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Abstract 

The pathogenesis of severe Plasmodium falciparum disease is still not clearly understood, 

however reduction in tissue oxygen delivery and vascular flow due to parasite sequestration in 

the blood vessels of the microcirculation is thought to play a major role. Sequestration is a result 

of increased expression of endothelium adhesion receptors during P. falciparum infection which 

bind to ligands expressed on the surface of parasitized erythrocytes.  

Previous clinical studies in malaria have demonstrated a global reduction in nitric oxide 

production proportional to disease severity, but not at the organ level. Vascular nitric oxide (NO) 

bioavailability or endothelial function has a major role in physiological homeostasis by reducing 

vasoconstrictor and inflammatory activity. Reduced endothelial NO bioavailability in malaria 

may increase adhesion receptor expression and parasite binding. In diseases with increased 

intravascular haemolysis, increased plasma or cell-free haemoglobin released during erythrocyte 

rupture, quenches and reduce vascular NO bioavailability. The possible contribution of these two 

mechanisms in the pathogenesis of severe malaria has not been previously assessed in clinical 

studies. 

We measured endothelial function using a finger plethysmography method in adults in Papua, 

Indonesia with severe and moderately severe P. falciparum malaria as well as healthy 

individuals. Endothelial function decreased with increasing disease severity, and was inversely 

associated with markers of disease severity including blood lactate concentrations, plasma 

intercellular adhesion molecule-1 (ICAM-1), and parasite biomass. There was also a significant 

association between markers of haemolysis and endothelial dysfunction, suggesting NO 

quenching by cell-free haemoglobin. 
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Decreased plasma levels of L-arginine, the precursor of NO, has been described and 

hypothesized to impair cellular NO production. We conducted an ascending dose study of up to 

12 grams of intravenous L-arginine in adults with moderately severe malaria and demonstrated a 

significant dose-related increase in endothelial function with no clinically significant adverse 

effects. Using a population approach, a pharmacokinetic model was developed and used to 

simulate the concentration time profile for various dose ranges of L-arginine. 

Based on the findings detailed in this thesis, a phase 2A study using a continuous infusion of L-

arginine is being conducted to assess its potential role as an adjunctive agent in adults with 

severe malaria. 
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1. Introduction and Scope of the Thesis 

 

Malaria is a disease of global importance mostly affecting people living in tropical areas of the 

world. The worldwide burden of malaria is enormous and annually there are estimated to be over 

500 million clinical cases resulting in 1-3 million deaths (1).  

The use of the recently rediscovered arteminisin derivatives as anti-malarial drugs has been the 

only recent significant advance in the treatment of severe malaria. But even with the use of 

intravenous artesunate, currently the most rapid parasiticidal drug available, the mortality rate is 

15-30% (2). To improve the prognosis requires understanding of the pathogenic mechanisms of 

severe malaria, and identification of targets for development of adjunctive therapies. 

Previous studies of human Plasmodium falciparum malaria demonstrated an association between 

impaired systemic nitric oxide (NO) production and increasing disease severity (3). A limitation 

of the earlier studies was reliance on measurement of NO metabolites and nitric oxide synthase 

(NOS) expression in the circulating mononuclear cells rather than NO production by specific 

organs such as the endothelium, which have unique roles in malarial pathogenesis. Several 

malarial researchers have postulated that while there may be impaired systemic NO production, 

increased local release of NO may be responsible for certain clinical features observed in severe 

malaria (4).  

Microcirculatory obstruction plays a major role in the pathogenesis of malaria and occurs when 

erythrocytes parasitized with P. falciparum bind to specific endothelial receptors (5, 6). Potential 

consequences of a decrease in endothelial cell NO bioavailability include an increase in 

endothelial adhesion receptor expression, increased sequestration of parasitized red cells and 
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inflammatory cells, increased production of reactive oxygen species, in addition to an 

impairment of vasomotor regulation and a decrease in anti-thrombotic properties (7). Endothelial 

NO bioavailability can be measured clinically by the capacity of blood vessels to regulate 

vasomotor tone in response to the metabolic demands of the tissues they supply (8). This is 

achieved by measuring endothelial function, defined by vascular biologists as the ability of blood 

vessels to dilate in response to an ischemic stress or pharmacological stimuli (9). Various clinical 

methods to measure endothelial function are available, however prior to the studies reported in 

this thesis there has been no study conducted in patients with malaria. Results from these studies 

could elucidate the role of NO production by host endothelium in the pathogenesis of malaria.  

Recently, sickle cell disease (SCD) patients with increased intravascular haemolysis of 

erythrocytes have been found to have endothelial dysfunction (10). In SCD, the mechanism for 

reduced vascular function is increased NO quenching by cell-free haemoglobin released during 

erythrocyte rupture (11). Increased intravascular haemolysis is a clinical complication of malaria 

but the effect on vascular function has not been described in human studies. 

Exhaled NO concentrations is a specific measure of pulmonary NO production and can be 

measured at the bedside (12). An important clinical manifestation of severe malaria in adults is 

acute lung injury thought to be a result of increased capillary permeability of the pulmonary 

vessels. The role of NO in pulmonary inflammation in malaria has not been studied previously. 

A major purpose of this thesis was to measure endothelial function and exhaled NO 

concentrations in vivo and in real time in patients with malaria, giving us a measure of organ-

specific bioavailability. Measurement of exhaled NO also gave us the opportunity to address its 

potential role in pulmonary complications of severe malaria.  
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In African children and Asian adults with severe malaria, plasma concentrations of L-arginine 

the substrate for NO production are significantly reduced, although it is still unclear whether this 

is the result of decreased production or increased utilization (13). Hypoargininaemia may be a 

possible aetiology for the decrease in global NO production, and increasing L-arginine 

concentrations may improve NO bioavailability. Measurement of endothelial function and 

exhaled NO before and after infusion of L-arginine allows us to demonstrate the effectiveness of 

L-arginine in restoring NO production. Another important consideration in the planned use of L-

arginine as a possible adjunctive agent is whether its use would have clinically important adverse 

effects. While patients with severe malaria would be those that will require adjunctive therapy, 

the lack of clinical data compelled us to examine the effects of L-arginine in patients with 

moderately severe disease prior to using it in the eventual target group. 

Previous studies detailing the pharmacokinetics of L-arginine have mainly relied on results 

obtained after  infusion in healthy volunteers, which may differ from patients with acute 

inflammatory conditions (14). If L-arginine is efficacious in improving NO bioavailability in the 

vascular and pulmonary systems, development of a model of the concentration time profile of L-

arginine in P. falciparum infection after exogenous infusion would be important to help choose 

the best dosing regimen for future studies. The pharmacokinetic model could be used to simulate 

the concentration time profiles of different dosing regimens, and select the dose and schedule 

most likely to improve vascular function with the least potential for adverse effects in future 

studies.  

In summary, the scope of this thesis was to answer the following questions: Is endothelial 

function impaired in falciparum malaria, and is there greater endothelial dysfunction and 
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impairment of pulmonary NO production in patients with severe malaria compared with 

uncomplicated disease and healthy individuals?  If endothelial function is impaired, what 

possible mechanisms could be responsible? If endothelial dysfunction is found in malaria, would 

L-arginine be safe and effective in treating this?   

1.1 Aim of the Thesis 

 

The primary aims of this thesis were to 1) measure NO bioavailability in the vascular and 

pulmonary systems in patients with varying degrees of malarial severity as well as healthy 

controls and 2) assess if L-arginine could safely improve NO production in patients with 

moderately severe malaria. 

The following aims and hypotheses were evaluated in this present thesis 

Aim 1: To evaluate NO bioavailability in vivo in adult patients with malaria by measuring 

endothelial function and exhaled NO concentration in adults with P. falciparum infections. 

Hypothesis 1: Endothelial function and pulmonary NO concentrations will be decreased in P. 

falciparum infection in proportion to disease severity. 

Aim 2: To evaluate the role of intravascular haemolysis and NO quenching on endothelial 

function in malaria. 

Hypothesis 2: Increased intravascular haemolysis will result in a decrease in endothelial 

function/ vascular NO bioavailability in malaria. 

Aim 3: To describe the time course of endothelial function in P. falciparum infection and the 

association with plasma L-arginine concentrations and blood lactate. 
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Hypothesis 3: Endothelial function will improve in parallel with clinical recovery and will be 

associated with an increase in plasma L-arginine concentrations and decreasing blood lactate 

concentrations. 

Aim 4: To determine the safety and efficacy of L-arginine in increasing NO bioavailability as 

measured by bedside in vivo measurements of endothelial function and pulmonary NO 

concentrations. 

Hypothesis 4: L-arginine infusion will increase endothelial function and pulmonary NO 

concentration without clinically significant adverse effects. 

Aim 5: To develop a pharmacokinetic model which to determine the dose schedule of L-arginine 

for future studies in patients with severe malaria. 

Chapter 2 summarizes the clinical characteristics, pathogenesis and immunology of malaria 

resulting from P. falciparum infection. Chapter 3 describes the roles of L-arginine, NO and 

intravascular haemolysis in endothelial physiology. Chapter 4 reviews the role of NO in the 

immune system and inflammatory response as well as its role in the pathophysiology and 

immunology of malarial disease. Chapter 5 includes the background, results and implications of 

the malaria-endothelial function study conducted in Timika which is the core of the thesis. A 

published paper describing the methodology and results of the study is included. Chapters 6, 7 

and 8 comprise “in press” and submitted manuscripts which describe the longitudinal course of 

endothelial function in malaria, the safety profile of L-arginine infusion in moderately severe 

malaria and the development of a pharmacokinetic model. In chapter 9, I will explore the 

potential benefits of targeting the endothelium for adjunctive therapy in the treatment of severe 

malaria.  
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2. Introduction I. Malaria 

 

Malaria, tuberculosis, pneumonia and the acquired immune deficiency syndrome (AIDS) are the 

infectious diseases responsible for the majority of deaths from infections globally. The 

distribution of tuberculosis and HIV are global, however malaria is predominantly restricted to 

tropical regions of Africa, Asia and South America where an estimated 2-3 billion people are at 

risk of being infected with the parasite (1, 15, 16). Annually, malaria results in over 500 million 

clinical cases and 1-3 million deaths (1, 15). In the late 1990s, a report from the World Health 

Organization (WHO) estimated 90% of the global malaria burden was in Africa with young 

children being the most affected segment of the population (17). However, recent studies show 

the WHO may have underestimated the impact of malaria in South and South East Asia which 

have significantly larger populations than Africa (1). These new studies estimate that the 

majority of falciparum malaria is still in Africa (75%), however the burden in Asia (25%) is 

currently much larger than previously reported (1).  

Malaria as a clinical syndrome has been recognized for at least 2-3 millennia with descriptions 

from ancient Chinese and Indian historical accounts. The discovery of the parasitic aetiology of 

malaria was made more than 120 years ago after being observed microscopically by the French 

physician Laveran. Malaria is the result of an infection with the intracellular protozoa of the 

genus Plasmodium, family Plasmodiidae, suborder Haemosporidiidae, and order Coccidia. There 

are about 120 species of Plasmodium but only five have been reported to cause human disease; 

Infection with Plasmodium falciparum, Plasmodium vivax, Plasmodium malariae, Plasmodium 

ovale have been well described, but Plasmodium knowlesi is a recently recognized human 

pathogen (18). P. falciparum is from the subgenus Laverania while the other species belong to 
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the subgenus Plasmodium. Although P. vivax is now reported to cause major morbidity and 

mortality (19), P. falciparum infection causes the majority of severe clinical disease. However, a 

recent study has also documented fatal outcomes in a small number of individuals infected with 

P. knowlesi (20). Researchers speculate the pathogenicity of P. falciparum could be due to its 

evolutionary immaturity compared to the other Plasmodium species. It has only been infecting  

humans for an estimated 10,000 years and is thought to have originated from an avian malaria to 

which it is most closely related (21, 22).  

2.1 The Life Cycle of Plasmodium falciparum  

 

The delineation of the complex lifecycle of Plasmodium parasites in humans or other hosts and 

mosquitoes was made by Ross and Grassi about 100 years ago. The malaria parasite requires two 

hosts to complete its life cycle, the female anopheline mosquito and humans. It undergoes two 

asexual divisions, schizogony in the human host and sporogony in the mosquito. Sexual 

development occurs in the mosquito, the definitive hosts, while humans are the intermediate 

hosts. The human cycle begins when female mosquitoes with Plasmodium sporozoites in their 

salivary glands inject these into the hosts while obtaining a blood meal (23). An estimated 20 

sporozoites (24) are injected which can either invade hepatocyte cells of the liver within minutes 

or remain in the blood for 30-60 minutes. Sporozoites measure 10-15 µm in length; 1µm in 

diameter with the anterior end containing circumsporozoite protein (CSP) and thrombospondin-

related adhesive protein (TRAP), both needed for entry into liver cells (25, 26). Entry of the 

sporozoite into the hepatocyte is followed by development of a parasitophorous vacuole, 

followed by primary schizogony and division into 30 000 to 50 000 merozoites in 5-7days. 

Schizont rupture releases merozoites into the parasitophorous vacuole and hepatocyte cytoplasm 
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causing disruption of the hepatic cell plasma membrane. The merozoites then escape into the 

liver sinusoids; some of these being ingested by Kupffer cells while others proceed to invade 

erythrocytes within 15 minutes of release from the liver. 

Erythrocyte invasion requires merozoite ligands such as merozoite surface proteins (MSP), 

erythrocyte binding antigen 175 (EBA 175) (27) and the apical membrane antigen-1 (AMA-1) 

(28) interacting with the red cell membrane. Entry into the erythrocyte is followed by 

development of another parasitophorous vacuole; within the next 24-48 hours the intra-

erythrocytic merozoite differentiates into a trophozoite followed by schizont development with 

multiple merozoites. During this time the parasite is ingesting the contents of the erythrocyte 

cytoplasm including haemoglobin, with the toxic iron-containing components of haemoglobin 

requiring degradation into crystalline inert haemozoin (29). Eventually, the schizont ruptures 

with destruction of the erythrocyte and the release of 6-40 merozoites which go on to invade 

other erythrocytes. The cycle continues with parasites increasing logarithmically by tenfold per 

cycle unless interrupted by anti-malarial treatment (30). After several cycles, a small number of 

merozoites develop into the sexual stage called gametocytes which are ingested by the female 

anopheline mosquito during the course of their feeding. Within the gut of the mosquito, the 

gametocytes develop into male and female gametes. The male gamete proceeds to fuse with the 

female gamete to form a zygote which then proceeds through a series of steps from ookinete to 

oocyst and finally to sporozoites which are injected into the human hosts to complete the life 

cycle. 
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2.2 Clinical Presentation of Malaria 

 

The clinical presentation of malaria depends on complex interactions between the parasite and 

human hosts. Parasite factors such as the infecting species and strain, and host factors including 

genetic, immunological and nutritional status, and previous or current anti-malarial treatment 

interact and influence the final outcome.  

Uncomplicated malaria presents as a non-specific febrile illness with no defining clinical features 

to differentiate it from other acute infectious processes (31), although classical accounts give 

detailed accounts of febrile paroxysms at regular intervals, and suggest that it is possible to 

differentiate malaria from other infections based on these symptoms. In these accounts, P. 

falciparum, P. vivax and P. ovale had 48 hour intervals while P. malariae had 72 hour cycles. 

However, these time periods were mostly documented when inoculation with Plasmodium was 

used as a therapy for syphilis. Clinical situations where one may observe the classical 

presentation is with ineffective or delayed treatment which results in a synchronised infection 

with large number of infected erythrocytes. In natural infections and with earlier treatment this 

rarely happens in the modern era (31). 

The clinical manifestations of severe malaria and the specific age groups affected differ between 

geographic regions depending on the endemicity and transmission intensity found. Endemic 

areas with stable transmission result in severe disease occurring mainly in young children aged 

from 1-3 years, who usually present with a history of fever with central nervous system 

manifestations, tachypnoea and/or a hyperdynamic circulation due to anaemia (32-34). 

Neurological presentations take the form of generalized or focal seizures, a decrease in muscle 

tone and impaired consciousness. Physical examination may reveal signs suggestive of brainstem 
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dysfunction such as abnormal corneal and pupillary reflexes, dysconjugate gaze and retinal 

changes (35). Several documented signs in the retina such as whitening and vessel abnormalities 

appear to be specific for malaria in this age group, but require specialized ophthalmic equipment 

and training (36). Examination of the lungs is usually normal unless there is a secondary 

bacterial pneumonia. The common biochemical abnormalities are metabolic acidosis, 

hypoglycaemia and anaemia.  

In areas such as South East Asia with unstable transmission, individuals of all ages can present 

with severe disease. In contrast to young children, adults present with features of multi-systemic 

involvement, including cerebral malaria, pulmonary oedema, jaundice, acute renal failure, 

blackwater fever and haemostatic abnormalities (35, 37). Cerebral malaria in adults can have a 

similar presentation to children, although there may be some subtle differences (37). Seizures 

affect up to 50% of children (32) but only approximately 15% of adults (2). Brainstem signs may 

also differ between the different age groups with occulomotor abnormalities observed in adults 

and corneal/pupillary signs in children. Post-malarial neurological syndromes including 

hemiparesis, cortical blindness, tremor and cerebellar dysfunction are also less frequent in adults 

(5%) than children (10-20%) (37-39). Cerebrospinal fluid is either normal or has a mild 

lymphocytic pleocytosis, while cerebral CT scans and MRI rarely demonstrate abnormalities 

such as oedema (40, 41). Of clinical importance is the need to exclude hypoglycaemia presenting 

with cerebral symptoms (42). 

 Pulmonary oedema in malaria presents with hyperventilation and increased interstitial markings 

on chest radiograph with normal central venous and pulmonary wedge pressures (43, 44). These 

findings suggest the aetiology is increased permeability of the alveolar blood vessels with fluid 
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leaking into the alveoli similar to acute respiratory distress syndrome seen in other diseases (45, 

46). Pulmonary oedema can be confused with metabolic acidosis which presents with 

tachypnoea, increased inspiratory effort and a normal lung examination. Acute renal failure 

commonly presents with oliguria, elevated blood creatinine and urea on admission or during the 

course of the disease (47). Patients with jaundice have scleral icterus and an elevated total 

bilirubin, but rarely progress to frank hepatic failure. Liver transaminases are 2-3 times above 

normal and do not reach the levels seen with viral hepatitis (48). 

The case-fatality in cerebral malaria is 10-30% (49) in adults and 10-40% (32, 33) in children but 

varies widely from study to study. Clinical indicators of a bad prognosis include hyperventilation 

and hypotension with signs of impaired perfusion. Biochemical indicators include 

hypoglycaemia (blood glucose <2.2 µmol/L), hyperlactatemia (lactate >5 mmol/L), acidosis (pH 

<7.3 or bicarbonate<15 mEq/L), raised serum creatinine (creatinine >265 µmol/L), 

hyperbilirubinemia (total bilirubin >50 µmol/L), elevated liver enzymes (sGOT or sGPT >3 

times upper limit of normal) and raised muscle enzymes (50). A peripheral parasite count >4% in 

adults (51) and the presence of mature forms such as schizonts or trophozoites on microscopy 

also reflect a poorer prognosis (52). 

2.3 Pathogenesis of Severe Malaria 

 

Severe malaria is the result of several diverse pathogenic mechanisms although the actual 

process is still not fully understood. These include microcirculatory obstruction from 

cytoadherence and sequestration of parasitised red cells to the endothelium, a dysregulated host 

immune response to the parasite, and anaemia resulting from erythrocyte destruction with 
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impaired production (53-55). All these processes are thought to contribute to cellular damage and 

organ dysfunction during severe malaria. 

Increased levels of pro-inflammatory mediators have been linked to malaria 'toxins' released 

during rupture of the infected red blood cells and the recognition and response to these by host 

innate immune receptors (56). Currently the candidate toxin subject to the most research is P. 

falciparum glycosylphosphatidylinositol (GPI), a glycoprotein which functions to link parasite 

proteins to the host erythrocyte membrane (57, 58). An evolutionary ancient group of pattern 

recognition receptors which have a major role in innate immunity are the Toll-like receptors 

(TLRs), which have been the subject of intense research in the last decade. These play a major 

role in the recognition of bacterial and viral antigens and there is increasing evidence that 

different TLR signalling pathways could influence the host adaptive immune response (59). 

Pathogen associated molecular patterns (PAMPs), common examples which include the 

lipopolysaccharide and peptidoglycan cell wall components of gram negative and gram positive 

bacteria, activate and signal via various TLRs. The best described signalling pathway results in 

the translocation of the nuclear transcription factor NF-κB and subsequent generation of a pro-

inflammatory response (60). The immune phenotype seen is one with increased production of 

pro-inflammatory cytokines such as tumor necrosis factor (TNF), interleukin-1 (IL-1) and IL-12, 

and enhanced expression of vascular adhesion molecules on endothelial cells (60).  

Trypanosoma cruzi, the protozoa which causes Chagas Disease was the first parasite described to 

activate TLR2 in vitro and in vivo via GPI (61), subsequently, P. falciparum GPI was also found 

to signal via TLR2 and TLR4 in vitro (62). In addition, other studies have also demonstrated  P. 

falciparum haemozoin is also able to activate TLR9 alone (63) or together with parasite DNA 
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(64, 65). However conflicting results have been obtained from in vivo animal studies using gene 

knockouts which show TLRs to be both essential (66) as well as not necessary for the 

development of murine cerebral malaria (67). Clinical studies in African populations have shown 

that certain polymorphisms in TLR4 and TLR9 increase the risk of progression to severe disease 

and severe anaemia in children, while in pregnant women with malaria they are associated with 

increased risk of low birth weight (68, 69). In contrast, a polymorphism in an adaptor molecule 

on the TLR signalling pathway which decreased TLR2 signalling has been associated with 

increased protection against malaria (70).  

Production of pro-inflammatory cytokines such as TNF and lymphotoxin alpha (LTα) via TLR 

mediated signalling pathways have been reported from cells of the macrophage-monocyte 

lineage as well as endothelial cells. These cytokines cause fever and other symptoms, and have 

been hypothesized to have deleterious effects at a cellular level (4). Studies in African children 

and Asian adults have demonstrated increased TNF concentrations being associated with 

increasing disease severity and worsening prognosis (71-73). Additional evidence comes from 

genetic studies in Africa, where children with the (308A) TNF2 allele with increased production 

of TNF had a 7 fold increased risk for death (74). A separate polymorphism in the same region 

increased the risk by 4 fold (75), although these studies have not been universally replicated. In 

vivo animal studies also suggest that LTα may also play role in cerebral malaria (76, 77) and 

while its role in human malaria remains to be clarified, clinical studies have shown an increase in 

individuals with malaria (78). 

Several authors have also postulated that an imbalance between proinflammatory and anti-

inflammatory cytokines may be another mechanism which could contribute to severe malaria 
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(77, 79). In animal studies, increased production of anti-inflammatory cytokines such as 

interleukin-10 (IL-10) and transforming growth factor beta (TGF-β) are associated with 

protection from experimental cerebral malaria (80, 81). In African children and Asian adults, 

levels of the anti-inflammatory cytokine IL-10 (3, 82) were increased in malaria, but the ratio of 

pro-inflammatory cytokines (TNF and IL-6) to IL-10 was still higher in severe compared to 

uncomplicated malaria (73, 83).  

