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Abstract
Purpose of review—Parasiticidal therapy of severe falciparum malaria improves outcome, but
up to 30% of these patients die despite best therapy. Nitric oxide is protective against severe
disease, and both nitric oxide and arginine (the substrate for nitric oxide synthase) are low in
clinical malaria. Parasitized red blood cell interactions with endothelium are important in the
pathophysiology of malaria. This review describes new information regarding nitric oxide,
arginine, carbon monoxide, and endothelial function in malaria.

Recent findings—Low arginine, low nitric oxide production, and endothelial dysfunction are
common in severe malaria. The degree of hypoargininemia and endothelial dysfunction (measured
by reactive hyperemia peripheral artery tonometry) is proportional to parasite burden and severity
of illness. Plasma arginase (an enzyme that catabolizes arginine) is elevated in severe malaria.
Administering arginine intravenously reverses hypoargininemia and endothelial dysfunction. The
cause(s) of hypoargininemia in malaria is unknown. Carbon monoxide (which shares certain
functional properties with nitric oxide) protects against cerebral malaria in mice.

Summary—Replenishment of arginine and restoration of nitric oxide production in clinical
malaria should diminish parasitized red blood cells adherence to endothelium and reduce the
sequelae of these interactions (e.g., cerebral malaria). Arginine therapy given in addition to
conventional antimalaria treatment may prove to be beneficial in severe malaria.
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Introduction
Malaria causes more deaths worldwide than any other parasitic disease. Plasmodium
falciparum is responsible for severe malaria and an estimated 1.5–2.7 million deaths occur
from malaria each year [1]. The majority of deaths are in African children who are less than
5 years of age, with most of these deaths resulting from cerebral malaria, severe metabolic
acidosis/respiratory distress, or severe anemia [2]. In contrast, severe malaria in adults is
more commonly a multisystem disease characterized by cerebral malaria, metabolic
acidosis, renal failure, pulmonary edema, anemia, hypoglycemia, shock, and jaundice. Host
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protective responses and malaria disease phenotype are influenced by many factors
including age, heterogeneity in parasite virulence, and intensity of malaria transmission.
Host genetic polymorphisms (or mutations) are also important. Despite recent advances in
malaria research (e.g., mapping of the P. falciparum genome and identification of novel
vaccine candidates), we still do not fully understand the mechanism(s) of protection from
clinical malaria.

Many processes contribute to the pathogenesis of severe malaria; interactions of parasitized
red blood cells (pRBCs) with endothelium are especially important. pRBCs adhere to
constitutive and cytokine-inducible receptors on microvascular endothelium resulting in
sequestration and vascular obstruction, impaired perfusion, and tissue hypoxia in critical
organs [3–5]. pRBCs bind by parasite proteins expressed on the surface of RBC to a variety
of endothelial ligands; this causes alteration of endothelium biology and sequestration of
pRBCs. Real time in-vivo imaging in severe falciparum malaria has demonstrated extensive
microvascular obstruction proportional to the severity of disease [6••]. The major
histopathological finding at autopsy in cerebral malaria is sequestration of pRBCs within the
postcapillary venules, associated with widespread ‘activation’ of endothelial receptors [3,4].

Ten to 30% of patients with severe malaria die despite treatment with the best available
antimalarial drugs and supportive care [7,8]. Additional management strategies such as
adjunctive therapies are needed to reduce case-fatality rates in severe malaria.

Nitric oxide, nitric oxide synthase2, and arginine
Nitric oxide and the related species peroxynitrite and nitrosothiols have multiple important
physiologic and pathologic functions. Among these are resistance to tumors and microbes,
regulation of vascular tone and blood pressure, neurotransmission, learning, neurotoxicity,
carcinogenesis, and control of cellular growth and differentiation [9]. Separate genes encode
three forms of nitric oxide synthase (NOS). Inducible NOS (NOS2) is capable of high-level
nitric oxide production. Levels of nitrate and nitrite (the stable oxidized metabolites –
‘NOx’) in plasma and urine are generally valid markers of nitric oxide production in rodents
and humans in a variety of disease states, provided there is adequate control for the potential
confounding effects of dietary nitrate ingestion and nitrate retention in renal impairment
[10,11].

