodstream. Literature review and outline of autooxidation reaction. Artif.
Cells Blood Substit. Immobil. Biotechnol. 26, 17–26
68. Thumwood, C.M. et al. (1989) Antioxidants can prevent cerebral malaria in Plasmodium berghei-infected
mice. Br. J. Exp. Pathol. 70, 293–303
69. Hobbs, M.R. et al. (2002) A new NOS2 promoter polymorphism associated with increased nitric oxide
production and protection from severe malaria in Tanzanian and Kenyan children. Lancet 360, 1468–1475
70. Boutlis, C.S. et al. (2004) Nitric oxide production and nitric oxide synthase activity in malaria-exposed
Papua New Guinean children and adults show longitudinal stability and no association with parasitemia.
Infect. Immun. 72, 6932–6938
71. Kremsner, P.G. et al. (1993) Malaria antigen and cytokine-induced production of reactive nitrogen intermediates by murine macrophages: no relevance to the development of experimental cerebral malaria.
Immunology 78, 286–290
72. Taylor-Robinson, A.W. et al. (1993) The role of TH1 and TH2 cells in a rodent malaria infection. Science
260, 1931–1934
73. Jacobs, P. et al. (1995) Nitric oxide expression in the spleen, but not in the liver, correlates with resistance
to blood-stage malaria in mice. J. Immunol. 155, 5306–5313
74. Favre, N. et al. (1999) Parasite killing in murine malaria does not require nitric oxide production. Parasitology 118, 139–143
75. van der Heyde, H.C. et al. (2000) Nitric oxide is neither necessary nor sufficient for resolution of Plasmodium chabaudi malaria in mice. J. Immunol. 165, 3317–3323
76. Gillman, B.M. et al. (2004) Suppression of Plasmodium chabaudi parasitemia is independent of the action of reactive oxygen intermediates and/or nitric oxide. Infect. Immun. 72, 6359–6366

14

77. Amante, F.H. et al. (1997) Prolonged Th1-like response generated by a Plasmodium yoelii-specific T cell
clone allows complete clearance of infection in reconstituted mice. Parasite Immunol. 19, 111–126

15