Malarial anaemia is a major clinical syndrome of severe malaria in children and the precise 

aetiology is still unclear (84, 85). The anaemia is associated with acute intravascular haemolysis, 

splenic clearance and destruction of infected and uninfected erythrocytes. However, in many 

cases the degree of anaemia cannot be explained by these processes alone. Dyserythropoiesis, an 

inability to produce an adequate erythroid response due to cytokine mediated bone marrow 

effects, may also be another contributing cause of severe malarial anaemia. Recent studies in 

Malawian children demonstrated the multifactorial causes of severe anaemia associated with 

malaria (86). 

The vascular endothelium is a key organ in severe malaria interacting with the above-mentioned 

pathogenic processes. For example, TNF and IL-1 both increase expression of endothelial 

adhesion receptors leading to more parasite cytoadherence, sequestration and microcirculatory 

obstruction (53, 87). The central role of the endothelium and microcirculation in the 

pathogenesis of malaria will be elaborated on in the next section. 

In summary, severe malaria results from a complex relationship between parasite factors and the 

human host response. These result in elevated pro-inflammatory cytokine concentrations with 

cellular damage and endothelial activation, which increase parasite cytoadherence and 
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microvascular obstruction. Increased erythrocyte destruction and impaired red cell production 

result in anaemia. These effects combine to reduce oxygen delivery, resulting in metabolic 

acidosis and organ damage secondary to tissue hypoxia. 

2.4 The Endothelium and Microcirculation in the Pathogenesis of Malaria 

 

More than a century ago, the Italian pathologists Marchiafava and Bignami described the 

presence of parasitized erythrocytes in the blood vessels of autopsy specimens (88). The role of 

the endothelium in the pathogenesis of severe malaria has since been the subject of much 

research and continues to interest malariologists. 

Currently, much is now known about the molecular and cellular processes that lead to interaction 

between P. falciparum and the host endothelium. Intra-erythrocytic merozoites escape 

destruction by the spleen in the second half of its life cycle when infected red blood cells bind 

and sequester to endothelial cells within the microvasculature. The parasite protein P. falciparum 

erythrocyte membrane protein one (PfEMP-1) is inserted  into the erythrocyte membrane (89) 

anchored to the cytoskeleton through binding to knob-associated histidine rich protein (KAHRP) 

(90) and can be visualized by electron microscopy as knobs. PfEMP-1 is expressed on the 

surface of the infected red blood cell and is thought to be the major ligand for cytoadherence to 

endothelial receptors although other parasitic membrane proteins may have similar functions 

(91). PfEMP-1 is encoded by the var multigene family with 50-60 members (92), each having 

different antigen variations of the protein. PfEMP-1 is a foreign protein and a target for the host 

immune response, however its multiple antigenic forms which switch at a rate of 2% per cycle 

(93) help it to evade this immune surveillance.  
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Up to 12 endothelial receptors have been found to be able to bind to infected erythrocytes and 

the best described are CD36 (94) and ICAM-1 (95, 96). CD36 is constitutively expressed but 

usually absent from blood vessels in the brain while ICAM-1 expression is widespread in human 

malaria (97). ICAM-1 activation can also be increased by pro-inflammatory cytokines (98), 

hypoxia (99) and parasite products such as GPI (100). In vitro, these two receptors are 

synergistic (101, 102) with static and flow studies demonstrating their differing roles, ICAM-1 

slowing down the erythrocytes and CD36 causing static binding (103). In addition to playing a 

role in cytoadherence, recent studies suggest ICAM-1 may have additional pathogenic 

mechanisms. In vitro studies of endothelial cells and laboratory strains of P. falciparum 

demonstrate that the binding capabilities of different parasite clones influence ICAM-1 

intracellular signalling and alter the properties of the blood brain barrier (104-106).  

In animal studies, ICAM-1 deficient mice had increased survival time associated with decreased 

blood brain barrier breakdown (107), but human studies of ICAM-1 polymorphisms have shown 

conflicting results with several studies demonstrating protection from severe disease and others 

showing increased risk (108, 109). Similarly, mutations which result in decreased functional 

expression of CD36 have been shown to be associated with both increased and decreased 

protection from severe malaria (110-112). Other receptors which may be involved include 

VCAM-1, PECAM and E-selectin, while chondroitin sulphate (CSA) is mainly involved in 

placental binding (53, 87).  

Clinical studies have also shown evidence of endothelial activation during P. falciparum 

infection with increased concentrations of plasma ICAM-1 and E-selectin in proportion to 

disease severity (113-115). Other markers of endothelial activation described in clinical studies 
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include endothelial microparticles (116), and Von Willebrand factor and its pro-peptide, all of 

which are increased in severe malaria in children (117). In addition, human adult volunteers 

inoculated with P. falciparum sporozoites had an increase in Von Willebrand factor early after 

infection before parasitemia could be detected on microscopy and before development of 

symptoms (118).  

Studies demonstrating a role for cytoadherence and sequestration in vivo in humans have mainly 

relied on autopsy specimens. In South East Asian adults with fatal malaria, conventional and 

electron microscopy of post mortem samples have demonstrated extensive sequestration of 

parasitized erythrocytes associated with scanty leukocytes in the microcirculation but with the 

absence of platelets (97, 119). These were seen mainly in the capillaries and post-capillary 

venules of multiple organs, including the brain, kidney, heart and muscle. Staining for 

endothelial receptors in the same population demonstrated widespread expression of endothelial 

adhesion receptors such as intercellular adhesion molecule 1 (ICAM-1) (97). A more recent 

study has used a novel orthogonal polarizing spectroscopic method which visualizes and 

measures the speed of erythrocytes in capillaries of the rectal mucosa of patients with severe 

malaria in real time. This has shown compromised flow which improved with clinical recovery 

(5, 120). 

While interaction between endothelial receptors and infected erythrocytes plays the major role in 

obstruction of the microvasculature, additional mechanisms involving other components of the 

vascular space including uninfected erythrocytes and platelets may contribute. In addition to 

binding to the endothelium, infected erythrocytes can also bind other infected red blood cells 

(agglutination) and uninfected erythrocytes (rosetting) to further decrease the capillary flow 
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(121-123). An additional mechanism is decreased red cell deformability, the transformation of 

infected and uninfected erythrocytes from a pliable biconcave disc to a rigid sphere (124) 

resulting in dysregulated blood flow (5, 125). The decrease in deformability also has been to 

shown to have prognostic utility in malaria (126, 127). 

In addition to leukocytes and parasitized erythrocytes, platelets have been found at sites of 

parasite sequestration in African children (128, 129), suggesting an additional mechanism for 

binding to cerebral vessels which do not express CD36 (130). Platelet CD36 can bind and form 

aggregates of infected and uninfected erythrocytes and this has been associated with disease 

severity (128, 131). In addition, by release of pro-inflammatory mediators, platelets may further 

contribute to endothelium activation (132).  

Recent studies have also described additional mechanisms which contribute to endothelial 

inflammation and decreased microcirculatory perfusion. Endothelial microparticles are released 

from the membrane of endothelium stimulated by pro-inflammatory cytokines (132). As 

mentioned above, these were found to be elevated in African children with malarial coma but not 

in those less severe disease (116). While a marker of endothelial activation, microparticles also 

have intrinsic pro-inflammatory and pro-thrombotic properties and can increase endothelial 

inflammation (132). In vivo, genetically modified mice unable to generate endothelial 

microparticles were protected from experimental cerebral malaria (133). In an animal study of 

malaria, in addition to microvascular obstruction from parasite sequestration, functional capillary 

density responsible for oxygen delivery and exchange was also found to be decreased and a 

contributor to increased mortality (134). While the authors of this study did not examine the 
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possible mechanisms leading to this decrease, in other studies of sepsis and critically ill patients, 

impaired vasomotor regulation was a contributory factor (135, 136). 

Involvement of the coagulation pathway in human malaria has been known for at least 30 years 

and while patients have prolongation of the bleeding, prothrombin and partial prothrombin times, 

these are usually not clinically important (137-139). This is partially associated with the effect of 

pro-inflammatory cytokines and infected erythrocytes which increase tissue factor expression on 

endothelial cells and activity of the extrinsic procoagulant pathway (139-141). The result is an 

increase in consumption of clotting factors such as factors V, VII, IX and fibrinogen turnover as 

well as a decrease in anticoagulant factors such as protein C (142). While disseminated 

intravascular coagulation with widespread fibrin clot formation in the microvasculature is rare in 

malaria (138, 139), it is unclear how much more modest intravascular coagulation contributes to 

microcirculatory obstruction. 

The clinical importance of the compromised microcirculation is a reduction in oxygen delivery 

with a resultant metabolic acidosis mainly from an increase in lactic acid production. In severe 

malaria, whole blood lactate and venous bicarbonate concentrations are among the best 

prognostic indicators (50). A study of adults with severe malaria which measured the lactate-

pyruvate ratio obtained results consistent with tissue hypoxia and anaerobic glycolysis (143). 

However, in Asian adults, a study which used the Stewart method to investigate acid-base 

abnormalities found that in addition to lactate, other unidentified organic acids may also have a 

contributory role in the acidosis of severe malaria (144). 
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2.5 The Host Immune Response to Malaria 

 

Clinical and anti-parasitic immunity develop in individuals exposed to infection with P. 

falciparum but acquisition of either is relatively inefficient and achieved at a cost of substantial 

morbidity and mortality (145). 

In endemic areas with stable transmission, the burden of severe disease affects mainly young 

children and malarial infections of older children or adults tend to be mild or moderate (87). 

However, children are protected against non cerebral severe malaria before they develop specific 

anti-parasitic immunity (146), and this has been referred to as anti-toxic or anti-severe disease  

immunity. As previously mentioned, GPI is the P. falciparum glycopolypeptide which activates 

pro-inflammatory pathways by activating TLRs. It has been hypothesized the development of a 

specific immune response towards GPI could provide anti-toxic immunity. A murine study using 

chemically synthesized GPI demonstrated it could be a potent innate immune activator while a 

humoral response which neutralized GPI attenuated the clinical manifestations of severe disease 

(147). However, several human studies have failed to show an epidemiological association 

between a humoral response against GPl and disease severity (148), and their role in clinical 

immunity remains unclear (149). The function of TLRs in anti-toxic immunity has not been 

studied, the altered TLR signalling in endotoxin tolerance suggest there may be a similar 

mechanism in malaria, but this remains to be demonstrated (150). 

The development of anti-parasitic immunity is also crucial and its absence would result in a fatal 

increase in parasite burden. This can be divided for the purposes of description into hepatic or 

sporozoite immunity, and erythrocytic or merozoite immunity. Antibodies to multiple sporozoite 

proteins such as CSP and TRAP have been demonstrated in clinical studies, but currently no 
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evidence exists for these having any role in acquired immunity (145). In the exoerythrocytic 

stage, hepatocyte cells have HLA and may present processed parasitic antigen at their surface for 

cellular immune recognition. However, natural infections of the liver by malaria do not appear to 

generate an effective immune response compared to the erythrocytic stage. A possible 

mechanism was suggested in an animal model where intra-hepatic merozoites are able to evade 

the immune response by inhibiting apoptosis and developing a vesicle covered by host 

membranes in the liver cells (151). However, studies in animals and humans which used 

irradiated sporozoites have demonstrated development of immunity for variable periods of time 

(152, 153). In comparison to natural infections, inoculation of  irradiated sporozoites results in 

the introduction of larger number of parasites (152), together with induction of hepatic apoptosis 

and parasite persistence (153). These mechanisms lead to a CD8+ cytotoxic T-cell and NO-

dependent immune response against the intracellular sporozoites (154). RTS,S/AS02A is a pre-

erythrocytic stage vaccine based on the P. falciparum circumsporozoite protein antigen which is 

currently undergoing phase 3 clinical trials. A phase 2b study showed vaccine use was associated 

with a lower risk of both P. falciparum infection and development of severe disease (155). 

Immunity against the erythrocytic stage includes humoral and cell mediated responses against 

the extracellular merozoite as well as intra-erythrocytic targets (55, 156). Pre-erythrocytic 

immunity requires antibodies against parasite proteins expressed on the surface of merozoites 

such as MSP1, MSP2 and erythrocyte binding antigen (EBA). Within the erythrocyte the parasite 

expresses numerous antigens on the red cell membrane and these are loosely termed variant 

surface antigens (VSAs). These include proteins such as PfEMP1 with 50-60 separate genes 

coding for different antigenic forms (91, 93) and other multigene families such as rif and stevor. 

It has been hypothesized that effective anti-parasitic immunity requires multiple exposures to 
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different antigenic forms and the development of a wide repertoire of antibody responses to both 

merozoite antigens (157) and VSAs (158). The lack of HLA molecules in the merozoite and 

erythrocyte suggests that cell mediated immune mechanisms to these targets would appear 

unlikely. However, a study demonstrated the development of non-humoral immunity in 

volunteers inoculated with ultra low doses of blood stage parasite in the absence of antibodies 

(159).  

The development of an effective vaccine remains a major and important goal in the battle against 

malaria but currently this remains elusive. Greater understanding of the immune mechanisms 

needed to achieve clinical immunity and their correlates are required before this becomes a 

reality. 

2.6 Treatment of Severe Malaria 

 

The treatment of severe malaria currently relies on rapid administration of effective anti-parasitic 

therapy and supportive care (35, 37, 160). Drug resistance is a growing problem and treatment 

essentially relies on only two drug classes, quinine and the artemisinin derived compounds (2, 

35). Quinine is more widely available globally and has been used since the 19
th

 century. It can be 

administered either intravenously or intramuscularly, the former being preferred for the more 

predictable pharmacokinetics and the avoidance of other uncommon but serious complications 

from the intramuscular route such as tetanus (161). At present there has been no evidence of 

widespread resistance although there are anecdotal reports from South East Asia of reduced 

effectiveness (162).  



23 

 

The artemisinin based compounds are able to kill both early ring and mature forms of the 

parasite in contrast to quinine which only targets the latter stages (163). As a result, these drugs 

have the highest parasite reduction ratios of all available anti-malaria drugs, reducing parasite 

numbers per cycle by 10 000 fold compared to 100-1000 for other drugs (164). It was 

hypothesized this rapid killing would translate into an improvement in survival; but a major 

hurdle was in formulating a stable intravenous form. The first studies comparing artemisinin 

derived compounds to quinine for treatment of severe malaria used intramuscular artemether 

which had variable pharmacokinetics, and demonstrated comparable but not superior efficacy 

(49). Development of the intravenous formulation artesunate with more predictable 

pharmacokinetics was then trialled and shown to be superior to quinine in small pilot studies 

conducted in South East Asia (165). Subsequently, a large multi-centre study which enrolled 

1461 patients in several countries in South and South East Asia, demonstrated a significant 

decrease in mortality of 34.7% (2). This study represents the only major advance in the therapy 

of severe malaria, demonstrating conclusively a survival benefit compared to quinine (166). 

However, the study enrolled predominantly adults and currently a trial with a similar design is 

being conducted in Africa to evaluate its effectiveness in children. Current WHO guidelines 

recommend the use of intravenous artesunate for treatment of severe malaria in areas of low 

malaria transmission (167).  

In addition to effective anti-malarial therapy, currently the other cornerstone of treatment is good 

nursing and supportive care (37, 160, 166). These include the management of seizures, the 

securing of an airway and prevention of aspiration in comatose patients, monitoring of volume 

status and correction of biochemical abnormalities such as hypoglycaemia among others (42). In 
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addition, treatment of specific complications such as acute renal failure has been shown to be 

effective and cost-efficient (168).   

Adjunctive therapy has been used in attempts to further lower the mortality and morbidity rate in 

severe malaria (169, 170). However, most of these studies have been small or underpowered 

(166). As a result, they have either shown no benefit or more commonly were underpowered to 

show an effect (170, 171). Others have been demonstrated to be effective in only small studies or 

case series (172) but some have proved harmful (171, 173). The list of adjunctive therapies used 

include includes urea, aspirin, heparin, mannitol, prostacyclin, corticosteroids, pentoxiphylline, 

anti-TNF antibody, hyperimmune globulin, high dose phenobarbitone, dichloroacetate, and N-

acteylcysteine among others (166, 170). 
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3. Introduction II. Nitric Oxide and Endothelial Physiology 

 

3.1 The Role of Nitric Oxide and Nitric Oxide Synthases in Normal Physiology 

 

Nitric oxide (NO) is both a gas and free radical with important roles in the normal physiology as 

well as pathology of the vascular, immunological and nervous systems  (174-178). In 1980, 

Furchgott and Zawadski made the observation that blood vessels which normally dilate on 

acetylcholine exposure, demonstrated paradoxical vasoconstriction after removal of the 

endothelium (179). These findings suggested the endothelium released a substance able to 

regulate vascular dilatation, but lacking knowledge of its biochemistry it was initially termed 

endothelium derived relaxing factor (EDRF). Seven years after the initial report, EDRF was 

found to be manufactured via an L-arginine dependent pathway and identified as NO by Ignarro 

(180) and Moncada (181). In parallel with the research being done in vascular biology, in vitro 

studies demonstrated that macrophages activated by pro-inflammatory cytokines were able to 

produce NO which had antimicrobial and anti-tumour effects (182). NO production in 

macrophages was also found to be L-arginine dependent similar to endothelial cells (182, 183). 

Subsequently, NO produced by neurons was also found to be essential for neurotransmission and 

learning (184). The processes which result in NO production have been well described in 

extensive detail (185). 

NO and citrulline are the end products in a series of oxidation-reduction reactions catalysed by 

the enzyme Nitric Oxide Synthase (NOS) in which L-arginine and oxygen are the substrates 

(185, 186). NOS is a group of enzymes with three isoforms, NOS3 (endothelial or eNOS), NOS1 

(neuronal or nNOS), and NOS2 (inducible NOS or iNOS) (185, 187). Genes for the three 
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isoforms are located on different chromosomes which have a similar genomic structure 

suggesting a common NOS gene ancestor (188). NOS1 has roles in neurotransmission and 

learning while NOS3 is essential for vascular homeostasis. These two isoforms constitutively 

produce low amounts of NO in response to certain physical or chemical stimuli. NOS3 is docked 

to regions of the plasma membrane called caveolae in close proximity to receptors which 

regulate endothelial cell function (189). Normal activators of NOS3 under physiological 

conditions include shear stress from pulsatile blood flow and substances such as acetylcholine, 

both signalling via different receptors. Both these stimuli increase the concentration of 

intracellular calcium, which binds to calmodulin leading to NOS activation (174). In contrast, 

expression and activity of NOS2 is dependent on stimulation by external factors such as 

microbial products and cytokines, this can result in sustained production of larger amounts of 

NO for longer periods of time (up to 20 times more than the constitutive production) (178). 

NO readily diffuses across cellular membranes into the cytosol of target cells where it binds to 

haem moieties of enzymes including soluble guanylyl cyclase (sGC) which can result in an 

increase of activity by up to 200 times. Soluble guanylyl cyclase catalyses the conversion of 

nucleotide guanosine triphosphate (GTP) to cyclic guanosine monophosphate (GMP), resulting 

in the initiation of numerous physiological functions. In the vascular smooth muscle, GMP 

activates protein kinase G, which results in phosphorylation of intracellular proteins such as 

myosin resulting in relaxation and vasodilatation. GMP also phosphorylates the serine or 

threonine residues on proteins which modifies their function (190). An additional mechanism by 

which NO could influence protein function is the formation of covalent interactions with free 

thiol groups of proteins or amino acids such as cysteine which can alter their activity (191). 
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3.2 NO and Endothelial Physiology 

 

The endothelium is a monolayer of cells lining all vascular structures including arteries, 

capillaries and veins. Previously assumed to be a static structure which functioned solely as a 

barrier, currently the endothelium is thought to play a major role in vascular homeostasis. Due to 

its strategic position between the blood and underlying tissue, the endothelium acts as a signal 

transducer responding to both stimuli from the circulatory system and underlying cells. In 

response, endothelial cells produce a wide range of factors to regulate vascular tone, cell 

adhesion, thromboresistance and vessel inflammation (192). Among the vasodilatory substances 

are NO (179), prostacyclin (193) and Endothelium-Derived Hyperpolarizing Factor (194), while 

vasoconstrictive agents include endothelin and angiotension I and II. In normal vascular 

homeostasis, vascular tone depends on the balance between these various factors adjusted to 

balance the tissue oxygen supply and metabolic demand.  

A major function of NO in normal vascular physiology is to maintain the vessel wall in a 

deactivated or quiescent state. An example is NO mediated S-nitrosylation of cysteine residues 

(195) which reduces activity of the transcription factor NF-κB. This results in reduced 

production of pro-inflammatory cytokines and decreased expression of endothelial cell surface 

adhesion molecules such as ICAM-1 and VCAM-1 (196, 197). Within the lumen, NO produced 

by endothelium and platelets result in reduced platelet activation, adhesion and aggregation 

(198). A decrease in vascular NO production or bioavailability results in several changes to the 

endothelial phenotype; these include impaired vasomotor regulation, a switch to an activated 

state with increased endothelial cell surface adhesion receptor expression, and increased platelet 

activity (7, 174). Endothelial dysfunction is the term that has been used by vascular biologists to 
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describe this state of impaired endothelial homeostasis. At the molecular level, this occurs when 

there is a change in cellular signalling from a NO mediated pathway to one in which reactive 

oxygen species (ROS) dominate (199). Multiple disease states which cause deficiencies of the 

NOS substrate, L-arginine and co-factor, tetrahydrobiopterin (BH4) can result in the switch from 

NO to ROS generation (186, 200). Hypoxia and increased pro-inflammatory cytokine levels are 

found in malaria and can also result in a transition to endothelial ROS production (98, 99). 

 3.3 Clinical Measurement of Endothelial Function 

 

An increased understanding of endothelial biology and its role in vascular physiology has 

resulted in the development of numerous techniques to measure its function. Measurement of 

endothelial-dependent vasomotion, which reflects vascular NO bioavailability in response to 

various chemical or physical stimuli, is currently the most commonly used test (7, 9). However, 

due to the multiple functions of NO, assessment of vasomotion also reflects the multiple effects 

of NO on endothelial cell adhesion receptor expression, inflammation and coagulation (7, 8).  

Endothelial function can be measured by invasive methods such as venous occlusion 

plethysmography which requires arterial cannulation (9, 201), and non-invasively  using 

techniques such as flow mediated dilatation (FMD) (9, 202, 203), tonometry to measure digital 

pulse wave amplitude (RH-PAT) (204-206) and pulse wave analysis by radial artery tonometry 

(207). While these methods assess the function of conduit or digital vessels, endothelial 

dysfunction is a systemic process and the results obtained from these methods also reflect the 

state of the vasculature of other organs (204, 208).  
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Flow mediated dilatation (FMD) is currently the most commonly used and widely validated non-

invasive method to measure endothelial function (7, 202). FMD uses ultrasound techniques to 

measure the change in the diameter of the brachial artery in response to increased shear stress 

induced by ischemic hyperaemia or chemical stimuli. Ischemia is achieved by applying a 

sphygmomanometer cuff around the forearm and inflating it to 200 mmHg and releasing it after 

5 minutes (202). Brachial artery dilatation depends on endothelial NO release and FMD is 

currently considered the gold standard for non-invasive assessment (9). It has been used in 

numerous observational and interventional studies of large number of patients with both acute 

and chronic conditions (203, 209). However, it has numerous practical limitations including the 

need for a high degree of operator skill and specialised equipment which may be difficult to 

achieve in resource poor settings (210). 