Arginine is the substrate for all forms of NOS and arginase (Fig. 1 Fig. 1). Arginine is
considered an essential amino acid in newborns and infants. In adults, arginine is considered
nonessential, except for conditions of stress such as inflammation and infection. This amino
acid plays many important roles, serving as a critical precursor for synthesis of proteins,
nitric oxide, creatine, proline, citrulline, polyamines, urea, agmatine, and glutamate [12]. In
vivo, arginine derives from exogenous (diet) and endogenous (whole-body protein
degradation and endogenous synthesis from citrulline) sources. In adults, de-novo arginine
synthesis accounts for only 5–15% of endogenous arginine flux. Whole-body protein
turnover probably contributes the most to endogenous arginine flux. The intestine is the net
site of citrulline synthesis (glutamate → citrulline in enterocytes) from which the amino acid
enters the circulation to be taken up by the kidneys. The kidneys are considered to be the
main organ site for net de-novo arginine synthesis as citrulline is converted to arginine.
Arginine is also synthesized in cells actively making nitric oxide via the citrulline-nitric
oxide cycle. Enzymes that convert citrulline to arginine are coinduced by inflammatory
mediators that induce NOS2 [12]. There are multiple routes of arginine entry into the
circulation and multiple routes of arginine disposition and use (see Fig. 1 for details).

Extensive, carefully done studies by Castillo et al. using infusion of heavy isotope-labeled
amino acid substrates to calculate flux rates for arginine [13–17] have demonstrated that
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arginine is conditionally essential in the acute inflammation noted in burnt and septic
patients. In acute inflammation and infection (situations in which dietary supply of arginine
may be low), hypoargininemia may occur because de-novo synthesis does not keep pace
with increased arginine catabolism [13,14,17].

Arginine transport is important because this can regulate intracellular substrate availability,
and control production of nitric oxide by NOS. The cationic amino acid transporters (CAT-1
and CAT-2; the system Y+ amino acid transporters) move arginine, lysine, and ornithine
across membranes in human cells [12]. CAT expression is regulated transcriptionally; it is
coinduced with NOS2 in response to inflammatory stimuli [18]. Cellular production of nitric
oxide by NOS is dependent on extracellular concentrations of arginine and sufficient CAT
activity to transport the arginine to the inside of the cell.

Arginine is a component of the normal human diet. Arginine therapy has been safely used in
humans for decades [19]. Orally supplemented arginine is 30–70% absorbed. In normal
fasting people, peak plasma concentrations appear approximately 2 hours after oral ingestion
of arginine. Intravenous (i.v.) arginine is well tolerated. Arginine has been used routinely as
a diagnostic test in children and adults at doses up to 30μg by i.v. bolus administration to
induce growth hormone secretion (an nitric oxide-mediated process). Arginine has been well
tolerated when given short-term (6–30μg i.v. or orally) and long-term (6–12μg/day orally)
in healthy individuals and in those with cardiovascular disease. Studies of efficacy of
arginine therapy in cardiovascular disease show mixed results, with some reports revealing
no benefit or mild benefit in some, or possible harm in others [19–22].

Arginases
Arginases convert arginine to ornithine and urea and control availability of arginine for
synthesis of nitric oxide, polyamines, agmatine, proline, and glutamate [12]. Arginase I, an
inducible cytosolic enzyme, is very high in hepatocytes and a few other cell types including
RBCs [23]. Arginase II is a mitochondrial enzyme expressed constitutively at low levels,
primarily in macrophages, kidney, brain, and small intestine. Endothelial cells and
macrophages may express both types I and II. Presence of arginase with consequent
consumption of arginine can limit the production of nitric oxide even when high levels of
NOS are present. Arginase expression is increased by IL-4, IL-10, or IL-13. ‘Alternately
activated’ macrophages [24] expressing arginase produce less nitric oxide than do
‘classically activated’ macrophages. Arginase modulates resistance to parasitic diseases such
as schistosomiasis, trypanosomiasis, and leishmaniasis [25]. This resistance may result in
part from depletion of arginine and limitation of nitric oxide production and by increasing
polyamines that enhance parasite growth and differentiation [25]. P. falciparum appears to
express arginase [26], but the relationship of P. falciparum-encoded arginase to the
hypoargininemia noted in clinical malaria [27,28••] is not known. Plasma arginase may be
increased in patients with a variety of conditions associated with RBC hemolysis (e.g.,
sickle cell anemia and malaria), and this can be accompanied by low-arginine levels [28••,
29–31].