Measurement of digital pulse wave amplitude (PWA) using peripheral arterial tonometry (RH-

PAT) before and after application of an ischemic stress, similar to that used in FMD, is a recently 

described method for measuring endothelial function (204, 205). It is dependent on NO release 

(205), validated against FMD (204) and is reproducible (211), but requires less operator skill and 

training than FMD. Its use has increased in the last few years for a variety of cross sectional 

(204) and intervention studies (211, 212), both in research settings as well as in routine clinical 

care (213). Of relevance to malaria pathogenesis, RH-PAT measures function of small vessels 

where the pathology of malaria occurs, as opposed to FMD which assesses the larger conduit 

vessels (214). 
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3.4 Endothelial Dysfunction and Clinical Disease 

 

Endothelial function is a marker of endothelial damage and may contribute to the pathogenesis of 

vascular diseases such as atherosclerosis. Cross sectional studies have demonstrated impaired 

endothelial function in individuals with established coronary disease as well as those with 

cardiac risk factors including hypercholesterolemia and diabetes mellitus (203, 204, 215). 

Several studies have also shown the prognostic utility of endothelial function measurements in 

patients with coronary and vascular disease (209, 216). Serial measurements of endothelial 

function have also been used as an outcome measure in lifestyle and pharmacological 

intervention studies seeking to improve vascular health (217). Large cohort studies with adequate 

follow up time to validate endothelial function as an independent risk factor for adverse 

cardiovascular outcomes are still lacking but are currently ongoing (218). 

While there is increasing evidence for a pathogenic role for endothelial dysfunction in chronic 

vascular diseases, there has been less research in acute inflammatory conditions. Experimental 

studies measured endothelial function using FMD in volunteers after administration with 

endotoxin (219) or the Salmonella typhi vaccine (220) and demonstrated significant but transient 

impairments. Clinical studies in other acute conditions as varied as acute viral illnesses (221), 

trauma (222) and sepsis (223-226) confirmed these experimental findings, with some 

differences. The duration of impairment was shown to be shorter in viral infections compared to 

the patients with sepsis.  

The observation that maintenance of cardiovascular function and global measures of oxygen 

delivery do not result in improved outcome in sepsis have lead some investigators to suggest that 

derangements in microcirculatory perfusion contribute to organ dysfunction and clinical 
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complications (135, 136). Dysfunction or impaired vasomotor regulation of the microcirculation 

decreases functional capillary density which affects oxygen delivery at the microvascular level, 

contributing to organ damage and death (227, 228). Cross sectional studies of human sepsis have 

demonstrated an association between microvascular dysfunction and reduced microcirculatory 

flow with markers of impaired perfusion such as lactate (223, 229), as well as organ failure and 

increased mortality (230). Longitudinally, recovery of microvascular function correlated with 

improved perfusion and clinical recovery (230). As discussed earlier, an animal model of malaria 

has also demonstrated that a decrease in functional capillary density was associated with 

increased mortality (134).  

3.5 Factors Affecting Endothelial Function 

 

Numerous chronic diseases or cardiac risk factors have been found to be associated with 

impairment of endothelial function including atherosclerosis, hypercholesterolemia, diabetes 

mellitus, hypertension and smoking. A common mechanism in which different diseases are 

hypothesized to cause endothelial damage is by increasing production of ROS such as 

superoxide (O2 
.-
) (7, 8). ROS come from various sources among which the most important are 

the NAD(P)H oxidases (231-233) and xanthine oxidase enzymes (233-235) found in endothelial 

cells. Cardiac risk factors can initiate molecular events which result in an endothelial phenotype 

suited for host defence, not unlike a response to an infectious stimulus. However in contrast to 

infections which have a short time course, prolonged activation can result in production of ROS 

to a level where the cellular anti-oxidant mechanisms are overwhelmed. In addition to the direct 

damaging effects of ROS on vascular cells, O2 
.-
 can also react with and quench NO decreasing 

its bioavailability. Additionally, the product of this reaction is the peroxynitrite anion (ONOO
-
), 
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also an extremely strong oxidant. The protonated form of peroxynitrite breaks down at 

physiological pH into products such as the free radicals nitrogen dioxide and hydroxyl radical, 

which can cause further cellular damage (236), though the importance of this in vivo is unclear. 

Another mechanism of endothelial dysfunction described in chronic cardiovascular disease is a 

decrease in NOS3 expression, a finding that has been also described in acute inflammatory 

conditions (98) and acute hypoxic states (99).  

L-arginine and tetrahydrobiopterin (BH4) deficiency can result in NOS “uncoupling”, with 

increased output of ROS and decreased NO production (186). Clinical studies have shown that 

supplementation of L-arginine and BH4 can result in an improvement in vascular function. The 

observation that an increase in plasma L-arginine concentration can improve endothelial function 

has been termed the “arginine paradox” (237). This refers to the contradictory observations that 

the half saturating concentration (Km) of L-arginine for NOS enzymes is approximately 2.9 

µmol/L while the intracellular and extracellular concentrations of L-arginine are 600-900 µmol/L 

and 80-120 µmol/L, respectively (237). Theoretically, these L-arginine concentrations are 

adequate for optimum functioning of the NOS enzymes and the increase in plasma 

concentrations should have no effect on vascular function. Numerous hypotheses have been put 

forward to explain the finding and some will be briefly discussed here. One suggestion is that 

NO production by NOS3 is dependent on intracellular transport by the cationic amino acid 

transporter-1 (CAT-1) (238) with an estimated Km of 70-150 µmol/L (239). This value is close 

to the plasma concentrations of L-arginine in healthy individuals. These Km estimates result 

from in vitro studies demonstrating that the Km of L-arginine for NO production in macrophages 

is 72-150 µmol/L (240, 241). Recent in vitro studies of human endothelial cells have 
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demonstrated a decrease in NO production by inhibition of intracellular transport of L-arginine 

through CAT-1 (242, 243). Other hypotheses include the accumulation of endogenous amino 

acids, such as asymmetrical dimethylarginine (ADMA) which competes with L-arginine as a 

NOS substrate but without a biological effect. ADMA is increased in a number of diseases 

including hypertension and hypercholesterolemia, leading to a decrease in the L-arginine/ADMA 

ratio (244, 245). The increase in ADMA may be partly the result of decreased activity of 

dimethylarginine dimethylaminohydrolase (DDAH) as a result of increased oxidative stress and 

inflammatory states (246, 247). 

BH4 is an essential co-factor required for stabilization and formation of functioning NOS 

homodimers (186). Similar to L-arginine deficiency, decreased BH4 concentrations also result in 

NOS producing ROS instead of NO with BH4 supplementation also able to improve vascular 

function (248).  

3.6 Role of Intravascular Haemolysis in NO Quenching and Endothelial Dysfunction 

 

In the last few years, a new mechanism has been postulated to play a role in the pathogenesis of 

endothelial dysfunction in sickle cell disease and other conditions which present with increased 

intravascular haemolysis (10, 11). The mechanism is quenching or destruction of NO by cell free 

haemoglobin, resulting in formation of methaemoglobin and nitrate ions, a finding which had 

been described in some of the earliest in vitro studies of NO (180). In sickle cell disease and 

paroxysmal nocturnal haemoglobinuria, intravascular haemolysis results in release of increased 

amounts of erythrocyte haemoglobin into the plasma which overwhelm the binding capacity of 

haptoglobin (11). In normal situations, the diffusion barrier created by the cell membrane results 

in a slower reaction of NO and haemoglobin (249). However, this process is accelerated up to 
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600 times when haemoglobin is decompartmentalized resulting in a reduction in NO 

bioavailability (249). Clinical studies of patients with sickle cell disease showed plasma 

haemoglobin concentrations and NO-quenching ability were associated with endothelial 

dysfunction and other vascular complications such as pulmonary hypertension (250). An 

additional mechanism described in sickle cell disease which could further contribute to the 

vascular pathology is an increase in plasma arginase concentrations resulting from erythrocyte 

rupture. This results in a decrease in the plasma concentrations of L-arginine by increasing the 

metabolism to ornithine (10). This L-arginine substrate deficiency could further decrease NO 

production by the mechanisms elaborated on above. 

3.7 Treatment of Endothelial Dysfunction 

 

Therapies to improve endothelial function have focused on methods to increase vascular NO 

bioavailability and several will be discussed here. These include endothelial-specific therapies 

such as increasing the substrate or co-factor availability or increasing the expression or activity 

of NOS3. Alternative strategies include treatments such as anti-oxidants and anti-inflammatory 

agents which target the aetiological mechanisms.  

L-arginine therapy has been trialled in patients with chronic cardiovascular diseases such as 

atherosclerosis, hypercholesterolemia (251), diabetes mellitus (217), peripheral vascular disease 

(252), as well as in sickle cell disease (253). While L-arginine has been shown to be effective in 

improving vascular function in the short term, studies examining the chronic use in coronary and 

peripheral vascular diseases have not shown any clinical benefit with one showing harm (254). 

There have been fewer studies examining the effect of BH4 supplementation, with only small 

studies demonstrating vascular benefit; long term studies are still lacking (248). 
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Anti-oxidant agents aimed at limiting and reducing vascular oxidative stress should also 

theoretically improve endothelial function. In clinical studies of chronic vascular diseases, the 

use of ascorbic acid (vitamin C) has been shown to increase vascular function both acutely (255) 

and in longitudinal studies (233, 256). In sepsis and other acute inflammatory states, animal 

studies have shown increased survival with use of ascorbic acid and this is thought to be related 

to its effects on the microcirculation (257). 

Statins are drugs which inhibit the enzyme hydroxy-3-methyl-glutaryl-CoA reductase and lower 

serum cholesterol; treatments with these drugs have been shown to improve outcomes in chronic 

cardiovascular diseases.  However the benefits of these drugs are thought to extend beyond their 

lipid lowering effects to include immunomodulatory and anti-inflammatory properties (258). 

Statins also have specific effects on the endothelium including upregulation of NOS3 activity, 

decreasing cell surface adhesion receptor expression and improving vasomotor regulation (258). 

While there is substantial evidence for the benefits of statins in chronic cardiovascular diseases, 

there are less data on its use in acute disease. Recently, retrospective epidemiological studies 

have shown patients previously on statin therapy for other indications have improved outcomes 

when they are admitted to hospitals with sepsis (259, 260). Some authors have speculated this 

could be due to the effects on microcirculatory function (261), but this remains to be tested in 

prospective randomized controlled trials. 
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4. Introduction III. NO and Malaria 

 

4.1 NO and its Role in Infectious Disease 

 

Nitric oxide has a complex role in the development of the immune response on exposure to 

microbial pathogens (262, 263). Its function was first described by in vitro and in vivo animal 

studies by Hibbs and colleagues who demonstrated that mice infected with intracellular protozoa 

developed non-specific immunity to phylogenetically different microorganisms as well as 

tumours. The molecule responsible for the non specific antimicrobial action was subsequently 

identified to be NO by this same group of researchers (182, 183). The substrate, pathway and 

product described in these reports were similar to and antedated later publications of NO release 

by endothelial cells (182, 183). Many would argue that John Hibbs should have shared the 1999 

Nobel Prize for the discovery of NO and its effects with Furchgott, Ignarro and Murad who 

discovered its vascular effects. 

The antimicrobial activity of NO has been extensively reviewed  (176, 264, 265), including its 

cytotoxic and cytostatic activity on viruses (266), bacteria (267), fungi (176) and protozoa (268). 

At the molecular level, NO has multiple mechanisms which could give an explanation of its 

effects, such as increasing mutations, decreasing synthesis and reducing repair of microbial 

DNA. It can also decrease the repair and synthesis of proteins in addition to altering protein 

structure and function by S-nitrosylation (195). Other additional effects of NO include enzyme 

inhibition and inactivation by alteration of iron sulphide complexes and heme clusters. Certain 

protozoa (including Trypanosoma cruzi, Giardia lambia, Schistosoma mansoni) require 

exogenous L-arginine for manufacture of polyamines and cell synthesis. In infections with these 
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organisms, L-arginine and NO depletion through pathogen expression of arginase has been 

postulated as another defence mechanism.  

4.2 NO and its Role in the Immune Response 

 

In addition to direct antimicrobial effects, NO has multiple roles in the regulation of the host 

immune response, having both pro and anti-inflammatory functions (262). The mechanisms 

causing cellular damage in pathogens can also result in host-tissue injury. In some settings NO 

can cause necrosis and apoptosis of organ parenchymal cells, degradation and an influx of 

inflammatory cells into the extracellular matrix (262). NO also regulates the production of both 

pro-inflammatory and anti-inflammatory cytokines by modulation of multiple intracellular 

signalling cascades, transcription factors and proteins. Other anti-inflammatory effects include 

inhibition of T cell, B cell proliferation and reducing leukocyte recruitment. The mechanism by 

which NO does this is by inducing apoptosis of T or antigen presenting cells, as well as by 

downregulating MHC II molecules and adhesion receptor molecules (262). 

4.3 Regulation of NO Production by NOS2 

 

These earlier studies showed that macrophage NO production was dependent on activation of 

macrophages with cytokines such as interferon gamma (IFN-γ) and TNF, as well as microbial 

products such as LPS. Recently other mechanisms have been found to mediate macrophage NO 

production including the interaction between pathogen expressed conserved molecular motifs 

and toll-like receptors (TLRs) (60). Some examples among many are Mycobacterium 

tuberculosis derived lipopeptide (TLR2), lipotechoic acid (TLR2) and lipopolysaccharide 

(TLR4) from gram positive and gram negative bacteria, glycosylphosphatidylinositol (TLR2 and 
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4) and haemozoin (TLR9) from P. falciparum. Activation of the TLR signalling pathways 

releases NF-κB which can increase the transcription of multiple genes involved in the immune 

response to pathogens. These include pro-inflammatory cytokines, endothelial cell adhesion 

receptors and NOS2. In a negative feedback loop, NO in vitro is able to attenuate these effects on 

macrophage (269) and endothelial cells (270) by inhibiting NF-κB.  Molecular mechanisms by 

which NO reduces NF-κB translocation, include scavenging of ROS and activation of the NF-κB 

inhibitor, I-κB (271).  

Extracellular L-arginine concentrations also influence NO production in the immune system. In 

vitro, L-arginine depletion results in the decreased expression of NOS2 in macrophages and 

astrocytes by decreasing the translation of messenger RNA (272, 273).  In vivo, removal of the 

CAT-2 transporter gene required for intracellular transport of L-arginine in mice resulted in 

reduced pulmonary NO production and increased lung inflammation in mice (274). 

4.4 NO in Sepsis and Septic Shock 

 

A role for NO in the pathogenesis of human sepsis has been suggested after clinical studies 

showed increased NO metabolites in patients with sepsis (275). However, these studies did not 

correct for increased NOx retention in renal failure (3) and a study which corrected for renal 

dysfunction did not show any association (276). As mentioned previously, pro-inflammatory 

cytokines (IL-1, IL-6, TNF) and bacterial products (lipopolysaccharide) increase NOS2 

expression and NO production (277, 278). This has multiple clinical effects including a decrease 

in cardiac output, vasodilatation, hypotension and increased gastrointestinal permeability (236, 

277). In an attempt to attenuate the deleterious effects of NO, non-specific NOS inhibitors have 

been used in clinical trials of sepsis. In 1999 a phase 3 trial using such a substance, N (G)-
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methyl-L-arginine hydrochloride was terminated prematurely due to increased mortality in the 

treatment group (279).  

In sepsis, impaired vasomotor regulation, microcirculatory dysfunction (223) and endothelial 

inflammation contribute to organ damage (135, 136), these may be the result of decreased NOS3 

activity and NO bioavailability (261). The deleterious effect of generalized NOS inhibition in the 

1999 sepsis study are hypothesized to be due to a reduction in NOS3 activity, further worsening 

microcirculatory dysfunction and increasing organ damage (277). In vivo animal studies have 

shown increased endothelial inflammation and leukocyte binding in NOS3 knockout mice 

compared to wild type injected with pro-inflammatory mediators (280).  In human sepsis, 

infusion of nitroglycerin, a NO donor improved vascular function, which was assessed by 

visualization of the tongue microcirculation (281).  

In clinical studies of sepsis, plasma L-arginine concentrations are markedly reduced compared to 

healthy individuals (276, 282), with low levels having prognostic significance (282, 283). This is 

the result of increased oxidation in children (284), while slower L-arginine flux associated with 

an impairment in the fractional synthesis rate of NO was observed in adults (276). L-arginine 

monotherapy in sepsis is currently controversial and an animal study which used infused L-

arginine had an increase in mortality (285). However, a clinical study which gave a bolus 

infusion of L-arginine to patients with sepsis had an increase in cardiac output and oxygen 

consumption (286) while another which used a continuous infusion had no hemodynamic 

changes (287), but to my knowledge no human trials have examined other outcomes. 
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4.5 NO and Malaria: In Vitro, Animal and Human Studies 

4.5.1 NO and the Response to Exoerythrocytic Stages 

NO plays a significant role in the host response to exoerythrocytic Plasmodium infection in both 

animal and human malaria. In vitro, IFN-γ stimulated murine and human hepatocytes inhibit the 

exoerythrocytic stages of P. berghei (288, 289) and P. falciparum via an NO mediated 

mechanism (290). In vivo, mice inoculated with irradiated P. berghei sporozoites have increased 

IFN-γ production and increased NOS2 expression by CD8+ T cells resulting in parasite 

inhibition (291, 292). In primate studies, exogenous IL-12 administration stimulates destruction 

of P. cynomolgi parasites in the liver also via an IFN-γ and NO dependent mechanism. In human 

studies, volunteers inoculated with sporozoites from irradiated mosquitoes of P. falciparum 

acquired short term immunity to pre-erythrocytic infection (152). 

4.5.2 NO and Asexual Erythrocytic Stages 

The anti-parasitic effects of NO also extend to the asexual blood stages with inhibition 

demonstrated in vitro (268, 293, 294). What is still unclear is the actual mechanism by which NO 

exerts its anti-parasitic effect with different studies giving conflicting results. The NO donor, S-

nitroso-acteyl-penicillamine, exhibits cytotoxic effects at higher doses and cytostatic actions at 

lower levels. However additional evidence suggests that parasite destruction is not related 

directly to an effect of the free radical NO but by S-nitrosothiols (264). A saturated solution of 

NO did not inhibit P. falciparum, however oxidation products of NO (nitrite and nitrate ions) 

were able to kill parasites and nitrosylated glutathione and cysteine were effective in inhibiting 

growth (268). 
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A possible anti-disease mechanism of NO is through reduced expression of cell surface adhesion 

receptors. In vitro, use of NO donors reduced cytoadherence of parasitized erythrocytes to 

human endothelial cells (295, 296). 

The majority of animal studies of blood stage malaria suggest that in contrast to the in vitro 

effects seen above, NO has disease modulating rather than anti-parasitic effects (297). However 

results vary with the mouse and parasite strain being used for the in vivo studies. P. chabaudi 

chabaudi appears to be the only strain where an anti-parasitic effect of NO was observed in late 

parasitemia although this observation has not been universally reproduced.  

Most studies that have examined the effect of NO on murine erythrocytic stage malaria utilized 

non-specific inhibitors of NOS, with inoculation of mice with the blood stages of either P. 

berghei, P. vinckei, P. yoelli or P. chabaudi chabaudi. In the majority of studies, the use of NOS 

inhibitors had either no effect on survival or increased the mortality rate (Table 1). Infection of 

IFN-γ receptor deficient mice, unable to produce NO in response to malarial infections, showed 

no difference in the degree of parasitemia but increased mortality (298). In studies of NOS2 and 

NOS3 knockout mice compared to wild-type, there was similarly no difference in parasitemia or 

mortality when infected with P.  berghei  (299). A recent study using the P. berghei model of 

cerebral malaria demonstrated supplemental therapy with use of NO donors or inhaled NO 

improved survival significantly compared to placebo (299). The summary of in vivo animal 

studies suggest that at worst, NO has no beneficial or detrimental effects. However the majority 

of the evidence from these studies suggests that therapies that maintain or increase the normal 

physiological function of NO may have beneficial effects in malarial infection. However, there 

are differences between the pathogeneic processes in murine models of severe malaria compared 
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with human disease, key being the accumulation of leukocytes instead of parasitized 

erythrocytres in the microcirculation (77). This may complicate extrapolating the findings from 

animal studies to human disease. 

 

Table1. Rodent studies of NO and asexual erythrocytic infection 

NO has a very short half life and technically is very difficult to measure in human subjects in 

vivo. For this reason, clinical studies examining the role of NO in human malaria have relied on 

measurement of NO metabolites, namely NOx and linking these with the severity of clinical 

disease. However, these metabolites are excreted by the kidneys and studies need to correct the 

Plasmodium sp  NO Inhibition effect on parasite  NO Inhibition-effect on Disease 

P. chabaudi  

P. chabaudi 

P. chabaudi 

P. berghei  

P. vinckei 

P. yoelli 

No effect on  parasitemia  

No effect on parasitemia 

Increased parasitemia 

No effect on parasitemia 

No effect on parasitemia 

No effect on parasitemia 

 

No effect on mortality (300-303)  

Increased mortality (297, 304, 305) 

Increased mortality (306, 307) 

No effect on mortality (308, 309) 

Increased mortality (310, 311) 

Increased mortality (312) 
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NOx concentration for any renal dysfunction to get a more accurate representation of systemic 

NO production (313). 

Early cross sectional studies seem to suggest that excess NO production was associated with 

increased risks of severe disease and mortality (314-319). However, later studies from 1996 

onwards have shown that by controlling for the effect of renal dysfunction on NOx 

concentrations, there appeared to be no difference or a decrease in NO production in patients 

with severe disease (3, 320, 321). In addition to this, reduced expression of NOS2 protein as well 

as mRNA in the peripheral blood mononuclear cells of patients with severe malaria have also 

been noted (3, 322). While most studies have focused on the association between disease severity 

and NO, one study has also shown that patients with increased NO metabolites have decreased 

parasite densities (323). To the extent to which one can interpret NO production in this study, 

results suggests that in addition to having anti-disease effects NO may also have an anti-parasitic 

action in vivo. In an experimental study, repeated inoculation of asexual stage parasites into 

human volunteers resulted in increased expression of NOS2 in peripheral blood mononuclear 

cells which was coincident with anti-parasitic immunity (159).  

 

Single nucleotide polymorphisms and the copy number of microsatellite repeats in the promoter 

region of NOS2 have been associated with either protection or susceptibility against severe 

disease.  However, several studies did not correlate the genotype with phenotypic NO production 

and conflicting results have appeared in different geographical areas which are summarized 

below (Table 2).  
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Table 2: NOS2 Promoter Site Polymorphisms and Association with Disease. 

Polymorphisms NO Production Association with Disease 

G-954C Not done Decreased risk of severe 

disease/ re-infection (324)  

G-954C NOS2 activity increased Increased time to re-infection 

(325) 

G-954C and <11CCTTT No association No association (326) 

G-954C and 1173C→T Not done No association (327) 

G-954C & G-954/(CCTTT)8 Increased NO Anaemia (323) 

<11CCTTT microsatellite 

repeats 

Not done Increased risk of fatal cerebral 

malaria (328) 

1173C→T Increased NO Decreased cerebral malaria 

and anaemia (329) 

1173C→T & CCTTT repeats No association No association (323) 

>15CCTTT Not done Increased severe malaria (330) 

CCTTT lengths No association Not done (331) 

>13CCTTT No association Not done (327) 
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A possible deleterious role of NO in malaria may be as a contributor to malarial anaemia, 

increased NO being associated with decreased haemoglobin possibly by affecting erythropoiesis 

(332). 

 

The aetiology of impaired NO production in severe malaria is not fully understood. In a study of 

African children, plasma L-arginine concentrations were found to be very low in children with 

cerebral malaria, with intermediate levels found in those with uncomplicated malaria compared 

to healthy controls (13). The mean concentration of L-arginine in children with cerebral malaria 

was 47µmol/L which is below the in vitro Km of L-arginine for cellular NO production of 72-

150 µmol/L (240, 241). These results suggest low plasma L-arginine concentrations in malaria 

may limit in vivo NO production or may result in an increase in ROS production (186). Other 

potential aetiologies of impaired NO production in severe malaria include reduced expression of 

NOS2 by mononuclear cells (3). 
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5. The Roles of Endothelial Function and L-arginine in the Pathogenesis of 

Human Malaria. 

5.1 Background I. The Study Site 

5.1.1 Republic of Indonesia 

The Republic of Indonesia is a country with a total area of 1,919,440 sq km, (land 1,826, 440 sq 

km, water 93,000 sq km) located in South East Asia. It is an archipelago of 17,508 islands with 

the capital Jakarta located on the island of Java. Currently it is divided into 33 provinces. Papua 

province which occupies the western half of the island of Papua New Guinea was previously the 

largest in Indonesia; however, in the year 2004 it was divided into the two separate provinces of 

West Irian Jaya and Papua. The provinces in Papua are further subdivided into 19 regencies or 

districts; the study site Timika being situated in the Mimika district.  

Papua has a varied geography dominated by a central east to west mountain range which extends 

into neighbouring Papua New Guinea. The highland peaks rise up to 4884 m above sea level, and 

the tallest mountain Carstenz Pyramid or Puncak Jaya is the highest between the Andes and the 

Himalayas. On the outskirts of Puncak Jaya and Timika is the Freeport copper and gold mine 

with a rich collection of tailings, this has resulted in the economic migration of many non 

indigenous people from other areas of Indonesia. The highlands have a temperate climate but the 

majority of Papua consists of lowland forest with a tropical climate.  

The Indonesian population is rapidly increasing and was estimated to be 235 million in 2007 

with 66% aged from 15-60 years and 29% under 15 years of age. With a population of 

approximately 2.5 million, Papua is the most rapidly growing region in Indonesia increasing at 

an annual rate of 3%, due to a combination of a high birth rate and immigration. Our study site is 

in the town of Timika, with an estimated population of 200,000, these being a mixture of 
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indigenous lowland as well as migrants from highland regions and other areas of Indonesia. The 

movement of non-immune people from the highlands and other parts of Indonesia with less 

intense transmission of malaria has resulted in a large number of individuals of all age groups 

being susceptible to malaria. In addition, the unstable malaria transmission in Timika means all 

age groups can present with manifestations of severe malarial disease. 

 

Figure1. Map of Papua Province and Indonesia 

 

5.1.2 Malaria in Indonesia and Timika, Papua 

The malaria situation in Indonesia can be divided into two regions; the first comprises Java and 

Bali, islands which have 70% of the total population, and the second are the less populated 

islands of Sumatra, Kalimantan, Sulawesi, Nusa Tenggara, Maluku and Papua. While Java and 
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Bali are hypoendemic, the situation is extremely varied in the other areas ranging from hypo-

hyperendemic. In total 90-110 million of the population are estimated to be at risk of malaria, in 

2005 it was estimated to have 15 million clinical cases but officially only 433,000 were reported. 

Similarly, deaths due to malaria were estimated to be 42,000 although only 97 were reported 

(333). Using active case detection in the second region, the Annual Clinical Malarial Incidence 

(ACMI/1000) in 2005 was reported to be lowest in Sulawesi Selatan (0.48) and Sumatra Barat 

(0.68) and highest in Nusa Tenggara Timor (189) and Papua (224) (333).  

In the area around South Western Papua, a survey of children aged 2-9 years in 1980 showed 

spleen enlargement rates ranging from 78-97% and a parasite rate of 21-52% in different villages 

(334). A malariometric survey of the Timika area in 1992 showed the average spleen rate was 

44% with rates in different villages ranging from 14-68%; the average parasite rate was 60.6% 

ranging from 4.8-92% (335). In both studies, the vectors identified were Anopheles punctulatus, 

A. farauti and A. koliensis which are both indoor and outdoor resting.  

Currently the annual incidence rate of malaria in Timika is 938 per 1000 person years with 

majority of infections from P. falciparum and P. vivax, although P. ovale and P. malariae are 

also present (336). Drug resistance to older anti-malarial therapies such as chloroquine and 

sulfadoxine-pyrimethamine is widespread and current policy in Timika recommends artemisinin 

combination therapy for treatment of uncomplicated malaria (336) and intravenous artesunate for 

severe disease (2). 
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5.1.3 Research Settings: Rumah Sakit Mitra Masyarakat 

Rumah Sakit Mitra Masyarakat (RSMM) is currently the only hospital located in Timika town. 

For the study, all patients with severe malaria or moderately severe malaria were recruited from 

the emergency department, intensive care or the medical inpatient wards by myself and Daniel 

Lampah, an Indonesian doctor. Asymptomatic healthy adult controls were recruited from non-

related relatives or friends of the patients after being screened for peripheral parasitemia. 

Patients were examined and physiological measurements were conducted mainly in a dedicated 

research room adjacent to the intensive care unit. If patients were assessed to be unstable, 

examination was then done in the emergency room or intensive care unit. All the patients who 

received L-arginine were monitored in the research room for up to 1-2 hours before and 24 hours 

after L-arginine infusion and were watched at all time by a research nurse. 

The Timika malaria reseach program is a joint project between the National Institute of Health 

Research and Development (NIHRD), Indonesia and the Menzies School of Health Research, 

Darwin, Australia. This program is involved in both community and hospital based studies into 

malaria. The community studies have resulted in the first widespread implementation of 

artemisinin combination therapies (ACT) in Indonesia after documentation of widespread 

resistance to the previous anti-malarial agents. The hospital based studies have included research 

into the treatment and the pathophysiology of severe malaria. RSMM was one of the sites in a 

multi-centre study to evaluate the use of intravenous artesunate for the treatment of severe 

malaria (2). The findings from the study resulted in a change of policy at RSMM for the 

treatment of severe malaria from quinine to artesunate (2).   
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There is a research building 50 metres from RSMM with sleeping quarters for researchers, data 

entry facilities and laboratories. Additional staff conducting hospital based research includes 

three research nurses and 4 full time laboratory technicians who also share duties to process 

samples from community studies. For hospital studies, all samples were processed within 30 

minutes of collection in a laboratory on the hospital premises by the technicians or if samples 

were collected after 9pm at night, by myself. The laboratory equipment includes a portable 

biochemical analyser, a coulter counter, microscopes, a sterile biosafety cabinet, centrifuges,       

-70
o
C freezers and liquid nitrogen tanks.  

5.2 Background II. Studies of the Endothelium in Malaria Until 2004. 

The role of the endothelium and the microcirculation in the pathogenesis of severe malaria has 

been discussed in chapter 1. Clinical studies have relied mainly on two approaches, the first 

examining the ultra-structural changes of the organs in autopsy specimens with electron or light 

microscopy techniques. The second approach has involved the measurement of plasma 

concentrations of endothelial cell surface adhesion receptors or other markers of endothelial 

damage during malaria infection. However, useful as these studies are in helping to elucidate the 

pathogenesis of severe malaria, they do not evaluate function of the endothelium during actual 

disease. To date, only one other study has examined the microcirculation in vivo. Using 

orthogonal polarizing spectroscopy during human malarial infections, Dondorp et al visualized in 

real time, in vivo obstruction of the microcirculation in the rectum (120).  

In contrast to malaria, clinical studies in sepsis have evaluated microcirculatory function in real 

time with a variety of methods since the mid 1990s. These techniques have included venous 

plethysmography, flow mediated dilatation of the brachial arteries, and orthogonal polarizing 

spectroscopy technology. These studies demonstrated both vasomotor dysregulation and 
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decreased functional capillary density which researchers hypothesized could result in hypoxia or 

tissue dysoxia and organ damage.  

Real time measurement of endothelial function which reflects vascular NO bioavailability could 

be important for several reasons in the pathogenesis of malaria: i) reduced NO bioavailability in 

the endothelium could result in increased cell surface adhesion receptor expression; ii) increased 

endothelial cell receptor expression could increase parasite cytoadherence and sequestration; iii) 

vasomotor dysregulation and decreased functional capillary density could contribute to impaired 

microcirculatory flow over and above the effects of parasite obstruction. 

The mortality rate from malaria ranges from 10-30% even with the use of the most rapidly 

available anti-malarial therapy (2). Therapy to attenuate endothelium activation, reduce parasite 

cytoadherence and sequestration,and improve microcirculatory flow could improve the outcome 

when used in combination with anti-parasitic treatment. In addition, improving endothelial 

function or vasomotor regulation may further improve perfusion in a vascular system already 

affected by parasite obstruction. Agents able to improve endothelial function have been used to 

improve the long term outcome in cardiovascular diseases but have not been assessed in malaria. 

If shown to be effective in increasing endothelial function in moderately severe malaria, L-

arginine could provide „proof of concept‟ that the endothelium could be a target for adjunctive 

therapy in severe disease. 

5.3 Study Aim and Objectives 

The initial aim of this study was to assess NO bioavailability in the endothelium and the 

pulmonary system in patients with severe and moderately severe malaria, and compare these 

results to healthy individuals. Factors which could affect endothelial function such as L-arginine  
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Figure 2. Doctors of Rumah Sakit Mitra Masyarakat, Timika, Papua Province, Indonesia. 

 

Figure 3. Staff at the Research Building, RSMM Hospital.  
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concentration and intravascular haemolysis were also examined. The association between 

endothelial function, markers of endothelial inflammation, organ perfusion and parasite 

sequestration would also be explored. 

The other primary aim was to conduct a pilot study to examine the safety and efficacy of L-

arginine infusion in patients with moderately severe malaria. Adjunctive therapy in addition to 

anti-malarial treatment would eventually be studied in patients with severe malaria but lack of 

safety data precluded the pilot study from being conducted in this patient group.  

5.3.1 Study Hypotheses 

 

The study was conducted from 2005-2006 in Papua, Indonesia to test the following hypotheses: 

i) Endothelial function in adults with P. falciparum infection would be inversely related to 

disease severity. 

ii) Endothelial dysfunction in malaria would be associated with endothelial inflammation, 

impaired microvascular perfusion and increased parasite biomass. 

iii) Endothelial function would be inversely associated with the severity of intravascular 

haemolysis. 

iv) Pulmonary NO bioavailability, as measured by exhaled NO concentrations, would be 

inversely associated with the severity of malarial disease. 

v) Infusion of L-arginine at selected doses in adults with moderately severe malaria would be 

safe, and would increase endothelial function and NO production. 
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      Case fatality rates in adults with severe falci-
parum malaria (SM) remain high despite the use 
of rapidly parasiticidal antimalarial chemother-
apy ( 1 ). Adjunctive therapies (in addition to anti-
malarial treatment) have been used in an attempt 
to reduce mortality, but none have proved eff ec-
tive to date ( 2 ). Targeted interventions with novel 
adjunctive agents require a better understanding of 
the pathophysiologic processes that occur in SM. 

 The vascular endothelium plays a central role 
in the pathogenesis of SM. Parasitized red cells 
adhere to constitutive and cytokine-inducible 
receptors on the microvascular endothelium, 

resulting in sequestration and vascular obstruction, 
impaired perfusion, and tissue dysoxia in critical 
organs ( 3 – 6 ). This cytoadherence is associated 
with in vitro and histopathological evidence of 
endothelial infl ammation and damage ( 4, 5, 7, 8 ). 
However, there have been no studies examining 
endothelial function in SM in vivo. 

 Our previous studies in African children 
with SM demonstrated impaired production of 
NO ( 9 ), impaired mononuclear cell NO synthase 
type 2 (NOS2) expression ( 9 ), and low plasma 
concentrations of  l -arginine ( 10 ), the substrate for 
NO synthesis from NOS. In an animal model of 
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 Severe falciparum malaria (SM) is associated with tissue ischemia related to cytoadherence 

of parasitized erythrocytes to microvascular endothelium and reduced levels of NO and its 

precursor,  l  -arginine. Endothelial function has not been characterized in SM but can be 

improved by  l  -arginine in cardiovascular disease. In an observational study in Indonesia, we 

measured endothelial function using reactive hyperemia – peripheral arterial tonometry 

(RH-PAT) in 51 adults with SM, 48 patients with moderately severe falciparum malaria (MSM), 

and 48 controls. The mean RH-PAT index was lower in SM (1.41; 95% confi dence interval 

[CI] � 1.33 – 1.47) than in MSM (1.82; 95% CI � 1.7 – 2.02) and controls (1.93; 95% CI � 

1.8 – 2.06; P  <  0.0001). Endothelial dysfunction was associated with elevated blood lactate 

and measures of hemolysis. Exhaled NO was also lower in SM relative to MSM and controls. 

In an ascending dose study of intravenous  l  -arginine in 30 more patients with MSM, 

 l  -arginine increased the RH-PAT index by 19% (95% CI � 6 – 34; P � 0.006) and exhaled NO 

by 55% (95% CI � 32 – 73; P  <  0.0001) without important side effects. Hypoargininemia 

and hemolysis likely reduce NO bioavailability. Endothelial dysfunction in malaria is nearly 

universal in severe disease, is reversible with  l  -arginine, and likely contributes to its patho-

genesis. Clinical trials in SM of adjunctive agents to improve endothelial NO bioavailability, 

including  l  -arginine, are warranted. 
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 l -arginine infusion in acute malaria would improve endo-
thelial function. In stage 2, we undertook a single ascending 
dose study of  l -arginine infusion in hospitalized patients with 
moderately severe falciparum malaria (MSM) to demonstrate 
safety and  “ proof of concept ”  of  l -arginine infusion as a po-
tential adjunctive therapy targeting the endothelium in malaria. 

  RESULTS  

 Stage 1 

 Subjects.   Out of the 158 patients enrolled, 5 were excluded 
from the SM group because of an alternative diagnoses and 6 
were excluded from the control group because of asymptom-
atic parasitemia ( Fig. 1 ).  Baseline characteristics of the remain-
ing 147 patients are shown in  Table I .  Among the 51 patients 
with SM, 28 (55%) had coma, 17 (33%) had acute renal failure, 
23 (45%) had hyperbilirubinemia with either renal impairment 
or parasitemia ( � 100,000 parasitemia/ � l), and 30 (59%) had 
more than one criterion for severe disease ( 22 ). In total, 35 
(69%) patients received artesunate and 16 (31%) received qui-
nine. All of the 48 patients with MSM were treated with qui-
nine except for one, who received artesunate. There were 
seven (14%) deaths among SM patients and none in the MSM 
group. Measurement of exhaled NO was possible in 88% (42 
out of 48) of MSM patients and 48% (11 out of 23) of SM pa-
tients without coma. Reactive hyperemia – peripheral arterial 
tonometry (RH-PAT) could be assessed in 99% (145 out 
of 147), with restlessness precluding reliable measurement in 
2 patients with SM. 

 Endothelial function.   The mean RH-PAT index was 1.41 
(95% confi dence interval [CI] � 1.33 – 1.47) in patients with 
SM ( n  � 49), which was signifi cantly lower than in patients 
with MSM (1.82; 95% CI � 1.7 – 2.02;  n  � 48) or healthy 
controls (HC; 1.93; 95% CI � 1.8 – 2.06;  n  � 48; P  �  0.0001; 
 Fig. 2 A ).  There was no signifi cant diff erence between the 
HC and MSM groups (P � 0.49). Overall, the proportion of 

cerebral malaria, reduced NO availability is associated with 
increased mortality and NO replacement improves survival ( 11 ). 
In vitro, NO reduces the expression of cytokine-inducible 
adhesion molecules on endothelial cells ( 12 ) and decreases 
cytoadherence of parasitized erythrocytes to the microvascular 
endothelium ( 13 ). Impaired in vivo endothelial NO produc-
tion in malaria is likely to exacerbate these processes. 

 An additional mechanism of reduced NO availability has 
recently been described in disease states with intravascular 
hemolysis ( 14 ). Erythrocyte rupture results in increased cell-free 
hemoglobin and plasma arginase ( 15, 16 ), leading to increased 
NO consumption and plasma  l -arginine catabolism, respec-
tively, and an overall reduction in NO bioavailability ( 14 ). In 
sickle cell disease (SCD), these mechanisms are thought to 
contribute to endothelial dysfunction and mortality ( 16 – 18 ). 
Because hemolysis is found in malaria, these processes may also 
contribute to NO defi ciency, endothelial dysfunction, and 
pathogenesis in SM; however, human studies relative to this 
 issue are lacking. 

 Endothelial function is characterized by the ability of ves-
sels to dilate in response to increased shear stress or chemical 
agonists and is inversely related to endothelial activation ( 19 ). 
Impaired endothelial function is found in chronic diseases 
such as hypercholesterolemia ( 19 ) and lysinuric protein intol-
erance (an inherited defi ciency of  l -arginine uptake) ( 20 ), both 
of which improve with  l -arginine therapy ( 20, 21 ). It is un-
known whether restoration of plasma  l -arginine concentrations 
can improve endothelial function in acute infections such 
as malaria. 

 Our fi rst hypothesis was that endothelial function, exhaled 
NO, and plasma  l -arginine concentrations would be reduced 
in adults with falciparum malaria in proportion to disease 
severity, and that measures of hemolysis would be associated 
with endothelial dysfunction. In stage 1 of this study, we 
therefore compared each of these parameters among pa-
tients with and without SM. Our second hypothesis was that 

 Figure 1.   Study profi le of patients recruited in stages 1 and 2 of the study. Stage 1 was an observational study to compare endothelial function 

among individuals with SM, MSM, and HC. Stage 2 was intervention study to measure the effect of  L -arginine or saline infusion on RH-PAT index and 

exhaled NO in MSM.   
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[95% CI � 795 – 1,080] vs. 518 pg/ml [95% CI � 470 – 566]; 
P  �  0.0001;  Table II ), and E-selectin (152 pg/ml [95% CI � 
113 – 192] vs. 94 pg/ml [95% CI � 83 – 106]; P  �  0.0001; 
 Table II ). Plasma histidine-rich protein 2 (HRP2), a measure 
of total parasite biomass, was also signifi cantly higher in pa-
tients with severe disease (P  �  0.0001;  Table II ). 

 Baseline measures of hemolysis.   Plasma haptoglobin con-
centrations were below the lower limit of detection (10 mg/dl) 
in 92% (45 out of 49) of patients with SM compared with 
45% (22 out of 48) of those with MSM (relative risk � 2; 95% 
CI � 1.46 – 2.76; P  �  0.0001;  Table II ). Plasma lactate dehy-
drogenase (LDH) concentrations increased with disease sever-
ity (P  �  0.0001;  Table II ); in pairwise comparisons, the mean 
plasma LDH concentration was signifi cantly higher in patients 
with SM (1,667 IU/liter; 95% CI � 1,439 – 1,882]) than in 
MSM patients (660 IU/liter; 95% CI � 563 – 757; P  �  0.001) 
or HC (447 IU/liter; 95% CI � 373 – 522; P  �  0.001). In pa-
tients with SM, mean LDH concentrations were signifi cantly 
higher in those with a fatal outcome (2,394 IU/liter; 95% 
CI � 1,834 – 3,054) than in survivors (1,526 IU/liter; 95% CI � 
1,306 – 1,747; P � 0.009). Plasma LDH was also positively 

subjects with impaired endothelial function (RH-PAT  �  
1.67) ( 23 ) was signifi cantly higher in SM patients (46 out of 
49; 94%) compared with that in patients with MSM (17 out of 
48; 35%) or HC (14 out of 48; 29%; P  �  0.0001;  Fig. 2 A ). 
In patients with SM, there was no signifi cant diff erence in the 
RH-PAT index among patients according to severity criteria 
(P � 0.32) ( 22 ) or mortality (P � 0.66). 

 Baseline concentrations of plasma  L -arginine and bio-
markers of disease severity.   Plasma  l -arginine concentrations 
were lower in both the MSM (42  � mol/liter; 95% CI � 37 – 45) 
and SM groups (49  � mol/liter; 95% CI � 43 – 55) relative to 
controls (77  � mol/liter; 95% CI � 68 – 85; P  �  0.0001; 
 Table II  and  Fig. 2 B ).  In patients with SM, there was no signi-
fi cant diff erence in mean  l -arginine concentrations among 
diff erent severity criteria (P � 0.15). There was no signifi cant 
diff erence in the plasma  l -arginine/ornithine ratios among 
groups (P � 0.14;  Table II ). Compared with patients with 
MSM, patients with SM had higher mean concentrations of 
lactate (2.89 mmol/liter [95% CI � 2.34 – 3.44] vs. 1.36 
mmol/liter [95% CI � 1.17 – 1.55]; P  �  0.0001;  Table II ), 
soluble intercellular adhesion molecule 1 (ICAM-1; 937 pg/ml 

  Table I.    Baseline characteristics of stage 1 patients according to clinical status 

HC MSM SM

Number 48 48 51

Age (y):  

 mean (range)

27 (18 – 42) 28 (18 – 56) 29 (18 – 56)

Males:  

 no. (%)

31 (65) 32 (67) 37 (72)

Weight (kg):  

 mean (range)

59 (42 – 73) 58 (43 – 77) 57 (45 – 85)

Ethnicity:  

 no. (%) Papuan highlander*

42 (87) 37 (77) 27 (53)

Current smoker:  

 no. (%)

23 (48) 19 (40) 22 (43)

Exsmoker:  

 no. (%)*

3 (6) 7 (14) 8 (15)

Days of fever before presentation:  

 median (IQR) ‡ 

NA 2 (1-5) 4 (1-7)

Systolic blood pressure (mmHg):  

 mean (range) ‡ 

130 (96 – 136) 114 (88 – 152) 106 (60 – 154)

Hypertensive on enrollment (%) 0 2 2

Pulse rate (beats/min):  

 mean (range) ‡ 

68 (44 – 104) 86 (56 – 118) 97 (61 – 138)

Respiratory rate (breaths/min):  

 mean (range) ‡ 

20 (18 – 26) 25 (14 – 42) 30 (16 – 60)

Temperature ( ° C):  

 mean (range) ‡ 

35.6 (35 – 36.7) 36.5 (34.1 – 39.8) 37.1 (34.8 – 40.3)

Coma:  

 no. (%)*

0 0 28 (55)

Time (h) from start of antimalarial  

 therapy to physiological testing:  

 mean (95% CI) ‡ 

NA 4.5 (3 – 6) 8 (6 – 10)

*, P  �  0.01, calculated from a  �  2  test comparing SM, MSM (stage 1), and HC.  ‡ , P  �  0.01, calculated from ANOVA comparing SM, MSM (stage 1), and HC; or where no data in 

HC, calculated from a two-sided  t  test comparing SM and MSM (stage 1). IQR, interquartile range; NA, not applicable.
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correlated with both plasma arginase activity (r � 0.4; P  �  
0.001) and plasma ICAM-1 (r � 0.75; P  �  0.001) and 
E-selectin (r � 0.47; P  �  0.001), and these correlates remained 
after stratifying for disease severity. Plasma arginase activity 
increased with disease severity (P � 0.0002;  Table II ) and was 
weakly associated with plasma ICAM-1 (r � 0.27; P � 0.01) 
and E-selectin (r � 0.25; P � 0.02) but not with plasma 
 l -arginine concentrations. 