Nitric oxide and infections
Nitric oxide mediates host resistance to a wide variety of infectious organisms and kills P.
falciparum in vitro [32–34]. Nitric oxide is anti-inflammatory and beneficial to host survival
in many animal models of infection, including a number of rodent models of malaria.
Although the mechanism of nitric oxide-mediated parasite toxicity remains uncertain [33], a
number of mechanisms for its antidisease effects have been proposed. These include direct
antiparasite effects, decrease in endothelial cell adhesion molecule expression, decrease in
cytokine production, and decrease in adherence of pRBC adherence to endothelial cells.
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Binding of pRBC to endothelium increases endothelial cell adhesion molecule expression
and this in turn increases the RBC binding (Table 1 Table 1). Nitric oxide reduces
endothelial expression of receptors/adhesion molecules [e.g., intracellular adhesion
molecule-1 (ICAM-1) and vascular cell adhesion molecule-1 (VCAM)] used by pRBC to
adhere to vascular endothelium [35], and reduces cytoadherence of pRBC to vascular
endothelium [36]. Nitric oxide is also a potent inhibitor of tumor necrosis factor (TNF)
production and other pro-inflammatory cytokines implicated in malaria immunopathology
[37]. Although nitric oxide has direct antiparasite activity in vitro [34], this has not been
noted in vivo in malaria [38,39].

Many have worked to determine the role of nitric oxide in the pathogenesis of malaria in
humans, by measuring urine and plasma NOx and blood mononuclear cell NOS activity as
guides to NOS activity and nitric oxide production in vivo [11,40–43]. Because ingestion of
nitrate and nitrite can affect plasma and urine NOx levels, investigators have controlled
dietary intake of NOx and corrected for renal insufficiency in their research. In general,
there is an inverse correlation of malaria disease severity with nitric oxide production/NOS2
expression [11,40,42,44]. Gramaglia et al. [38] used a mouse model of experimental cerebral
malaria (ECM) (P. berghei ANKA) to show similar results. They found low nitric oxide and
nitric oxide bioavailability and low-plasma levels of arginine in ECM, and noted partial
rescue/prevention of ECM manifestations by administration of a nitric oxide prodrug. They
also demonstrated that hemoglobin released from RBC scavenged nitric oxide reduced its
bioavailability. Despite marked differences in survival with ECM and low nitric oxide
bioavailability, parasitemia levels did not differ [38]. Hobbs et al. [39] noted in African
children that presence of a NOS2 promoter polymorphism was associated with increased
nitric oxide production and protection from severe malarial anemia, but this polymorphism
was not associated with altered levels of parasitemia.

Plasma arginine concentrations were inversely correlated with disease severity in Tanzanian
children [27] and in Indonesian adults [28••] with malaria. Children with the lowest arginine
levels were those most likely to die [27]. Arginine concentrations improved after antimalaria
chemotherapy [28••]. Hypoargininemia has also been noted in a variety of severe bacterial
infections [45–47,48•]. Some have noted that hypoargininemia correlates strongly with
noninfectious inflammation [48•]. This suggests that infection-associated inflammation
(rather than infection, per se) may be a major cause of hypoargininemia in infections.