 Relationship between endothelial function and bio-
markers of disease severity and hemolysis.   Among all 
malaria patients ( n  � 99), the RH-PAT index was negatively 
correlated with plasma HRP2 (parasite biomass; r �  − 0.38; 
P  �  0.0001), lactate concentrations (r �  − 0.34; P � 0.001), 
plasma LDH concentrations (r �  − 0.41; P  �  0.001), plasma 
arginase activity (r �  − 0.3; P � 0.004), and plasma-soluble 
ICAM-1 concentrations (r �  − 0.45; P  �  0.0001), but not ex-
haled NO, hemoglobin, bilirubin, E-selectin,  l -arginine, or the 
 l -arginine/ornithine ratio. After stratifying by disease severity, 
blood lactate and plasma LDH concentrations remained cor-
related with the RH-PAT index. In the 26 patients with MSM 
who had hapto globin concentrations in the measurable range, 
there was a signi fi cant association between plasma haptoglobin 
concentrations and the RH-PAT index (r � 0.62; P � 0.003). 

 Exhaled NO.   Median exhaled NO was lower in the SM 
group (10.5 parts per billion [ppb]; range � 4.4 – 27.5;  n  � 11) 
compared with the MSM (16.5 ppb; range � 6.2 – 77.1;  n  � 42) 
and HC (16.5 ppb; range � 4.9 – 67.1;  n  � 48) groups (P � 
0.049;  Fig. 2 C ). After stratifying by disease category, there was 
no association between exhaled NO and plasma  l -arginine 
concentration or any measure of hemolysis. 

 Stage 2 

 Subjects.   A total of 30 patients received  l -arginine infusion 
intravenously at doses of 3 ( n  � 10), 6 ( n  � 10), and 12 g ( n  � 10). 
Their baseline clinical and physiological characteristics did not 
diff er signifi cantly from the stage 1 patients with MSM who 
received an identical volume of saline ( Table III ).  

 Eff ect of  L -arginine infusion on plasma  L -arginine and 
RH-PAT.   Overall, plasma  l -arginine concentrations increased 
in all subjects receiving  l -arginine. The mean  l -arginine con-
centration increased from 37  � mol/liter (95% CI � 33 – 43) 
to 853  � mol/liter (95% CI � 628 – 1,078; P  �  0.0001), with 
maximum values observed at the end of the 30-min infusion. 
The increases in peak  l -arginine concentrations were dose 
related, with the mean after 3, 6, and 12 g being 288 (95% CI � 
172 – 405), 809 (95% CI � 592 – 1,027), and 1,310  � mol/liter 
(95% CI � 911 – 1,709), respectively. There was no signifi cant 
change in plasma  l -arginine after saline infusion (P � 0.89). 

 After  l -arginine infusion at any dose ( n  � 30), the overall 
mean RH-PAT index rose from 1.76 (95% CI � 1.62 – 1.9) to 
2.05 (95% CI � 1.84 – 2.26), a 19% (95% CI � 6 – 34) increase 
(P � 0.006;  Fig. 3 A ).  The proportion of patients with an ab-
normal RH-PAT ( � 1.67) decreased from 47% (14 out of 30) to 

 Figure 2.   RH-PAT index, plasma  L -arginine concentrations, and 

exhaled NO in each study group at enrollment. (A) Comparison of 

RH-PAT index at enrollment among disease categories (P  �  0.0001 by 

ANOVA). Dots and error bars indicate means and 95% CIs. Horizontal line 

indicates an RH-PAT index of 1.67; values below this represent impaired 

endothelial function (reference  23 ). (B) Comparison of plasma  L -arginine 

concentrations among disease categories (P  �  0.0001 by ANOVA). Dots 

and bars indicate means and 95% CIs. (C) Comparison of exhaled NO 

concentrations at enrollment among disease categories (P � 0.049 by the 

Kruskal-Wallis test). Central line and box indicate the median and inter-

quartile range. Whiskers indicate range.   
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no signifi cant diff erence compared with those who received 
saline ( − 5% mean relative change; 95% CI � from  − 20 to 9; 
P � 0.2). In these patients, there was also no signifi cant diff er-
ence in the proportion in whom the RH-PAT index fell below 
1.67 after  l -arginine (12%) compared with saline (9%; P � 0.7). 

 Eff ect of  L -arginine infusion on exhaled NO.   Paired mea-
surements were available for 27 patients after  l -arginine infu-
sion at any dose, with 3 patients unable to perform the procedure. 
The mean exhaled NO increased from 21.2 ppb (95% CI � 
15.9 – 26.4) to 31.8 ppb (95% CI � 23.9 – 9.7), an increase of 
55% (95% CI � 32 – 73; P  �  0.0001;  Fig. 3 C ). There was no 
signifi cant change in exhaled NO after saline infusion (P � 0.1; 
 Fig. 3 C ). The mean relative increase in exhaled NO after 
 l -arginine infusion was 37% higher (95% CI � 15 – 59) when 
compared with saline administration (P � 0.002). 

 Safety.    l -arginine infusion was well tolerated. Two patients ex-
perienced mild pain at the infusion site, but there were no other 
adverse eff ects or clinically important changes in vital signs. 

23% (7 out of 30; P � 0.01). In the control group, there was 
no overall change in the RH-PAT index after infusion of 
saline (P � 0.76;  Fig. 3 A ). The diff erence in mean relative 
increase in the RH-PAT index after  l -arginine infusion 
compared with that after saline administration was 16% (95% 
CI � 1 – 32; P � 0.04). 

 In the a priori – selected subgroup of 14 subjects with base-
line endothelial dysfunction (RH-PAT index  �  1.67) who re-
ceived  l -arginine infusion, the mean RH-PAT index rose from 
1.46 (95% CI � 1.37 – 1.55) to 1.99 (95% CI � 1.61 – 2.38), a 
relative increase of 38% (95% CI � 11 – 65; P � 0.004). Among 
patients with baseline impairment of endothelial function, there 
was a signifi cant dose – response with  l -arginine infusion, with a 
mean increase in the RH-PAT index of 12% (95% CI � from 
 − 1 to 25) in those receiving 3 g ( n  � 4), 24% (95% CI � from 
 − 5 to 54) receiving 6 g ( n  � 6), and 78% (95% CI � from  − 16 
to 173) receiving 12 g ( n  � 4; P � 0.03;  Fig. 3 B ). 

 In patients with an RH-PAT index  � 1.67, there was no 
signifi cant change in RH-PAT before and after  l -arginine (5% 
mean relative change; 95% CI � from  − 7 to 17; P � 0.5), and 

  Table II.    Laboratory and physiological results of stage 1 patients according to clinical status 

HC MSM SM

Number 48 48 51

White blood cell count ( � 10 3   � l  � 1 ):  

 mean (95% CI) ‡ 

ND 5.9 (2.6 – 10.8) 9.4 (3.2 – 17.3)

Hemoglobin (g/liter):  

 mean (range) ‡ 

ND 128 (7.1 – 16.7) 108 (6 – 16.3)

Plasma  L -arginine ( � mol/liter):  

 mean (95% CI) ‡ 

77 (68 – 85) 42 (37 – 45) 49 (43 – 55)

Plasma ornithine ( � mol/liter):  

 mean (95% CI) ‡ 

71 (62 – 80) 50 (39 – 60) 60 (43 – 77)

 L -arginine/ornithine ratio:  

 mean (95% CI)

1.15 (1 – 1.29) 0.99 (0.84 – 1.14) 1.03 (0.89 – 1.17)

Plasma arginase activity ( � mol/ml/h):  

 median (IQR)**

0.14 (0.06 – 0.19) 0.18 (0.12 – 0.24) 0.24 (0.17 – 0.31)

Lactate concentration (mmol/liter):  

 mean (95% CI) ‡ 

NA 1.36 (1.1 – 1.5) 2.89 (2.3 – 3.4)

Haptoglobin undetectable ( � 10mg/dl):  

 no. (%) ‡ 

ND 22/48 (45) 45/49 (92)

Parasite density ( � l  � 1 )  

 geometric mean (range) ‡ 

0 13,297 (850 – 127,350) 35,067 (125 – 725,340)

HRP2 concentration (log e  ng/ml):  

 mean (range) ‡ 

NA 5.78 (1.7 – 8.79) 7.53 (1 – 10.98)

LDH (IU/liter):  

 mean (95% CI) ‡ 

447 (373 – 522) 660 (563 – 757) 1667 (1,439 – 1,882)

Soluble ICAM-1 (pg/ml):  

 mean (95% CI) ‡ 

NA 518 (470 – 566) 937 (795 – 1,080)

Soluble E-selectin (pg/ml):  

 mean (95% CI) ‡ 

NA 94 (83 – 106) 152 (113 – 192)

RH-PAT index:  

 mean (95% CI) ‡ 

1.93 (1.8 – 2.06) 1.82 (1.7 – 2.02) 1.41 (1.33 – 1.47)

Exhaled NO (ppb):  

 median (IQR)**

16.5 (11.6 – 26.6) 16.5 (10.9 – 25.2) 10.5 (7.5 – 15)

 ‡ , P  �  0.01, calculated from ANOVA or a  �  2  test comparing SM, MSM (stage 1), and HC; or where no data in HC, calculated from a two-sided  t  test comparing SM and MSM 

(stage 1). **, P  �  0.05, calculated from a Kruskal-Wallis test comparing SM, MSM (stage 1), and HC. IQR, interquartile range; NA, not applicable; ND, not done.
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cant changes in concentrations of blood glucose or electrolytes 
(potassium, phosphate, bicarbonate, chloride, and pH). 

  DISCUSSION  

 Autopsy studies in fatal cases of malaria have described cyto-
adherence of parasitized red cells to endothelium, endothelial 
inflammation, and endothelial damage ( 5 ). Our study has 
shown impairment of endothelium-dependent vasodilatation 

Mean changes in systolic blood pressure before and after infu-
sion of 3 g ( − 0.4 mmHg; 95% CI � from  − 5 to 6), 6 g (2 mmHg; 
95% CI � from  − 7 to 11), and 12 g ( − 3 mmHg; 95% CI � 
from  − 13 to 8) were not clinically signifi cant. Mean changes in 
pulse rate before and after infusion of 3 g ( − 1 beat/min; 95% 
CI � from  − 9 to 7), 6 g ( − 4 beats/min; 95% CI � from  − 6 to 
14), and 12 g (1 beat/min; 95% CI � from  − 19 to 21) were also 
not clinically signifi cant. There were also no clinically signifi -

  Table III.    Baseline characteristics of the stage 2 patients with MSM given either saline or  L -arginine 

Saline infusion group  a   L -arginine infusion group

Number 48 30

Age (y):  

 mean (range)

28 (18 – 56) 28 (18 – 54)

Males:  

 no. (%)

32 (67) 20 (67)

Weight (kg):  

 mean (range)

58 (43 – 77) 58 (42 – 70)

Ethnicity: no.  

 (%) Papuan highlander

37 (77) 23 (77)

Current smoker:  

 no. (%)

19 (40) 11 (37)

Exsmoker:  

 no. (%)

7 (14) 4 (13)

Days of fever before presentation:  

 median (IQR)

2 (1 – 5) 2 (1 – 4)

Systolic blood pressure (mmHg):  

 mean (range)

114 (88 – 152) 109 (90 – 138)

Hypertensive on enrollment (%) 2 0

Pulse rate (beats/min):  

 mean (range)

86 (56 – 118) 80 (54 – 116)

Respiratory rate (breaths/min):  

 mean (range)

25 (14 – 42) 24 (18 – 32)

Temperature ( ° C):  

 mean (range)

36.5 (34.1 – 39.8) 37 (34.8 – 40.2)

White blood cell count ( � 10 3   � l  � 1 ):  

 mean (range)

5.9 (2.6 – 10.8) 6.2 (2.3 – 11.7)

Hemoglobin (g/liter):  

 mean (95% CI)

128 (7.1 – 16.7) 123 (7.5 – 17)

Plasma  L -arginine ( � mol/liter):  

 mean (95% CI)

42 (37 – 45) 37 (33 – 43)

Lactate concentration (mmol/liter):  

 mean (95% CI)

1.29 (1.1 – 1.5) 1.5 (1.2 – 1.8)

RH-PAT index:  

 mean (95% CI)

1.82 (1.7 – 2.02) 1.76 (1.62 – 1.9)

Exhaled NO (ppb):  

 mean (range)

20.5 (6.2 – 77.1) 21.2 (4.2 – 51.3)

Parasite density ( � l  − 1 ):  

 geometric mean (range)

16,297 (850 – 227,350) 17,221 (890 – 281,864)

HRP2 concentration (log e  ng/ml):  

 mean (range)

5.78 (1.7 – 8.79) 5.76 (1.34 – 8.79)

Time (h) from start of antimalarial  

 therapy to physiological testing:  

 mean (95% CI)

4.5 (3 – 6) 6 (4.5 – 7.5)

There was no signifi cant difference (P  �  0.05) between groups for any of the variables.

  a  The patients with MSM given saline were those enrolled in stage 1 of the study.
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SM and its signifi cant improvement after infusion of  l- arginine 
(but not saline) in patients with MSM demonstrate that the 
endothelium can be targeted for adjunctive treatment in falci-
parum malaria. 

 Our measure of endothelial function, RH-PAT, is at least 
50% dependent on endothelial NO production ( 24 ). The en-
dothelial dysfunction present in SM and its reversibility with 
 l- arginine in MSM suggests a defi ciency of NO availability 
in a cell type central to the pathophysiology of SM. Further-
more, the association between endothelial dysfunction and 
both soluble ICAM-1 and total parasite biomass supports the 
hypothesis that impaired NO production in SM contributes 
to enhanced expression of endothelial adhesion molecules 
and the exacerbation of cytoadherence and sequestration. 
In myocarditis, coronary vessel endothelial ICAM-1 expres-
sion is also inversely associated with NO-dependent endo-
thelial function ( 25 ). 

 Plasma  l- arginine concentrations, exhaled NO levels, and 
endothelial function were all signifi cantly reduced in Indone-
sian adults with SM, which was consistent with the reduction 
in systemic NO production and hypoargininemia found in 
our previous studies in African children with cerebral malaria 
( 9, 10 ). Although data in severe malarial anemia are lacking, 
our fi ndings suggest that hypoargininemia and low NO bio-
availability are characteristic of SM across diff erent age groups, 
transmission intensities, ethnic groups, and disease manifesta-
tions. The increase in exhaled NO and endothelial function 
after  l- arginine infusion in MSM supports our earlier hypoth-
esis that hypoargininemia contributes to impaired NO bio-
availability in SM ( 10 ). 

 The rapid reversibility of endothelial dysfunction with 
 l- arginine infusion in MSM suggests that in addition to the 
physical obstruction found in small vessels, there may also be 
a functional defect in perfusion resulting from an impaired 
ability of small vessels to appropriately dilate in response to 
ischemia. Although our study measured dysfunction in the en-
dothelial cells of small digital vessels, it is likely that similar im-
pairments occur in the more distal microvasculature at sites of 
parasitized red cell sequestration. In SM, metabolic acidosis is 
proportional to disease severity and is an important risk factor 
for death ( 26 ). The acidosis is thought to result from a combi-
nation of obstructed microvascular fl ow and impaired tissue 
oxygen delivery ( 26 ) and/or utilization ( 27 ). In our study, the 
degree of endothelial dysfunction correlated with blood lactate 
and acidosis; this supports the hypothesis that endothelial dys-
function and NO defi ciency contribute to impaired microvas-
cular fl ow and functional tissue hypoxia. In sepsis, another state 
of acute  l- arginine defi ciency, impairment in microcirculatory 
fl ow is reversible after infusion of the NO-donor nitroglycerin 
( 28 ). Collectively, these observations give a rational basis for 
future functional studies of microvascular perfusion and re-
versibility with  l- arginine in severe SM. 

 Endothelial dysfunction was signifi cantly greater in SM 
compared with MSM despite comparable degrees of hypoar-
gininemia in these groups. Possible reasons for this include in-
creased endothelial NO quenching in severe disease because of 

and a decrease in organ-specifi c NO production in nearly all 
adults with SM. This near-universal endothelial dysfunction in 

 Figure 3.   Change in RH-PAT index and exhaled NO after  L -arginine 

infusion. (A) Change in RH-PAT index in MSM after infusion of 100 ml saline 

(3%; 95% CI � from  − 1 to 12) or  L -arginine (19%; 95% CI � 8 – 33). p-values 

refer to paired comparisons before and after infusion. Dots and bars indi-

cate means and 95% CIs. (B) Dose-related change in RH-PAT index after 

intravenous  L -arginine infusion in the a priori – defi ned subset of patients 

with MSM who had baseline endothelial dysfunction (RH-PAT index  � 1.67; 

 n  � 14; P � 0.03). Lines show RH-PAT index before and after intravenous 

 L -arginine at doses of 3, 6, and 12 g. In the 16 patients without baseline 

impairment of endothelial function (RH-PAT index  � 1.67), there was no 

signifi cant change in RH-PAT after  L -arginine infusion. (C) Change in exhaled 

NO concentration in MSM after infusion of 100 ml saline (18%; 95% CI � 

from  − 2 to 28) or  L -arginine (55%; 95% CI � 39 – 71). p-values refer to 

paired comparisons before and after infusion. Dots and bars indicate 

means and 95% CIs.   
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the failure to control for dietary nitrate ingestion, nitrate 
retention in renal failure, and perturbations in extracellular fl uid 
volumes ( 41, 42 ). Experiments that have controlled for these 
variables have shown reduced concentrations of NO metabo-
lites and impaired expression of NOS in circulating mono-
nuclear cells in SM ( 9 ). Although not possible to measure in 
those with coma, our real-time measurement of exhaled NO 
has provided the fi rst direct measurement of NO in malaria and 
demonstrates impaired organ-specifi c NO production in severe 
disease. We speculate that the impaired pulmonary NO pro-
duction we demonstrate in this study in SM may increase the 
risk of developing acute respiratory distress syndrome (ARDS), a 
syndrome that usually commences 1 – 6 d after starting antima-
larial treatment and is a major cause of death in SM ( 43 ) 
Pulmonary NO is reduced in patients with ARDS in other 
diseases ( 44 ), and NO production has been associated with 
improved outcomes from acute lung injury ( 45 ). In animal 
experiments, disruption of extracellular  l- arginine uptake is as-
sociated with decreased NO production and increased lung 
infl ammation ( 46 ). By increasing pulmonary NO,  l- arginine 
therapy could potentially reduce the risk of developing 
ARDS in SM. 

 Our study has several limitations. The allocation of patients 
to receive either  l- arginine or saline was not randomized. 
However, there were no diff erences in baseline characteristics 
between those receiving saline and  l- arginine, and neither of 
the primary outcome measures was subjective. We could not 
exclude concurrent infections, particularly in SM. However, 
the low frequency of secondary bacteremia in SM in adults 
( 47 ) makes it unlikely that concurrent bacterial infection could 
explain the near-universal impairment of endothelial function 
in SM. Exhaled NO may not refl ect systemic NO production 
( 48, 49 ), and we could not directly measure intracellular endo-
thelial NO concentrations. Although RH-PAT response is at 
least 50% NO dependent, we were unable to exclude other 
mechanisms for endothelial dysfunction in SM, such as con-
current defi ciency of endothelium-derived hyperpolarizing 
factor and prostacyclin ( 19 ). However, the increase in both endo-
thelial function and exhaled NO after  l- arginine infusion sug-
gests an ability to increase NO bioavailability in at least two 
cell types. Our LDH results are comparable to previous studies 
in malaria ( 50 ). We cannot exclude a contribution to plasma 
LDH levels from extraerythrocytic sources, but the relative 
contribution from parasite LDH is likely to be minor. Finally, 
we cannot exclude eff ects of other factors (e.g., a high fat diet 
[ 19 ] or diurnal variation [ 51 ]) on endothelial function, but 
the impact of these confounding factors is likely to be low in 
patients acutely ill with malaria. 

 The improvement in endothelial function after  l- argi-
nine infusion in MSM was greatest in those with baseline 
impairment of endothelial function. With endothelial dys-
function occurring in nearly all patients with SM, the po-
tential benefi t of  l- arginine infusion in SM may be greater 
than that we have demonstrated in MSM.  l- arginine infusion 
was used in patients with MSM in this study because of the 
need to collect pharmacokinetic data and to demonstrate 

a greater degree of hemolysis, greater hypoargininemia-related 
superoxide production, and/or more microvascular sequestra-
tion of parasitized red cells than in MSM. In patients with 
SCD, hemolysis leads to an increase in plasma cell – free hemo-
globin and arginase, resulting in NO scavenging and metabo-
lism of plasma  l- arginine, respectively, each of which reduces 
NO bioavailability ( 14, 17 ). In SCD, plasma LDH (from lysed 
erythrocytes) and reduced  l- arginine/ornithine ratio (refl ect-
ing plasma arginase activity) are associated with up-regulation 
of endothelial adhesion receptors,  l- arginine – reversible endo-
thelial dysfunction, and early mortality ( 15 – 18 ). Our study 
suggests that similar mechanisms may be operating in SM. 
LDH was highest in SM and was associated with endothelial 
dysfunction, increased expression of plasma endothelial adhe-
sion molecules, and increased mortality. 

 Greater endothelial dysfunction in SM may also relate to 
the dependence of endothelial NO production on the activity 
of the cationic amino acid transporters responsible for cellular 
uptake of extracellular  l- arginine ( 29 ). As in African children 
with cerebral malaria ( 10 ), the mean plasma  l- arginine con-
centration in adults with SM was below the half-saturating 
concentration (Km) of the cationic amino acid transporters 
(100 – 150  � mol/liter), making it likely that hypoargininemia 
limits  l- arginine transport into cells and NO production in 
severe disease in both adults and children. With low  l- argi-
nine levels, NOS generates superoxide rather than NO, re-
sulting in oxidant-mediated cellular damage ( 30, 31 ), with 
NO quenching by superoxide further reducing NO bioavail-
ability. Because patients with SM may have increased expres-
sion of NOS2 in endothelial cells ( 32 ), increased endothelial 
superoxide generation and local quenching of NO may con-
tribute to the greater endothelial dysfunction found in SM. 
In addition, the greater dysfunction in SM may result from 
parasite-mediated eff ects on endothelial cells associated with a 
larger biomass of parasitized red cells adherent to the endothe-
lium. Sequestration of parasitized red cells may be both a cause 
and an eff ect of endothelial dysfunction. 

 Possible causes of hypoargininaemia in SM include de-
creased  l- arginine synthesis and increased catabolism caused 
by the increased activity of plasma arginase ( 33 ) and/or cyto-
kine-inducible arginase in endothelial cells or immune cells 
( 34, 35 ), processes that may also occur in other infl ammatory 
conditions. As well as impairing endothelial function, hypoar-
gininemia and NO defi ciency may contribute to pathology in 
SM through other mechanisms. NO inhibits platelet activa-
tion ( 36 ), and defi ciency may therefore exacerbate platelet-
mediated processes linked to the microvascular pathology of 
SM, including endothelial cell activation ( 37 ) and apoptosis 
and platelet-mediated clumping ( 38 ). Because NO is also a 
determinant of red cell deformability ( 39 ), defi ciency of NO 
may exacerbate the impaired red cell deformability found in 
SM ( 40 ), further compromising microvascular perfusion. 