Arginine, nitric oxide, and endothelial dysfunction in malaria
Patients with a variety of vascular diseases may have defective endothelial function [49].
Endothelial function (assessed by reactive vasodilation following ischemic stress) is largely
a nitric oxide-mediated process. Yeo et al. [28••] recently reported studies of arginine, nitric
oxide levels, and endothelial function in Indonesian adults with severe malaria (Fig. 2 Fig.
2). They measured endothelial function in patients with moderately severe (MSM) and
severe falciparum malaria, and investigated the effects of arginine infusion on levels of
exhaled nitric oxide and endothelial function in patients with MSM. The reactive hyperemia
peripheral arterial tonometry (RH PAT) index in severe malaria was lower than in MSM, but
there was no significant difference between healthy controls and MSM (Fig. 2). The
proportion of patients with impaired endothelial function was significantly higher in severe
malaria than in MSM. Endothelial dysfunction was associated with increased blood lactate
and measures of hemolysis [plasma hemoglobin, Lactate dehydrogenase (LDH), and
arginase]. Plasma levels of soluble ICAM-1, E-selectin, and parasite histidine-rich protein 2
(HRP2, an indicator of total parasite biomass) were significantly higher in patients with
severe disease. Exhaled nitric oxide was significantly lower in severe malaria relative to
MSM and controls. RH PAT was negatively correlated with parasite load (plasma HRP2),
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lactate concentration, LDH, plasma arginase, and soluble ICAM-1. Arginine administration
significantly increased RH PAT index and exhaled nitric oxide. The investigators concluded
that endothelial dysfunction in malaria is near-universal in severe disease, is reversible with
arginine administration, that hypoargininemia and hemolysis in severe malaria likely reduce
nitric oxide bioavailability [28••], and that arginine infusion is safe in adults with MSM
[50•]. The relative values of some of the variables noted in Indonesian adults with malaria
are displayed in Figure 3 Figure 3.

Arginine levels in severe malaria are very low [27,28••] – below the Km for arginine
transport into cells by the CAT indicating that adequate amounts of arginine would not
likely be available for nitric oxide synthesis by NOS intracellularly. When this occurs, NOS
generates superoxide instead of nitric oxide [51], adding to the degree of oxidant stress.
With arginine infusion, arginine levels rose to above normal levels after a single arginine
infusion [28••]. The half-life of infused arginine was 15μmin in patients with MSM and
severe malaria (T.W. Yeo, S.B. Duffull, D.A. Lampah, et al., in preparation), considerably
shorter than the 40–60μmin noted in healthy people [52]. After treatment with i.v. quinine
or artensuate, arginine levels and endothelial function recovered [53]. Patients with high
baseline arginase activity had slower recovery of arginine levels.

As noted above, patients with malaria have ‘activated endothelium’ as judged by increased
adhesiveness and expression of cell adhesion molecules [3–5]. pRBCs can induce tissue
factor expression in endothelial cells in vitro, and brain vessels from children who die with
cerebral malaria have overexpression of tissue factor [54•,55] (for review). Tissue factor is a
critical initiator of coagulation in vivo. With the pRBCs endothelial cell interaction, there is
an increased tissue factor expression, assembly of an extrinsic factor Xase complex on cell
surfaces, and initiation of the coagulation cascade [54•,55]. Both nitric oxide and carbon
monoxide can inhibit expression of tissue factor and coagulation/thrombosis [56•,57–59].

Arginine, nitric oxide, and endothelial dysfunction in sickle cell disease
Malaria and sickle cell disease have similar pathophysiologies. These include altered RBC
undergoing hemolysis, and altered RBC binding to endothelial cells resulting in interference
with blood flow. Hemolysis caused by a variety of conditions (e.g., sickle cell disease,
paroxysmal nocturnal hemoglobinuria, and malaria) is associated with release of RBC
cytoplasmic contents such as hemoglobin, lactate dehydrogenase, and arginase into the
plasma [31]. Plasma free hemoglobin reduces nitric oxide bioavailability as it binds nitric
oxide and quenches/scavenges its bioactivity [60]. Plasma arginase diminishes arginine
levels, and thus may reduce production of nitric oxide [61]. In sickle cell disease, this
reduction in nitric oxide bioavailability likely contributes to sickle cell disease-associated
pulmonary hypertension, and the relative nitric oxide deficiency state may contribute to
mortality [62]. Arginine therapy corrects the hypoargininemia and impaired nitric oxide
production found in patients with sickle cell vaso occlusive syndrome [29], a syndrome with
endothelial dysfunction, impaired nitric oxide production, and low plasma arginine levels
similar to malaria [30,63•,64•]. Also, arginine reduces the pulmonary hypertension in
patients with sickle cell disease [65]. Whether arginine is beneficial in other settings such as
sepsis and multiorgan failure is still an open question [66,67].

Heme oxygenase, carbon monoxide, nitric oxide synthase, nitric oxide, and
malaria

Hemolysis associated with malaria results in release of hemoglobin, and oxidation of the
hemoglobin generates free heme. Pamplona et al. [68••] reported that heme oxygenase-1
prevents the development of experimental cerebral malaria in mice. Heme oxygenase
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degrades heme to carbon monoxide, iron, and biliverdin (which is rapidly converted to
bilirubin). Certain mice infected with P. berghei ANKA upregulated heme oxygenase-1
expression and activity and did not develop ECM. However, deletion of the heme
oxygenase-1 gene or inhibition of heme oxygenase activity increased ECM incidence.
Inducing increased expression of heme oxygenase-1 or administration of carbon monoxide
protected against cerebral malaria. Heme oxygenase-1 expression induction or carbon
monoxide administration prevented blood brain barrier disruption, brain microvasculature
congestion, neuroinflammation, and reduced overall death, but it did not alter parasitemia
levels. Carbon monoxide toxicity could limit the utility of its administration as a treatment.
They concluded that carbon monoxide likely binds to ferrous iron in hemoglobin and
prevents release of heme, a key molecule in cerebral malaria pathogenesis [68••].

Carbon monoxide has many biological actions similar to nitric oxide (Table 1). These
include modulation of vessel and bronhcial dilation, smooth muscle cell proliferation,
neurotransmission, apoptosis, inflammation, platelet aggregation, tissue factor expression,
and thrombosis [56•,57–59,69]. In addition to their individual abilities to protect against
cerebral malaria, nitric oxide and carbon monoxide (and NOS and heme oxygenase) may
interact to decrease malaria severity. Nitric oxide potently induces heme oxygenase-1
expression [70], and thus leads to generation of more carbon monoxide as heme is degraded.
Carbon monoxide diminishes heme liberation from hemoglobin. Furthermore, carbon
monoxide binding to hemoglobin reduces hemoglobin’s nitric oxide quenching ability, thus
increasing nitric oxide bioavailability.