 The extremely short half-life of NO has made measure-
ment of NO production technically challenging in malaria, 
with most studies measuring concentrations of NO metabolites 
in body fl uids. Results have been diffi  cult to interpret because of 
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 Ethical approval was obtained from the Health Research Ethics Com-

mittees of the National Institute of Health Research and Development, 

(Indonesia) and the Menzies School of Health Research (Australia). Written 

informed consent was obtained from patients or attending relatives in Indo-

nesian or a local language, when necessary. 

 Stage 1 clinical observations.   At enrollment, all patients underwent a 

standardized medical history, physical examination, venous blood collection, 

and measurement of endothelial function and exhaled NO. Blood pressure 

was measured with an automated sphygmomanometer and axillary tempera-

ture with a digital thermometer. 

 Laboratory methods.   Hemoglobin and white blood cell counts were mea-

sured by a counter (T890; Beckman Coulter), and routine biochemistry, 

acid-base parameters, and lactate were measured using a bedside biochemical 

analyzer (i-STAT-1; i-STAT Corp.). Parasite counts were determined by 

Giemsa-stained thick and thin fi elds and were cross-checked by an experi-

enced microscopist. Plasma was separated within 30 min of collection by 

centrifugation and stored at  − 70 ° C. Amino acids were extracted from 50  � l 

of plasma after the addition of 50  � l of internal standard (norleucine) and 200  � l 

of cold ethanol. Deproteinized plasma was derivitized with AccQFluor re-

agent (Waters), and amino acids were measured by HPLC (Shimadzu) using 

a method modifi ed from van Wandelen and Cohen ( 55 ). Plasma concentra-

tions of the endothelial activation markers soluble ICAM-1 and E-selectin 

were assayed by ELISA (R & D Systems). To quantitate total parasite biomass, 

plasma HRP2 was measured by ELISA, as previously described ( 56 ). Purifi ed 

HRP2 was provided by D. Sullivan (Johns Hopkins University, Baltimore, 

MD). Plasma haptoglobin and LDH were measure by ELISA and a calori-

metric assay, respectively (Roche Diagnostics). Plasma arginase activity was 

measured using a radiometric assay, as previously described, and reported as 

micromole/milliliter/hour ( 16 ). 

 Endothelial function.   RH-PAT (Itamar) is a recently validated noninvasive 

method of assessing endothelial function. RH-PAT correlates with the more 

labor-intensive fl ow-mediated dilatation method ( 57 ) and endothelial func-

tion in other vascular beds ( 57 ). At least 50% of RH is dependent on endo-

thelial NO production ( 24 ). Finger probes measure digital volume changes 

detected by a pressure transducer. PAT was measured before and after a 5-min 

ischemic stress, generating an RH-PAT index, normalized to the control 

arm ( 57 ). All studies were performed in a quiet air-conditioned room at 25 ° C 

after a 20-min equilibration time. In 10 patients with SM, tests were per-

formed in a high dependency unit at similar temperatures. To internally vali-

date endothelial function measurements, RH-PAT indices were repeated 

0.5 – 0.75 h after initial measurements in 37 HC. The reproducibility coeffi  -

cient was 0.59 ( 58 ), comparable with previous results ( 59 ) and those obtained 

with the fl ow-mediated dilatation method ( 51 ). 

 Exhaled NO.   Fractional concentration of exhaled NO in ppb was mea-

sured using American Thoracic Society guidelines with an NO analyzer 

(NiOX; Aerocrine AB) at a fl ow rate of 250 ml/sec ( 60 ). 

 Stage 2: eff ect of  L -arginine infusion on endothelial function.   A single 

ascending dose study of  l- arginine infusion was undertaken in 30 additional 

subjects with MSM ( Fig. 1 ). This stage was designed to assess safety, pharma-

cokinetics, and proof of mechanism and concept that  l- arginine infusion 

increases NO production and improves endothelial function. 

 Stage 2 patients.   30 additional patients with MSM were enrolled for 

 l- arginine infusion, with the same inclusion and exclusion criteria as in stage 

1 and the additional exclusion criterion of known allergy to  l- arginine. 

Based on the known variability of endothelial function ( 59 ), this sample size 

gave an 80% power to detect a 10% increase in RH-PAT index after  l -arginine 

infusion. A control group comprised the 48 patients with MSM from stage 1 

( Fig. 1 ). These patients underwent identical assessments before and after a 

30-min infusion of 100 ml of normal saline. 

safety and proof of concept before proceeding to studies in 
severe disease. 

 In conclusion, SM is characterized by hypoargininemia, 
hemolysis, decreased pulmonary NO, and impairment of 
endothelial function, with each potentially contributing to its 
pathogenesis. Given its central role in malaria pathophysiol-
ogy, the endothelium may be an important therapeutic target 
for adjunctive treatment. Short-term parenteral  l- arginine 
therapy is safe in MSM and increases pulmonary NO pro-
duction. Its effi  cacy in improving endothelial function sug-
gests that hypoargininemia and decreased NO bioavailability 
contribute to endothelial dysfunction. Our work provides 
fi rm proof of concept to warrant clinical trials of adjunctive 
agents such as  l- arginine to improve endothelial NO bio-
availability in SM. 

 MATERIALS AND METHODS 
 Study design 
 Stage 1: relationship between endothelial function and disease 

severity.   An initial prospective cross-sectional observational study was con-

ducted to compare endothelial function, plasma  l- arginine concentrations, 

exhaled NO, and biochemical markers among patients with MSM and SM 

and healthy individuals ( Fig. 1 ). Patients were enrolled between February 

2005 and April 2006. 

 Stage 1 patients.   The study was conducted at Mitra Masyarakat Hospital in 

Timika, Papua, Indonesia, a region with unstable transmission of both  Plas-

modium falciparum  and  P. vivax  ( 52 ). Three groups of adults  	 18 yr old were 

enrolled from the emergency department or outpatient clinic and diff erenti-

ated as follows: (a) MSM, defi ned as fever or history of fever in the past 48 h, 

with  � 1,000 asexual  P. falciparum  parasites per microliter (a parasitemia 

threshold predicting clinical disease in Papua) ( 53 ), no other etiology identi-

fi ed, and requiring inpatient parenteral therapy because of the inability to 

tolerate oral therapy ( 54 ) but exhibiting no World Health Organization 

(WHO) warning signs or criteria for SM ( 22 ); (b) SM, defi ned as the pres-

ence of  P. falciparum  parasitaemia and  	 1 modifi ed WHO criteria of severity 

( 22, 43 ), a Glasgow coma score  � 11, renal failure (creatinine  � 265  � mol/

liter after rehydration or urine output of  � 400 ml per 24 h), hyperbilirubi-

naemia (total bilirubin  � 50  � mol/liter) with either renal impairment (creat-

inine  � 130  � mol/liter) or parasitaemia ( � 100,000 parasites per microliter), 

blackwater fever, hypoglycemia (whole blood glucose  � 2.2 mmol/liter), 

respiratory distress (respiratory rate  � 32 breaths/min), acidosis (venous bi-

carbonate  � 15 mmol/liter), shock (systolic blood pressure  � 80 mmHg after 

fl uid resuscitation with cold peripheries), and/or hyperparasitaemia ( � 10% 

parasitized red cells); and (c) HC, defi ned as unrelated hospital visitors, sub-

jectively well with no history of fever in the preceding 48 h, no parasitaemia, no 

concurrent illness or medication, and not having smoked within the preceding 

12 h. Exclusion criteria included the following: pregnant or breastfeeding 

women; patients treated with parenteral antimalarials for  � 18 h; mixed 

 P. falciparum / P. vivax  infections; diabetes; known cardiac, renal, or hepatic 

disease; concurrent infection; concurrent medication; hemoglobin  � 60g/liter; 

and among MSM, those with systolic blood pressure  � 100 mmHg, a base-

line venous bicarbonate level  � 20 mmol/liter, potassium  	 4.2 mmol/liter, 

glucose  � 4 mmol/liter, or chloride  � 106 mmol/liter. 20 patients with SM 

were initially randomized to either intravenous quinine or artesunate as part 

of a multicenter clinical trial ( 1 ) . Based on the results of the study and an en-

suing national policy change, all patients subsequently received intravenous 

artesunate. Individuals with MSM were treated with intravenous quinine in 

accordance with national guidelines. Both groups also received doxycycline 

or clindamycin. Supportive care, including antibiotics and fl uid administra-

tion, was provided at the discretion of the treating physicians, who were 

independent of the study. 
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  L- arginine infusion.   In a sequential single ascending dose design,  l- arginine 

hydrochloride (Pharmalab) was diluted in 100 ml of normal saline (or suffi  cient 

to provide a concentration  
 10% wt/vol) and administered intravenously by 

an infusion pump over 30 min at doses of 3 ( n  � 10), 6 ( n  � 10), and 12 g 

( n  � 10). Patients received intravenous quinine and clinical care as in stage 1. 

 Stage 2 clinical, physiologic, and biochemical observations.   All pa-

tients underwent the same baseline measurements as in stage 1. To assess 

safety, patients were monitored with serial assessments of symptoms, vital 

signs, and biochemistry (blood potassium, glucose, bicarbonate, pH, chloride, 

and phosphate) until discharge. Exhaled NO and plasma  l- arginine were 

measured immediately before and after infusion. RH-PAT measurement was 

completed within 10 min before infusion and within 20 min after infusion. 

 Stage 2 outcome measures.   The primary outcome measures were the 

changes in RH-PAT index and exhaled NO after  l -arginine infusion. 

Changes in RH-PAT index and exhaled NO in stage 2 MSM patients given 

 l- arginine were compared with changes seen in patients with MSM in stage 1 

who had been given an identical volume of normal saline. Primary safety 

outcomes were changes in hemodynamic measures and electrolytes. 

 Secondary outcome measures were the change in RH-PAT index in 

the a priori subgroup of patients with baseline impairment of endothelial 

function (predefi ned as an index of  � 1.67) ( 23 ) and evidence for dose de-

pendency of the change in RH-PAT index among all patients and among 

those with baseline impairment of endothelial function. 

 Statistical methods 
 For cross-sectional analyses, continuous variables with a normal distribution 

were compared among groups by analysis of variance (ANOVA) or the 

Student ’ s  t  test. The Mann-Whitney U test or the Kruskal-Wallis test was 

used when data were not normally distributed. Pearson ’ s method was used 

to estimate correlation between normally distributed continuous variables. 

Comparison of paired proportions and paired continuous variables used 

McNemar ’ s  �  2  test and the paired  t  test, respectively. All analyses were per-

formed with Stata software (version 8.2; Statacorp.). A two-sided value of 

P  �  0.05 was considered signifi cant. 
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Figure 4. Measuring endothelial function in a patient with severe malaria using reactive 

hyperaemia peripheral arterial tonometry 

 

Figure 5. Measuring exhaled nitric oxide concentration in a malaria patient 
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5.4 Significance of Findings 

1. This study demonstrated for the first time, in vivo and real time in human malaria, a decrease 

in vascular NO bioavailability, which was associated with an increase in endothelial activation, 

impaired perfusion and increased parasite biomass. This finding suggests that in addition to the 

conventional hypothesis that parasite sequestration is responsible for the impaired 

microcirculatory perfusion found in severe malaria; vasomotor dysregulation might also play a 

role. 

2. Severe malaria in adults may present with acute respiratory distress and the pathogenesis of 

this is still unclear. In a small number of patients with severe malaria, we have demonstrated that 

pulmonary NO production was significantly reduced when compared to patients with moderately 

severe malaria and healthy individuals. This suggests that decreased pulmonary NO 

bioavailability may also result in increased lung inflammation in severe malaria. 

3. Intravascular haemolysis occurs in malaria when the infected erythrocyte ruptures to release 

merozoites. The association between endothelial dysfunction and haemolysis suggests that NO 

quenching during intravascular haemolysis could contribute to malarial pathogenesis by 

worsening endothelial function. This could be due to increased cell-free haemoglobin, which has 

been shown in sickle cell disease. 

4. Similar to previous results, we found reduced L-arginine concentrations in patients with 

moderately severe and severe malaria compared to healthy individuals. The study found 

erythrocyte rupture and release of arginase into the plasma may be an additional mechanism by 

which intravascular haemolysis further contributes to an impairment in NO production. 
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5. This is the first study of L-arginine therapy in human malaria. Importantly our study did not 

show any clinically significant adverse hemodynamic or biochemical effects during or after L-

arginine infusion. The safety profile is described in detail in chapter 7. The improvement in 

endothelial function after L-arginine infusion suggests that hypoargininaemia may contribute to 

decreased endothelial NO bioavailability, although we were unable to differentiate if the 

underlying mechanism was due to reduced substrate availability or increased production of 

reactive oxygen species. This result provided proof of concept to extend the use of L-arginine to 

a phase 2a study in severe malaria as a potential adjunctive therapeutic agent. 

5.5 Questions Arising from the J Exp Med Paper  

 

While the paper published in the J Exp Med had several novel findings, there were several 

questions still remaining including. 

i) Was the impairment of endothelial function found in severe malaria an intrinsic host factor that 

predisposed certain individuals to complications, or was it a consequence of the disease process. 

In individuals experimentally inoculated with the Salmonella typhi vaccine, there was a transient 

decrease in endothelium-dependent vasodilatation eight hours after inoculation which recovered 

to normal after thirty two hours. In a clinical study of patients with sepsis, there was also 

improvement in microvascular function over time in survivors; however this has not been studied 

in patients with clinical malaria. 

ii) The longitudinal course of plasma L-arginine has not been documented in patients with 

malaria. If there is an increase in L-arginine levels with clinical recovery from disease, we 

hypothesised that this would lead to an improvement in the endothelial function.  
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iii) The longitudinal association between endothelial dysfunction and organ perfusion in malaria 

is also unclear. If there is an improvement in endothelial function this may increase organ 

perfusion and reduce lactate concentrations. 

. 
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6. Longitudinal Association between Endothelial Function, L-arginine 

Concentrations and Blood Lactate Levels 

 

The longitudinal association between endothelial function, L-arginine and lactate concentrations 

(used as a measure of organ perfusion) have not been described. These relationships were 

analysed in the following paper. 
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Background. Severe malaria is characterized by microvascular obstruction, endothelial dysfunction, and reduced
levels of L-arginine and nitric oxide (NO). L-Arginine infusion improves endothelial function in moderately severe
malaria. Neither the longitudinal course of endothelial dysfunction nor factors associated with recovery have been
characterized in severe malaria.

Methods. Endothelial function was measured longitudinally in adults with severe malaria (n � 49) or moder-
ately severe malaria (n � 48) in Indonesia, using reactive hyperemia peripheral arterial tonometry (RH-PAT). In a
mixed-effects model, changes in RH-PAT index values in patients with severe malaria were related to changes in
parasitemia, lactate, acidosis, and plasma L-arginine concentrations.

Results. Among patients with severe malaria, the proportion with endothelial dysfunction fell from 94% (46/49
patients) to 14% (6/42 patients) before discharge or death (P � .001). In severe malaria, the median time to normal
endothelial function was 49 h (interquartile range, 20 –70 h) after the start of antimalarial therapy. The mean increase
in L-arginine concentrations in patients with severe malaria was 11 �mol/L/24 h (95% confidence interval [CI], 9 –13
�mol/L/24 h), from a baseline of 49 �mol/L (95% CI, 37– 45 �mol/L). Improvement of endothelial function in
patients with severe malaria correlated with increasing levels of L-arginine (r � 0.56; P � .008) and decreasing levels
of lactate (r � �0.44; P � .001).

Conclusions. Recovery of endothelial function in severe malaria is associated with recovery from hypoarginine-
mia and lactic acidosis. Agents that can improve endothelial NO production and endothelial function, such as
L-arginine, may have potential as adjunctive therapy early during the course of severe malaria.

The endothelium and microcirculation are thought to

play key roles in the pathogenesis of severe Plasmodium

falciparum infection [1, 2]. Autopsy studies of malaria

have demonstrated widespread endothelial activation

[3] and sequestration of parasitized erythrocytes [4, 5].

Received 14 November 2007; accepted 8 March 2008; electronically published
7 July 2008.

Potential conflicts of interest: N.M.A., D.L.G., and J.B.W. are named as inven-
tors on a US patent for the use of L-arginine as treatment for severe malaria but
have transferred all their rights to their respective institutional malaria research
collaborations. This patent is issued for US rights only, and no rights are being
sought in other countries. The authors have no other competing interests.

The Journal of Infectious Diseases 2008; 198:602– 8
© 2008 by the Infectious Diseases Society of America. All rights reserved.
0022-1899/2008/19804-0020$15.00
DOI: 10.1086/590209

Presented in part: 56th annual meeting of the American Society of Tropical
Medicine and Hygiene, Philadelphia, 4 – 8 November 2007.

Financial support: National Health and Medical Research Council of Australia
(International Collaborative Research Grant [ICRG] 283321 to the study and Prac-
titioner Fellowship to N.M.A.), Wellcome Trust (ICRG GR071614MA to the study
and Career Development Award to R.N.P.), Tudor Foundation; Veterans Affairs
Research Service; National Institutes of Health (grants AI55982 and AI041764).

Reprints or correspondence: Dr. Nicholas Anstey, International Health Division,
Menzies School of Health Research and Royal Darwin Hospital, PO Box 41096,
Casuarina, Darwin, NT 0811, Australia (anstey@menzies.edu.au).

M A J O R A R T I C L E

602 ● JID 2008:198 (15 August) ● Yeo et al.



These processes are believed to result in microcirculatory ob-

struction, decreased oxygen delivery, tissue hypoxia, metabolic

acidosis, hyperlactatemia, and organ damage.

Endothelial function is defined as the vasodilatory capacity of

blood vessels in response to shear stress or pharmacological

stimuli and is primarily dependent on endothelial cell produc-

tion of nitric oxide (NO) [6]. Endothelial dysfunction has been

described in a variety of illnesses, including cardiovascular [6]

and sickle cell [7] disease. In these diseases, the common patho-

genic mechanism is a reduction in vascular bioavailability of NO

that results in impaired vasodilatory ability and endothelial ac-

tivation with increased expression of endothelial receptors, such

as intercellular adhesion molecule (ICAM)–1 [6].

Severe falciparum malaria in children and adults is associated

with impaired systemic and pulmonary NO production [8, 9],

reduced expression of type 2 (inducible) NO synthase (NOS) in

mononuclear cells [8] and decreased plasma concentrations of

L-arginine [9, 10], the substrate for NOS. We have recently

shown marked impairment of endothelial function in adults

with severe malaria, compared with that in adults with moder-

ately severe malaria and in healthy control subjects [9]. Endo-

thelial dysfunction in malaria was associated with increases in

blood lactate concentrations, plasma ICAM-1 concentrations,

and measures of intravascular hemolysis, with increased levels of

plasma arginase and cell-free hemoglobin potentially increasing

L-arginine metabolism and NO quenching, respectively [9].

Taken together, these findings suggest that reduced vascular NO

bioavailability may contribute to the pathogenesis of severe ma-

laria by impairing endothelial function and vascular perfusion,

in addition to increasing endothelial activation and sequestra-

tion of parasitized red blood cells.

Extracellular L-arginine concentrations affect intracellular

NO production by endothelial NOS [11]. The estimates for the

half-saturating concentration (Km) of extracellular L-arginine

for intracellular NO production (73–150 �mol/L) [12, 13] ap-

proximate the range of normal plasma L-arginine concentra-

tions but are higher than concentrations observed in human

malaria. The findings of hypoargininemia in severe malaria and

a dose-dependent improvement in endothelial function after

L-arginine infusion in moderately severe malaria [9] suggest that

plasma L-arginine concentrations may also affect endothelial

NO production in severe malaria. However, to date no studies

have examined the effects of adjunctive L-arginine on endothe-

lial function in severe malaria.

It is unclear whether preexisting impairment of endothelial

function and hypoargininemia make patients more susceptible

to severe malaria or whether these processes are a consequence

of severe disease. The natural history of endothelial function and

its relationship with plasma L-arginine concentrations during

the course of human malarial infection have not been reported

but have implications for the required duration of potential ad-

junctive therapies to improve endothelial function. We hypoth-

esized that endothelial function would return to normal after

successful treatment of severe malaria and that the recovery

would be associated with an increase in plasma L-arginine con-

centrations. We therefore undertook a prospective longitudinal

study measuring endothelial function and L-arginine concentra-

tions in adult patients with severe and moderately severe malaria

in Papua, Indonesia, and investigating the clinical and biochem-

ical factors influencing their course.

METHODS

Study design and site. A prospective longitudinal study was

conducted at Mitra Masyarakat Hospital, Timika, Papua, Indo-

nesia, in an area with documented unstable transmission of ma-

laria [14].

Patients and sampling. The study enrolled patients �18

years old who were hospitalized with P. falciparum malaria and

were included in a cross-sectional study of endothelial function

described elsewhere [9]. Moderately severe malaria was defined

as fever or history of fever in the past 48 h along with �1000

asexual P. falciparum parasites/�L that required inpatient par-

enteral therapy because of an inability to tolerate oral therapy

but that exhibited no World Health Organization (WHO) warn-

ing signs or criteria for severe malaria [15, 16]. Severe falciparum

malaria was defined as the presence of P. falciparum parasitemia

and at least 1 modified WHO criterion for severity [17]. Individ-

uals with moderately severe malaria were treated with intrave-

nous quinine, in accordance with national guidelines. Of the

patients with severe malaria, 20 were initially randomized to ei-

ther intravenous quinine or artesunate as part of a multicenter

clinical trial [18]. After a national policy change, all patients with

severe malaria subsequently received intravenous artesunate.

Both groups also received doxycycline or clindamycin. All deci-

sions for provision of supportive care, including antibiotic and

fluid administration, were made by the treating physicians, who

were independent of the study.

On enrollment, a standardized history was obtained from ei-

ther the patient or attendant relatives, after which a clinical ex-

amination was performed, venous blood was collected, and en-

dothelial function was measured. Each of these procedures was

repeated daily until death, discharge from the hospital, or, for

those patients still hospitalized after day 4, until the reactive hy-

peremia peripheral arterial tonometry (RH-PAT) index was

above an a priori– defined cutoff indicating endothelial dysfunc-

tion (1.67) [19] on 2 consecutive days.

Parasitological and biochemical observations. Parasite

counts were determined from microscopy of Giemsa-stained

thick and thin blood films. Hemoglobin concentration, routine

biochemistry values, acid-base parameters (including base defi-

cit [20]), and lactate were determined with a portable biochem-

ical analyzer (i-STAT). Venous blood collected in lithium hepa-

rin was centrifuged within 30 min of collection, and plasma was
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stored at �70°C. Amino acids were extracted from 50 �L of

plasma after the addition of 50 �L of internal standard (nor-

leucine) and 200 �L of cold ethanol. Deproteinized plasma was

derivitized with AccQFluor reagent (Waters), and amino acids

were measured by high-performance liquid chromatography

(Shimadzu), using a method modified from van Wandelen and

Cohen [21] and Strydom and Cohen [22]. Plasma concentra-

tions of the endothelial activation markers, soluble ICAM-1 and

E-selectin, were assayed by ELISA (R&D Systems). To quantify

total parasite biomass, plasma histidine-rich protein 2 was mea-

sured by ELISA, as described elsewhere [23]. Plasma haptoglo-

bin and lactate dehydrogenase (LDH) were quantified by ELISA

and a calorimetric assay, respectively (both Roche Diagnostics).

Plasma arginase activity was measured using a radiometric assay,

as described elsewhere; findings and reported in micromoles per

milliliter per hour [7].

Endothelial function assessment. Endothelial function is

defined by the ability of vessels to dilate in response to increased

sheer stress or chemical agonists [6], a response that is inversely

related to endothelial activation [6]. Endothelial function was

measured noninvasively on the basis of the change in pulse wave

amplitude of the digits, determined using peripheral arterial to-

nometry (EndoPAT; Itamar), in response to reactive hyperemia

(yielding an RH-PAT index [6, 24]). Changes in the pulse wave

amplitude reflect changes in digital blood flow, and a value of

�1.67 represents an impaired response [9, 19]. Systemic effects

on the pulse wave amplitude are accounted for by normalization

to the control arm [24]. RH-PAT is at least 50% dependent on

endothelial NO production [25] and correlates with the more

labor-intensive flow-mediated dilation method [24] as well as

with endothelial function in other vascular beds [26]. The inter-

nal validation and repeatability of RH-PAT in this population

has been reported elsewhere [9].

Statistical methods. Proportions and paired proportions

were compared using �2 and McNemar �2 tests, respectively.

Univariate and multivariate-linear mixed-effects methods were

used to model the longitudinal changes of the RH-PAT index

and L-arginine concentrations during the course of hospitaliza-

tion (Stata software; version 9.2; StataCorp). The model evalu-

ated longitudinal correlations of RH-PAT index with potential

covariates, including pulse rate, temperature, blood pressure,

Glasgow Coma Score, base excess, lactate concentration, periph-

eral parasitemia, and L-arginine concentration. These models

allow for incomplete follow-up data and a variable number of

late measurements, including those in patients who may die

early in the study or refuse further examination. The Bonferroni

correction was used to adjust for the multiple comparisons.

Baseline predictors influencing the longitudinal course of the

RH-PAT index and plasma L-arginine concentrations were iden-

tified by linear regression analysis.

Ethics. Ethical approval was obtained from the health re-

search ethics committees of the National Institute of Health Re-

search and Development, Indonesia, and Menzies School of

Health Research, Australia. Written informed consent was ob-

tained from patients or relatives.

RESULTS

Patients. In total, 99 hospitalized patients were included in the

study, 51 with severe and 48 with moderately severe malaria.

Restlessness precluded measurement of baseline RH-PAT index

in 2 patients with severe malaria, who were subsequently ex-

cluded from the analysis. Baseline clinical and laboratory char-

acteristics of the remaining 97 patients are summarized in table 1.

Longitudinal course of endothelial function. The mean

RH-PAT index on enrollment in patients with severe malaria

(1.41 [95% confidence interval {CI}, 1.33–1.47]) was signifi-

cantly lower than that in patients with moderately severe malaria

(1.82 [95% CI, 1.70 –2.02]) (P � .0001) (table 1). The mean

RH-PAT index increased after antimalarial treatment in the se-

vere malaria group, although 3 patients (6%) had normal base-

line endothelial function that did not change significantly during

the course of their illness. Seven of the 8 patients who had severe

malaria with a fatal outcome died before a repeated measure-

ment could be obtained, 5 within 24 h of enrollment and the

other 2 within 48 h. The mean baseline RH-PAT index in the

patients with fatal severe malaria was not significantly different

from that in survivors (P � .66). In the remaining 39 patients

with severe malaria and impaired endothelial function on ad-

mission, there was a significant improvement in the RH-PAT

index during the first 2 days of hospitalization. The mean admis-

sion RH-PAT index increased from 1.41 (95% CI, 1.33–1.47) to

1.75 (95% CI, 1.63–1.82) (P � .001) at 48 h (figure 1A), with a

mean rate of improvement of 0.17/24 h (95% CI, 0.10 – 0.21/h).

The improvement slowed thereafter, with an increase of 0.09/24

h (95% CI, 0.06 – 0.13/h) from 48 to 96 h. The proportion of

patients with severe malaria with endothelial dysfunction (de-

fined as an RH-PAT index �1.67 [9]) fell from 94% (46/49 pa-

tients) on admission to 14% (6/42 patients) before discharge or

death (P � .001). Among the 39 patients with repeated RH-

PAT index measurements, the median time to achieve normal

endothelial function was 49 h (interquartile range [IQR], 20 –70

h) after the start of intravenous antimalarial therapy.

In the group with moderately severe malaria, measurements

were repeated �24 h after the start of treatment in 40 of 48

patients, after which most patients were discharged. There were

no deaths in this group. The moderately severe malaria group

had a baseline mean RH-PAT index above the predefined crite-

rion for endothelial dysfunction (RH-PAT index, �1.67), and

there were no further increases during the course of hospitaliza-

tion. However, in the 33% of patients with moderately severe

malaria and a baseline RH-PAT index �1.67 (n � 18), there

was an increase during the first 24 h (mean, 0.22/24 h [95% CI,

0.15– 0.3]; P � .01).
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Longitudinal course of plasma L-arginine concentrations.

The patients with severe malaria had a progressive increase

in plasma L-arginine concentrations until hospital separation

(P � .001) (figure 1B); their L-arginine concentrations in-

creased by 11 �mol/L/24 h (95% CI, 9 –13 �mol/L/24 h), from a

baseline of 49 �mol/L (95% CI, 43–55 �mol/L/24 h). It took a

median of 43 h (IQR, 24 –55 h) after the start of antimalarial

therapy for plasma L-arginine concentrations to rise above the

lower estimate of the Km of extracellular L-arginine for cellular

NO production (73 �mol/L) (figure 1B). In the patients with

moderately severe malaria, L-arginine concentrations increased

by 7 �mol/L/24 h (95% CI, 5– 8 �mol/L/24 h; P � .001).

Longitudinal correlates of endothelial function recovery in

severe malaria. In a linear mixed-effects model in the severe

malaria group, the improvement in RH-PAT index within 48 h

was correlated with an increase in plasma L-arginine concentra-

tions (r � 0.56; P � .008) and was inversely correlated with the

fall in blood lactate concentrations (figure 1C) (r � �0.44;

P � .001) and standard base deficit (r � �0.31; P � .01). The

association with L-arginine and lactate concentrations remained

significant after controlling for confounding factors. There was

no association between recovery of RH-PAT index and periph-

eral parasitemia, temperature, pulse rate, Glasgow Coma Score,

or blood pressure.

Baseline predictors of recovery of endothelial function and

plasma L-arginine concentrations in severe malaria. In mul-

tiple linear regression analysis, none of the admission variables

predicted the longitudinal course of RH-PAT index during the

first 48 h. These included sex, ethnicity, intravenous antimalarial

drug used, smoking status, weight, age, baseline plasma

L-arginine concentration, parasite biomass, plasma LDH,

plasma arginase, lactate, and ICAM-1 concentrations. By means

of the same methodology to predict the recovery of plasma

L-arginine concentrations, body weight (P � .02) and baseline

LDH concentrations (P � .008) were found to be associated

with a more rapid increase in plasma L-arginine concentrations,

whereas baseline plasma arginase activity was associated with

slower recovery (P � .003). After adjustment for multiple test-

ing, LDH and arginase concentrations remained significant.

DISCUSSION

Endothelial function is almost universally impaired in patients

with severe malaria [9] but returns to normal in the majority of

Table 1. Baseline characteristics of patients according to clinical status.

Baseline characteristica
Moderately severe

malaria (n � 48)
Severe malaria

(n � 49)

Age, mean (range), years 28 (18–56) 29 (18–56)
Sex, male 32 (67) 36 (73)
Weight, mean (range), kg 58 (43–77) 57 (45–76)
Ethnicity, Papuan highlandera 37 (77) 27 (55)
Current smoker 19 (40) 22 (45)
Former smoker 7 (15) 8 (16)
Days of fever before presentation, median (IQR) 3 (1–5) 4 (1–7)
Systolic blood pressure, mean (range), mm Hgb 114 (88–152) 107 (60–154)
Hypertensive at enrollment 1 (2) 1 (2)
Pulse rate, mean (range), beats/minb 86 (56–118) 97 (61–138)
Respiratory rate, mean (range), breaths/minb 25 (14–42) 29 (16–60)
Temperature, mean (range), °Cb 36.5 (34.1–39.8) 37.1 (34.8–40.3)
Comaa 0 (0) 27 (55)
White blood cell count, mean (range), 103 cells/�Lb 5.9 (2.6–10.8) 9.4 (3.2–17.3)
Hemoglobin concentration, mean (range), g/dLb 12.8 (7.1–16.7) 10.4 (6–16.3)
Plasma L-arginine concentration, mean (95% CI), �mol/L 42 (37–45) 50 (44–56)
Lactate concentration, mean (95% CI), mmol/L 1.29 (1.1–1.5) 2.94 (2.38–3.5)
HRP2 concentration, mean (range), loge ng/mLb 5.78 (1.70–8.79) 8.14 (2.5–10.98)
Plasma arginase activity, mean (95% CI), �mol/mL/hb 0.21 (0.14–0.26) 0.27 (0.22–0.31)
Parasite density, geometric mean (range), parasites/�Lb 13,297 (850–127,350) 34,811 (125–725,340)
Lactate dehydrogenase concentration, mean (95% CI), IU/Lb 660 (563–757) 1661 (1439–1884)
RH-PAT index, mean (95% CI)b 1.82 (1.7–2.02) 1.41 (1.33–1.47)
Time from start of antimalarial therapy to physiological testing, mean (95% CI), hb 4.5 (3–6) 8 (7–9)

NOTE. Data are no. (%) of patients, unless otherwise specified. CI, confidence interval; HRP2, histidine-rich protein 2; IQR, interquartile range; RH-PAT,
reactive hyperemia peripheral arterial tonometry.

a P � .01 (�2 test comparing patients with severe vs. moderately severe malaria).
b P � .01 (2-sided t test comparing patients with severe vs. moderately severe malaria).
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patients who survive severe malaria within �48 h after the start

of antimalarial therapy. In the present study, L-arginine concen-

trations in these patients also returned to normal in parallel with

the improvement in endothelial function. These observations

indicate that the endothelial dysfunction and hypoargininemia

seen in severe malaria are reversible processes related to the dis-

ease process itself rather than preexisting risk factors for the de-

velopment of severe disease.

Our previous L-arginine infusion studies in patients with

moderately severe malaria showed recovery of endothelial dys-

function after exogenous L-arginine administration [9]. The

longitudinal association between recovery of plasma L-arginine

concentrations and improvement in endothelial function in se-

vere malaria suggests that endothelial function may also depend

on plasma L-arginine concentrations in severe disease. These

data provide evidence that the hypoargininemia and impaired

NO bioavailability found in both children [10] and adults [9]

with severe malaria contribute to endothelial dysfunction and

may contribute to disease severity.

The mechanisms leading to endothelial dysfunction are

likely to be complex and multifactorial. First, endothelial NO

production depends on the intracellular movement of plasma

L-arginine by cationic amino acid transporter protein

(CAT)–1 [27] with a Km of 100 –150 �mol/L [11], which is

within the estimated range of the Km of extracellular

L-arginine for intracellular NO production (73–150 �mol/L)

[12, 13]. In severe malaria, mean pretreatment L-arginine

concentrations are considerably lower than this range and are

likely to be rate limiting for optimal NO production. This notion

is supported by the increase to L-arginine concentrations ap-

proaching the lower estimates of the Km during clinical recovery

in parallel with the recovery of endothelial function.

Second, in the absence of sufficient L-arginine, endothelial cell

NOS types 2 and 3 generate increased amounts of superoxide

instead of NO [28]. The resulting NO quenching by superoxide

is also likely to contribute to endothelial dysfunction [28]. Fi-

nally, impaired endothelial NO production may result from not

only an absolute reduction in plasma L-arginine concentrations

but also a decrease in the plasma concentration of L-arginine

relative to endogenous inhibitors of NOS (e.g., asymmetric di-

methylarginine) [29] or from amino acids that compete for in-

tracellular transport by CAT-1 (e.g., symmetric dimethylargi-

nine) [27].

Plasma concentrations of L-arginine, a semiessential amino

acid, have been reported to be low in patients with systemic

inflammatory response syndrome arising from different causes,

including trauma [30] and sepsis [31, 32]. In human sepsis, this

finding has been shown to result from increased catabolism and

decreased production [32, 33]. In our malaria study, the baseline

activity of plasma arginase was associated with a slower rise in

plasma L-arginine concentrations after treatment, suggesting

that arginase-mediated catabolism of L-arginine contributes

Figure 1. Longitudinal course of reactive hyperemia peripheral arterial
tonometry (RH-PAT) indexes (A), plasma L-arginine concentrations (B), and
blood lactate concentrations (C) in patients with severe malaria. Mean
values (circles) and 95% confidence intervals (CIs) (bars) are displayed for
each time point. The X-axis values show time from the start of antima-
larial therapy (day 0, 0 –12 h; day 1, 13–36 h; day 2, 37– 60 h; day 3,
61– 84 h; day 4, 85–109 h; and days 5–14, �110 h). A, RH-PAT index. The
horizontal line indicates the cutoff defining endothelial dysfunction (RH-
PAT index, �1.67). Percentages and ratios indicate proportions of pa-
tients with an RH-PAT index �1.67 among all patients tested during that
time interval. The dashed vertical line and bars indicate the mean and
95% CIs for a control adult population in Papua, Indonesia [9]. B, Plasma
L-arginine concentration. The horizontal line indicates the lower estimate
of the half-saturating concentration of extracellular L-arginine concentra-
tion for intracellular nitric oxide synthesis (73 �mol/L). Percentages and
ratios indicate proportions of patients with plasma L-arginine concentra-
tions �73 �mol/L among all patients tested during that time interval.
The dashed line and bars indicate mean and 95% CI for a control adult
population in Papua [9]. C, Blood lactate concentration. Percentages and
ratios indicate proportions of patients with lactate concentrations �2
mmol/L; the horizontal line indicates the published normal upper limit of
lactate concentrations.
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to both baseline hypoargininemia and a slower recovery of

L-arginine concentrations after the treatment of severe malaria.

In adults with sepsis, endothelial and microvascular dysfunc-

tion have been associated with increased lactic acidosis [34] and

an increased risk of organ failure and mortality [35, 36]. These

complications are thought to result from tissue dysoxia due to a

decrease in functional capillary density with compromised oxy-

gen delivery and impaired oxygen utilization [37]. In malaria,

mechanical obstruction by cytoadherent parasites is believed to

play the major role in microcirculatory compromise [4, 5, 38].

An animal model of malaria has demonstrated reduced func-

tional capillary density [39], suggesting that the vasomotor im-

pairment demonstrated in the present study may also contribute

to microcirculatory compromise [38] in severe malaria. The en-

dothelial dysfunction found in this study is a measure of endo-

thelial activation in other vascular beds [6], which likely include

the postcapillary venule sites of parasite sequestration. Another

possible pathogenic mechanism arising from endothelial dys-

function in severe malaria includes further increases in endothe-

lial adhesion receptor expression, parasite sequestration, micro-

circulatory obstruction, and compromise of tissue oxygenation.

In malaria, increasing lactic acid concentrations and severity of

metabolic acidosis are indicators of a poor prognosis [20]. In

severe malaria, we found that the improvement in endothelial

function was associated with a fall in blood lactate concentra-

tions. This suggests that the recovery of endothelial dysfunction

influences the recovery of microvascular perfusion, tissue oxy-

gen delivery, and/or oxygen utilization in severe malaria.

Our study had some limitations. Because of the paucity of

repeated examinations in patients who died, we cannot neces-

sarily extrapolate our results to the most severely ill patients. The

number of patients who returned after discharge was too small

for meaningful analysis of measurements on or after day 5, al-

though the mean values for endothelial function and plasma

L-arginine concentrations were within the normal range at dis-

charge.

The South East Asian Quinine Artesunate Malaria Trial dem-

onstrated that case-fatality rates in severe malaria are reduced

from 22% with use of quinine to 15% with use of artesunate, a

more rapidly parasiticidal antimalarial drug [18]. Although this

trial demonstrated an overall mortality benefit with artesunate,

there was no difference in mortality between the 2 drugs during

the first 48 h of therapy. Additional interventions will be re-

quired to reduce mortality rates to �15% for severe malaria, and

they will need to target pathogenic mechanisms within this 48-h

window. Our data showing that endothelial dysfunction has

largely resolved within 48 h in most patients recovering from

severe malaria supports the use of adjunctive therapies targeting

endothelial dysfunction within this time frame.

Clinical trials of a limited number of adjunctive treatments

have not yet demonstrated efficacy in severe malaria [40], but

none have specifically targeted the endothelium or the

arginine-NO pathway. Results from the present study and our

previous safety and efficacy studies of L-arginine therapy for

moderately severe malaria [9, 41] provide a rationale for clinical

trials of adjunctive treatments, including L-arginine, to improve

endothelial NO bioavailability and endothelial function in se-

vere malaria. Potential benefits resulting from improved endo-

thelial NO bioavailability and the reversal of endothelial dys-

function include reduced endothelial activation and superoxide

generation, improved oxygen delivery, reduced parasite seques-

tration and microvascular obstruction, and improved organ

perfusion. An animal model of severe malaria has recently

shown that increasing NO bioavailability improves survival

[42]. Agents with demonstrated clinical ability to improve en-

dothelial function in such chronic diseases as diabetes mellitus

and atherosclerosis, including statins, are also available [43], but

these have not yet been evaluated in acute malaria.

In summary, recovery of endothelial function and clinically

significant hypoargininemia occur in the majority of patients

who survive severe malaria within �48 h after the start of anti-

malarial chemotherapy. In severe malaria, the improvement in

endothelial function is associated with clinical recovery and an

increase in plasma L-arginine concentrations, with the latter

likely contributing to the recovery of endothelial function. Re-

covery of endothelial function is also related to a decrease in

blood lactate, a biomarker of improved oxygen delivery and uti-

lization. Agents such as L-arginine that improve endothelial NO

production and endothelial function may have a role as adjunc-

tive therapy early during the course of severe malaria.
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7. Safety Profile of L-arginine Infusion in Patients with Moderately Severe 

Malaria 

 

The improvement in endothelial function after L-arginine infusion in moderately severe malaria 

detailed in the J Exp Med paper suggest there is adequate evidence for a trial of L-arginine 

therapy in severe malaria. However while there were no clinically significant adverse effects 

found in our study, the measurements of mean changes in hemodynamic and biochemical 

parameters over 2 hours could mask transient but significant changes in a minority of patients. 

L-arginine monotherapy is associated with several hemodynamic and biochemical effects 

documented in case reports and review articles. The majority of these were in individuals with 

chronic diseases and included hypotension, hyperkalemia and hypophosphatemia. Hypothesized 

effects include metabolic acidosis and hypoglycaemia. Changes in these parameters may be of 

clinical importance in patients critically ill with malaria. 

To our knowledge there have only been a two reported studies looking at the hemodynamic 

effects of intravenous L-arginine monotherapy in critically ill patients. The first study gave a 

bolus infusion and noted a transient decrease in blood pressure. The second study used a 

continuous infusion at several doses with the largest total dose used being approximately 68g 

given over 72 hrs with no hemodynamic changes being reported. However both of these studies 

did not give any details of changes in biochemical parameters. Detailed analyses of possible 

adverse effects are needed prior to giving L-arginine to patients with severe malaria. 

In this paper we present detailed results of the hemodynamic and biochemical changes after L-

arginine infusion in adults with moderately severe malaria. We have also analysed the results 
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using various methods including the measurement of mean maximum changes, giving us a 

“worst case scenario” for any possible adverse effects. 
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Abstract

Background: L-arginine infusion improves endothelial function in malaria but its safety profile has not been described in
detail. We assessed clinical symptoms, hemodynamic status and biochemical parameters before and after a single L-arginine
infusion in adults with moderately severe malaria.

Methodology and Findings: In an ascending dose study, adjunctive intravenous L-arginine hydrochloride was infused over
30 minutes in doses of 3 g, 6 g and 12 g to three separate groups of 10 adults hospitalized with moderately severe
Plasmodium falciparum malaria in addition to standard quinine therapy. Symptoms, vital signs and selected biochemical
measurements were assessed before, during, and for 24 hours after infusion. No new or worsening symptoms developed
apart from mild discomfort at the intravenous cannula site in two patients. There was a dose-response relationship between
increasing mg/kg dose and the maximum decrease in systolic (r= 0.463; Spearman’s, p = 0.02) and diastolic blood pressure
(r = 0.42; Pearson’s, p = 0.02), and with the maximum increment in blood potassium (r = 0.70, p,0.001) and maximum
decrement in bicarbonate concentrations (r = 0.53, p = 0.003) and pH (r = 0.48, p = 0.007). At the highest dose (12 g), changes
in blood pressure and electrolytes were not clinically significant, with a mean maximum decrease in mean arterial blood
pressure of 6 mmHg (range: 0–11; p,0.001), mean maximal increase in potassium of 0.5 mmol/L (range 0.2–0.7 mmol/L;
p,0.001), and mean maximal decrease in bicarbonate of 3 mEq/L (range 1–7; p,0.01) without a significant change in pH.
There was no significant dose-response relationship with blood phosphate, lactate, anion gap and glucose concentrations.
All patients had an uncomplicated clinical recovery.

Conclusions/Significance: Infusion of up to 12g of intravenous L-arginine hydrochloride over 30 minutes is well tolerated in
adults with moderately severe malaria, with no clinically important changes in hemodynamic or biochemical status. Trials of
adjunctive L-arginine can be extended to phase 2 studies in severe malaria.
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Introduction

Although treatment with the rapidly acting anti-parasitic drug,

artesunate has significantly improved survival in severe malaria,

the case-fatality rate remains high [1]. Adjunctive treatments that

target underlying pathophysiologic processes in severe malaria

may reduce mortality further but none have been shown to be

efficacious to date [2,3].

L-arginine is the substrate for synthesis of nitric oxide (NO) from

NO synthase, and has been proposed as a potential adjunctive

therapy in severe malaria [4,5]. The rationale for this is based on

previous findings in severe malaria of impaired NO production

[5,6], hypoargininemia [4], near-universal impairment of NO-

dependent endothelial function [5] and a close association between

the improvement in endothelial function and recovery of plasma

L-arginine concentrations after treatment of severe malaria [7].

PLoS ONE | www.plosone.org 1 June 2008 | Volume 3 | Issue 6 | e2347



NO down-regulates endothelial inflammation [8] and reduces the

cytoadherence of parasitized erythrocytes in vitro [9]. Endothelial

dysfunction, a measure of both impaired endothelial cell NO

bioavailability and endothelial cell activation [10], may exacerbate

other underlying processes in severe malaria including cytoadher-

ence of parasitised red cells to activated endothelial cells,

microvascular obstruction and tissue hypoxia. In severe malaria,

impaired endothelial function is associated with markers of

impaired perfusion, endothelial activation, and with increased

parasite biomass [5]. We have recently demonstrated that L-

arginine infusion is able to improve NO bioavailability and

endothelial function in patients with moderately severe malaria

[5], suggesting the potential for a similar effect if used as adjunctive

therapy in severe malaria.