Conclusion
Hypoargininemia is seen in almost all patients with severe malaria, but its precise cause is
not known. Endothelial dysfunction is very common in severe malaria, and it likely
contributes to the pathophysiology of malaria disease. We do not know if children with
severe malaria have endothelial dysfunction comparable to that noted in adults, and we do
not known if arginine administration would benefit adults or children with malaria. As many
with severe malaria die despite appropriate treatment with parasiticidal therapy, there is a
great need for new or adjunctive therapy. Treatments to correct endothelial dysfunction in
severe malaria may prove to be beneficial. Further study of arginine therapy as a possible
adjunct to treatment of severe malaria is needed.
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Figure 1.
Arginine production, destruction, and utilization in health. gr1
Arginine is provided by oral intake, synthesis from citrulline, and protein degradation.
Disposition of arginine is through the urea cycle and certain anabolic pathways, as well as
by actions of arginases and nitric oxide synthases (NOS). Arginases convert arginine to
ornithine and urea, whereas NOS convert arginine to nitric oxide (NO) and citrulline. Only
1% of arginine is converted to NO. Under homeostatic conditions in the fed state, arginine
flux is approximately 65μmol/kg/h. In patients with acute inflammation, flux studies show
that total arginine flux nearly doubles. Dietary sources become markedly reduced, and de-
novo synthesis falls slightly. Arginine utilization for the urea cycle remains essentially
unchanged, and the rate of arginine oxidation increases significantly. There is much demand
for arginine via anabolic pathways for tissue repair (e.g., new protein synthesis and proline
for collagen synthesis). Thus, maintenance of plasma arginine levels in the normal range
requires a large influx of arginine from protein breakdown. If this supply route cannot match
catabolic and anabolic consumption, plasma arginine levels fall. Low plasma arginine
concentration may limit nitric oxide synthesis. The relatively high Km (~ 110 μmol/l) for
enzyme (cationic amino acid transporter) transport of arginine into cells indicates that the
low extracellular arginine levels noted in malaria would result in intracellular arginine levels
too low for efficient nitric oxide production in NOS-bearing cells. Accordingly, studies on
arginine balance in adults and children with acute inflammation show that though arginine
may be a dispensable amino acid in health during fasting, it becomes an indispensable amino
acid during disease. Thus, arginine supplementation may be necessary in certain disease
states such as acute inflammation or infection.
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Figure 2.
Malaria and (a) reactive hyperemia peripheral artery tonometry index (b) plasma arginine,
and (c) exhaled nitric oxide gr2
(a) Reactive hyperemia peripheral artery tonometry (RH PAT) is different among
Indonesian normal adults (HC), those with moderately severe malaria (MSM), and those
with severe malaria (P < 0.0001). Over 50% of RH PAT is determined by endothelial nitric
oxide (NO) production. The horizontal line at 1.67 is the lowest value considered normal.
RH PAT is a measure of endothelial function. (b) Plasma arginine is different among the
groups (P < 0.0001). (c) Exhaled NO at enrollment is different among the groups (P =
0.049). The boxes with horizontal line represent the interquartile range and the median, and
the whiskers show the full range. These figures are from work of Yeo et al. [28••].
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Figure 3.
Relationships of malaria disease severity to nitric oxide, endothelial function, and clinical
parameters in Indonesian adults gr3
Indonesian adults were evaluated for parasitemia, plasma arginine, plasma arginase, plasma
lactate, reactive hyperemia peripheral artery tonometry (RH PAT), and exhaled nitric oxide
(NO) levels on presentation to the hospital. Healthy control adults (HC), those with
moderately severe malaria (MSM), and those with severe malaria (SM) were assessed. The
units of measure in this figure were normalized for purposes of presentation clarity; the
measures do not represent the actual absolute values for the different parameters. With
increasing malaria disease severity, there were progressive increases in parasitemia,
arginase, and lactate (left panel) fx1 Arginase; fx2 lactate; fx3 parasitemia. However, with
increasing disease severity, plasma arginine, RH PAT, and exhaled NO generally decreased
(right panel) fx1 Arginine; fx2 RH PAT; fx3 exhaled NO. This figure was constructed from
data from Yeo et al. [28••].
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Table 1

Nitric oxide and carbon monoxide functions relevant to malaria

Stimulus or agent Action

Parasitized RBC binding to endothelial cells: ↑ EC CAM expression

↑ Pro-inflammatory cytokine expression

↑ EC procoagulant expression

Nitric oxide: ↓ EC CAM expression

↓ Pro-inflammatory cytokine expression

↓ EC binding of parasitized RBC

↑ Vasodilation

↓ EC procoagulant expression

↓ Platelet aggregation

↓ Thrombosis

↓ Apoptosis

Carbon monoxide: ↓ EC CAM expression

↓ Pro-inflammatory cytokine expression

↑ Vasodilation

↓ EC procoagulant expression

↓ Platelet aggregation

↓ Thrombosis

↓ Heme release from hemoglobin

↓ NO binding by CO-hemoglobin

↓ NO bioavailability

↓ Apoptosis

The up arrow indicates ‘increases’ or ‘increased,’ and the down arrow indicates ‘decreases’ or ‘decreased’.

CAM, cell adhesion molecule; CO, carbon monoxide; EC, endothelial cell; NO, nitric oxide; RBC, red blood cells
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