Intravenous L-arginine has been used for over 40 years in

routine clinical practice to assess the integrity and function of the

hypothalamic-pituitary axis [11], where it is generally well-

tolerated when infused in large doses (30g; ,0.5 g/kg) over

30 minutes. More recently it has also been evaluated as a

therapeutic agent to improve endothelial function in cardiovascu-

lar diseases. Studies in healthy volunteers [12] and patients with

cardiovascular disease [13,14] have shown L-arginine infusion to

be safe with minimal side effects. Adverse events reported with

intravenous L-arginine in these settings include modest dose-

dependent effects on blood pressure, potassium and phosphate

[15,16] and a potential for effects on acid base status [14] and

blood glucose [17,18] . However, data on the hemodynamic and

biochemical changes resulting from infusion of L-arginine in

patients with acute inflammatory states have not been well

documented.

As a prelude to assessing the safety and potential utility of

adjunctive L-arginine infusion in severe malaria, we undertook a

safety, pharmacokinetic and efficacy study in patients with

moderately severe falciparum malaria (MSM). The efficacy of L-

arginine in improving endothelial function and NO production in

these patients has been reported previously [5]. Here we describe

detailed data on the safety of L-arginine infusion in the same group

of patients, with a focus on the hemodynamic and biochemical

changes and other potential adverse effects previously reported or

hypothesized in other clinical settings [14]. In seeking to evaluate

clinical safety we specifically sought the maximum change in the

vital signs and biochemical markers at any time during and after

L-arginine infusion compared to baseline readings. While not

reflecting the mean changes across the infusion and post-infusion

periods, this approach identified the ‘‘worst-case scenario’’,

however transient, for each parameter.

Methods

The protocol for this trial is available as supporting information;

see Protocol S1.

Study Site and Study design
The study was conducted at Mitra Masyarakat Hospital

(RSMM) in Timika, Papua, Indonesia, a region with unstable

transmission of multidrug-resistant Plasmodium falciparum and P.

vivax [19]. The design was a single ascending dose study of the

safety, pharmacokinetics and preliminary efficacy of adjunctive L-

arginine infusion. Patients were sequentially enrolled after written

informed consent was obtained.

Participants
Patients comprised adults $18 years of age with moderately

severe falciparum malaria (MSM) defined as fever or history of

fever in the past 48 hours, with .1000 asexual P. falciparum

parasites/mL (a threshold for clinical falciparum malaria in Papua

[20]), with no other etiology identified, requiring inpatient

parenteral therapy because of inability to tolerate oral therapy.

Patients exhibiting WHO warning signs or criteria for severe

malaria were excluded [21]. Other exclusion criteria included:

pregnant or breastfeeding women, patients treated with anti-

malarials for .18 hours, mixed P. falciparum/P. vivax infections,

diabetes, known cardiac, renal or hepatic disease, concurrent

infection and a haemoglobin ,6 g/dl, systolic blood pressure

,100 mmHg, a baseline venous bicarbonate level ,20 mEq/L,

potassium $4.2 mmol/L, glucose ,4 mmol/L, or chloride

.106 mmol/L. Individuals were treated with intravenous quinine

in accordance with national guidelines and also received

doxycycline or clindamycin. Decisions regarding provision of

additional supportive care, including antibiotics and fluid

administration, were made by the treating clinician.

L-arginine Infusion
L-arginine hydrochloride (Pharmalab, Sydney, Australia) was

diluted in 100 ml normal saline (or sufficient to provide a

concentration #10% w/v) and administered intravenously by an

infusion pump over 30 minutes at doses of 3 g, 6 g and 12 g.

Intravenous quinine was continued during infusion of L-arginine,

through a separate cannula.

Clinical Observations
Upon enrolment and before infusion, patients had a standardized

clinical history and physical examination recorded. During infusion

patients were monitored with serial assessments of the following

symptoms (nausea, vomiting, fever, giddiness, numbness of hands or

feet, flushing of face, difficulty breathing, cough, pain at infusion

site, rash, WHO dangers signs [21] and vital signs (systolic and

diastolic blood pressure, pulse rate, respiratory rate, temperature) at

10 minute intervals. After infusion, vital signs and symptoms were

obtained at intervals of 15 minutes for the first hour, 30 minute for

the next 3 hours, 4 hourly until 24 hours, and 12 hourly until

discharge. In total, 21 observations were obtained, 4 before, 3

during and 14 after infusion. Before, during and up to four hours

after infusion, patients were also monitored for arrhythmias with a

continuous electrocardiogram attached to the limb leads. We used

an automated sphygmomanometer to measure blood pressure and a

digital thermometer for axillary temperature.

Biochemical Measurements
Venous blood samples were taken 30 minutes before and

immediately prior to the start of the infusion and again at the end

of the 30 minute infusion. Further samples were taken 5, 20, 45,

60, 90 minutes and 2, 4, 8, 24 hours after the end of the infusion.

In total, 12 venous blood samples were taken, 2 before infusion

and 10 after. Measurements for blood potassium, glucose,

bicarbonate, pH, chloride, anion gap and phosphate concentra-

tions were performed on all samples. These were chosen based on

previously reported or hypothesized effects of L-arginine on these

markers. Lactate concentrations were measured on the venous

sample obtained immediately prior to infusion and at 4 hours.

Plasma creatinine, creatine kinase, bilirubin and liver enzymes

(AST, ALT and alkaline phosphatase) were measured at baseline

and 24 hours after infusion.

Laboratory Methods
Electrolytes, glucose, acid-base parameters and were measured

using a bedside biochemical analyser (i-STAT Corp, Windsor, NJ,

Safety of Arginine in Malaria
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USA). Plasma phosphate, serum creatinine, bilirubin, liver

enzymes and creatine kinase were measured using colorimetric

and enzymatic methods (Cobas 800, Roche Diagnostics).

Statistical Methods
Mean values of the vital sign and biochemical parameters before

infusion were compared to mean values obtained immediately

after infusion using a paired t-test (for continuous variables with a

normal distribution or variables log transformed to a normal

distribution). If parameters were not normally distributed, values

before and after infusion were compared by the Wilcoxon Signed

Rank Test. Because analysis in this manner could mask transient

but potentially clinically significant changes in a minority of

subjects, we also analyzed the maximum change in the vital signs

and biochemical markers at any time during and after L-arginine

infusion compared to baseline readings. This gave a ‘‘worst-case

scenario’’, however transient, for each parameter. The mean of the

pre-infusion values in each patient was subtracted from the lowest

(SBP, DBP, glucose, bicarbonate, phosphate, pH) and highest

(pulse rate, respiratory rate, potassium, chloride and anion gap)

measurement during infusion or in the two hours following

infusion and expressed as mean maximum change. Relationships

between the maximum changes and the dose weight ratio

(expressed as mg/kg) were assessed by Pearson’s correlation

matrix (r), or Spearman’s rank correlation coefficient (r) if the

dependent variable was not normally distributed. A general linear

model was used to assess dose-response relationships. All analyses

were performed with Stata 9.2 software (Statacorp). A two sided

value of p,0.05 was considered significant.

Ethical approval was obtained from the respective committees

of the National Institute of Health Research and Development,

Jakarta, Indonesia and the Menzies School of Health Research,

Darwin, Australia and the trial was registered in clinicaltrials.gov

as NCT00147368. The funders had no role in the study design,

data collection, analysis, decision to publish or preparation of the

manuscript.

Results

Patients
A total of 30 patients received a single L-arginine infusion

intravenously, at doses of 3 g (n = 10), 6 g (n = 10) and 12 g

(n = 10). The corresponding mean mg/kg doses in each group

were 53 mg/kg (range: 45–63), 105 mg/kg (range: 87–140) and

205 mg/kg (range: 155–240), respectively. Table 1 shows

baseline patient characteristics. The mean time to enrolment

was 6 hours after starting intravenous quinine (range 2–12 hours).

Clinical adverse effects during L-arginine infusion
Two patients, one receiving 3 g and another 12 g developed

mild discomfort over the intravenous cannula site during infusion,

but no signs of phlebitis were evident and no extravasations

occurred. No other patients developed new symptoms. There was

also no worsening of existing symptoms either during or after

infusion of L-arginine; in particular, no new or worsening

complaints of headaches, vomiting, nausea, flushing, giddiness,

dyspnea, cough, diarrhea, lethargy and anorexia. No allergic

reactions were seen.

Effect of L-arginine on vital signs
There were no statistically or clinically significant effects on

pulse rate (data not shown) or respiratory rate (data not shown)

before and during or after infusion of any dose of L-arginine, with

continuous electrocardiography remaining normal throughout.

Although the mean systolic and diastolic blood pressure did not

change significantly following the 3 g and 6 g arginine infusion,

patients given 12 g had a transient mean decrease in systolic

(5 mmHg [95%CI 3 to 8 mmHg]; p = 0.01) and diastolic

(5 mmHg [95%CI 0.5 to 9 mmHg]; p = 0.03) blood pressures

measured immediately at the end of infusion which returned

towards baseline within 15 minutes (Figure 1B and 1D). The

maximum falls in blood pressure at any time during or in the two

hours after infusion were also assessed. The maximum decrease in

both the systolic (r= 0.463; Spearman’s, p = 0.002; Figure 1A)
and diastolic blood pressure (r = 0.42; Pearson’s, p = 0.02;

Figure 1C) correlated with increasing mg per kg dose. Each

increment of dose was associated with an increase in the mean

maximum decrement in systolic blood pressure of 3 mmHg

(p = 0.004; 95%CI: 1–5 mmHg) but not in diastolic blood pressure

(p = 0.094). Patients who received 3, 6 and 12 g had mean

maximum decreases in mean arterial blood pressure of 1.2 mmHg

(range 0 to 8), 4 mmHg (range 1 to 10) and 6 mmHg (range: 0 to

11; p,0.001) respectively. In no patient did systolic blood pressure

fall to 90 mmHg or less. Table 2 shows the maximum changes in

the systolic and diastolic blood pressures up to 2 hours after the

start of infusion when compared to pre-infusion values in each

dosing group.

Effect of L-arginine on electrolytes, pH and glucose
The maximum increases in potassium, chloride and anion gap,

and the maximum decreases in bicarbonate, pH, glucose, and

phosphate were assessed following L-arginine infusion. Each dose

increase of 100 mg per kg of L-arginine was associated with a

mean maximum increment in blood potassium of 0.2 mmol/

L(95%CI: 0.1–0.3)[r = 0.7; Pearson’s, p,0.001; Figure 2A]. In

patients given 12 g there was a statistically significant mean

Table 1. Baseline characteristics of patients who received L-
arginine infusions

Number 30

Age; mean (range), y 28 (18–54)

Males, No. (%) 20 (67)

Weight; mean (range), kg 58 (42–70)

Ethnicity, No. (%) Papuan highlander 23 (77)

Systolic blood pressure; mean (range), mmHg 109 (90–138)

Mean arterial blood pressure; mean (range), mmHg 83 (66–116)

Percentage hypertensive on enrolment 0%

Pulse rate; mean (range), beats/minute 80 (54–116)

Respiratory rate; mean (range), breaths/minute 24 (18–32)

Temperature; mean (range), uC 37 (34.8–40.2)

Potassium; mean (range), meq/L 3.2 (2.6–3.8)

Bicarbonate; mean (range), meq/L 24.1 (20.1–29.6)

Chloride; mean (range), meq/L 102 (95–105)

Phosphate; mean (range), meq/L 1.1 (0.7–2.2)

Glucose; mean (range), mmol/L 7.6 (4.8–14.5)

Haemoglobin; mean (95% CI), g/L 123 (75–170)

Plasma L-arginine; mean (95%CI), mmol/L 37 (33–43)

Lactate concentration; mean (95%CI), mmol/L 1.5 (1.2–1.8)

Parasite density; geometric mean (range), ml21 17,221 (890–
281,864)

doi:10.1371/journal.pone.0002347.t001
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increase in potassium of 0.5 mmol/L (range 0.2 to 0.7 mmol/L;

p,0.001; Figure 2B), peaking at the completion of infusion. In

no patient did potassium concentrations rise above 4.6 mmol/L

(normal range: 3.3–5.0 mmol/L). For bicarbonate concentrations,

a maximum decrement in bicarbonate concentrations of 1.2 meq/

L (95%CI: 1.9–0.45)(r = 0.53; Pearson’s, p = 0.003; Figure 3A)

was noted with each increase of 100 mg/kg L-arginine; in those

receiving the 12 g dose, the mean decrease in bicarbonate was 3

mEq/L (range 1 to 7; p,0.01; Figure 3B). There was a also a

mean maximal decrease in pH of 0.02 (95%CI: 0.03–

0.005)(r = 0.48; Pearson’s, p = 0.007; Figure 4A) per 100 mg/kg

increase in L-arginine dose, but there was no significant change in

mean pH in the patients given 12 g (Figure 4B). No patient had a

bicarbonate concentration which dropped below 17 mEq/L

(normal range 20–30 mEq/L) or a pH that fell below 7.34. There

was a mean increment in chloride of 1.0 mmol/L(95%CI: 0.5–

1.6; r = 0.6; Pearson’s’ p,0.001) per 100 mg/kg increase in L-

arginine dose (Figure 5A). Following the 12 g dose, mean

chloride concentrations increased from 101 (95%CI: 99 to 102) to

103 (95%CI: 102 to 104) mmol/L (normal range 97–110 mmol/

L) (Figure 5B), with a mean maximal increase of 3 mmol/L

(range 1 to 5; p,0.001).

When categorized by dosage group (3g vs 6g vs 12g), there was a

linear-dose response, with each dose increment associated with an

increase in the mean maximum potassium increment (0.19 mmol/

L [95%CI: 0.12 to 0.25 mmol/L] p,0.001), the mean maximum

bicarbonate decrement (1.9 mEq/L [95%CI: 0.12 to 4.8 mEq/L];

p = 0.004) and the mean maximum pH decrement (0.017 [95%CI:

0.006 to 0.027]; p = 0.003) (Table 2).

There was no change in lactate concentrations following

infusions of any dose; and no dose-weight association (p = 0.7;

Figure 6A). There was no significant change in the anion gap

before and immediately after infusion at any dose, and no

association was seen between the dose-weight of L-arginine given

and the maximum change in anion gap (p = 0.9; Figure 6B).

There was no correlation between dose (either mg/kg or dosage

group) and the maximum change in phosphate (Figure 7A) or

glucose (Figure 8A). In addition, no significant changes were

found in mean phosphate (Figure 7B) or mean glucose

(Figure 8B) concentrations following the 12 g L-arginine

infusion. One patient who received 3 g of L-arginine had a

decrease in blood glucose from 6.7 mmol/L to 3.2 mmol/L but

did not reach the range considered hypoglycemic (,3 mmol/L).

This occurred 60 minutes after the completion of the L-arginine

Figure 1. Effects of L-arginine hydrochloride infusion on blood pressure. Figure 1A: Relationship between dose/weight (mg/kg) of infused
L-arginine and the maximal fall in systolic blood pressure at any time during or in the two hours following infusion (n = 30; r= 20.463, p = 0.015).
Figure 1B: The systolic blood pressure profiles of patients before, during and up to 120 minutes after 30 minute administration of the highest dose
of L-arginine (12 g; n = 10). Shaded area indicates time of L-arginine infusion. Dots and bars indicate mean6SEM. Figure 1C: Relationship between
dose/weight (mg/kg) of infused L-arginine and the maximal fall in diastolic blood pressure at any time during or in the two hours following infusion
(n = 30; r = 20.42, p = 0.02). Figure 1D: The diastolic blood pressure profiles of patients before, during and up to 120 minutes after 30 minute
administration of the highest dose of L-arginine (12 g; n = 10). Shaded area indicates time of L-arginine infusion. Dots and bars indicate mean6SEM.
doi:10.1371/journal.pone.0002347.g001
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infusion and 7 hours after starting intravenous quinine. No

significant changes in blood glucose were seen in patients who

received the larger doses of 6 g and 12 g. There were no

significant changes at any dose in creatinine, creatine kinase and

liver enzyme concentrations within 24 hours (data not shown).

Table 2 shows the maximum changes in the biochemical

paramenters up to 2 hours after the start of infusion compared

to pre-infusion values in each dosing group. The time course of the

mean changes in venous blood potassium, bicarbonate, pH,

chloride, phosphate and glucose concentrations before and up to

120 mins after administration of the maximum dose of 12 g are

shown in Figures 2B, 3B, 4B, 5B, 7B and 8B.

Discussion

We have previously reported that in adults with moderately

severe malaria, L-arginine infusion is able to improve NO

bioavailability and endothelial function [5], suggesting the

potential for a similar beneficial effect if used as adjunctive

therapy in severe malaria. We now show that relatively rapid

infusion of a single L-arginine infusion was safe at doses of up to

12 g infused at a rate of 24 g/hour in adults with moderately

severe malaria.

Our findings are in agreement with other studies showing

transient, modest, clinically insignificant decreases in blood

pressure using doses equal or higher to those used in our study

[14,22]. The fall in blood pressure with L-arginine infusion is

thought to be related to an increase in vascular NO synthesis [22].

In adult patients with sepsis, bolus arginine infusion at doses of

0.2g/kg causes a transient but significant decrease in mean arterial

pressure [23]. In contrast, slower rates of infusion (,1.1g/hr over

3 days) in adult sepsis cause no hemodynamic effects [24]. These

findings indicate that both the dose and rate of infusion of L-

arginine determine its hemodynamic effects. Despite minor effects

on blood pressure, the doses used in our study were still able to

significantly improve endothelial function [5].

Although not clinically significant, L-arginine infusion caused

modest, transient and, dose-dependent increases in chloride and

decreases in bicarbonate and pH. These changes were not

Figure 2. Effects of L-arginine hydrochloride infusion on whole
blood potassium concentrations. Figure 2A: Relationship be-
tween dose/weight (mg/kg) of infused L-arginine and the maximal
increase in whole blood potassium concentration at any time during or
in the two hours following infusion (n = 30; r = 0.73, p,0.001).
Figure 2B: Whole blood potassium concentrations of patients before
and after 30 minute administration of the highest dose of L-arginine
(12 g; n = 10). Shaded area indicates time of L-arginine infusion. Dots
and bars indicate mean6SEM.
doi:10.1371/journal.pone.0002347.g002

Figure 3. Effects of L-arginine hydrochloride infusion on
venous blood bicarbonate concentrations. Figure 3A: Relation-
ship between dose/weight (mg/kg) of infused L-arginine and the
maximal decrease in venous blood bicarbonate concentration at any
time during or in the two hours following infusion (n = 30; r = 20.53,
p = 0.003). Figure 3B: Venous blood bicarbonate concentrations of
patients before and after 30 minute administration of the highest dose
of L-arginine (12 g; n = 10). Shaded area indicates time of L-arginine
infusion. Dots and bars indicate mean6SEM.
doi:10.1371/journal.pone.0002347.g003
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associated with changes in respiratory or pulse rate, or an increase

in lactate or the anion gap, and were likely due to the hydrogen

and chloride ion components of the L-arginine hydrochloride

infusion. Our results are consistent with an experimental study of

canine sepsis which showed that infusion of L-arginine hydro-

chloride resulted in a dose-dependent decrease in bicarbonate and

pH with an increase in chloride but not in lactate or anion gap

[25]. As the only commercially available intravenous formulation

of L-arginine registered for use in humans, L-arginine hydrochlo-

ride contains 4.75 mEq of hydrogen and chloride ions per gram.

In this pharmacokinetic, safety and proof-of-concept study, L-

arginine hydrochloride was given at a relatively rapid rate of

infusion. If given as adjunctive therapy in severe malaria, L-

arginine hydrochloride would likely be given less rapidly as a

prolonged infusion which is more likely to allow compensatory

mechanisms to ameliorate any effects of the hydrochloride on

acid-base status.

Renal impairment is common in adult severe malaria. In

considering the risk of acidosis in patients with renal failure, it is

noteworthy that rapid infusion of higher doses of L-arginine

hydrochloride (30 g over 30 mins) in patients with end stage renal

failure resulted in no change in arterial pH [26]. In healthy

subjects, L-arginine infusion improves renal blood flow and

glomerular filtration rate [27,28]. We found no evidence for an

adverse effect of L-arginine on renal function in patients with

moderately severe malaria, who by definition had normal renal

function. Intravenous L-arginine has also been shown to have no

deleterious effects on renal blood flow or glomerular filtration rate

in patients with renal impairment [28].

As with other cationic amino acids, intracellular uptake of L-

arginine results in displacement of intracellular potassium into the

extracellular fluid [15]. Increases in plasma potassium following L-

arginine infusion are well-described [29]. Mean increases in

plasma potassium of 1.2360.17 mmol/L (33%) have been

described in eight normal adults following high dose (30 g;

,0.5 g/kg) infusion over 30 minutes [16]. The risk of clinically

significant hyperkalemia with this relatively rapid high dose

infusion is higher in patients with underlying renal failure,

particularly those with baseline hyperkalemia and/or concurrent

spironolactone therapy [26]. The increase in potassium in patients

with moderately severe malaria who received up to 12 g was

transient and clinically insignificant. In a subgroup of African

children with both severe malaria and acidosis, hyperkalemia

Figure 4. Effects of L-arginine hydrochloride infusion on
venous blood pH. Figure 4A: Relationship between dose/weight
(mg/kg) of infused L-arginine and the maximal decrease in venous
blood pH at any time during or in the two hours following infusion
(n = 30; r = 20.48, p = 0.007). Figure 4B: Venous blood pH in patients
before and after 30 minute administration of the highest dose of L-
arginine (12 g; n = 10). Shaded area indicates time of L-arginine infusion.
Dots and bars indicate mean6SEM.
doi:10.1371/journal.pone.0002347.g004

Figure 5. Effects of L-arginine hydrochloride infusion on
venous blood chloride concentrations. Figure 5A: Relationship
between dose/weight (mg/kg) of infused L-arginine and the maximal
decrease in venous blood chloride at any time during or in the two
hours following infusion (n = 30, r = 0.6, p,0.001). Figure 5B: Venous
blood chloride in patients before and after 30 minute administration of
the highest dose of L-arginine (12 g; n = 10). Shaded area indicates time
of L-arginine infusion. Dots and bars indicate mean6SEM
doi:10.1371/journal.pone.0002347.g005
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(K+.5.5 mmol/L) was found in 16%, and was associated with

increased mortality [30]. In adults, only 1 (2%) of a group of 51

consecutive patients with severe malaria defined by modified

WHO criteria had a potassium level .5.5 mmol/L on admission

[5]. However, future initial phase 2 studies in severe malaria will

necessitate exclusion of hyperkalemic subjects, slow infusion rates

and caution with patients with renal failure. Subclinical hypo-

phosphatemia has been described in falciparum malaria [31], and

clinically insignificant hypophosphatemia has been seen with rapid

infusion higher doses (0.5 g/kg) of L-arginine [16]. However, there

were no significant changes in plasma phosphate concentrations in

the doses used in this study.

Because L-arginine increases the secretion of insulin [17] review

articles have stated that L-arginine may cause hypoglycemia [14].

However there have been no published case reports or series to

suggest this, likely because L-arginine also increases glucagon

production [17]. To our knowledge, the only clinical trial

reporting significantly altered blood glucose following L-arginine

infusion described a significant increase in mean blood glucose

following a dose of 0.5 g/kg [32]. In our study, one patient who

received the lowest dose (3 g) experienced a decrease in blood

glucose but not to the hypoglycemic range. Decreases in blood

glucose were not seen in patients who received the larger doses of

6 g and 12 g. The patient was simultaneously receiving quinine

infusion, a drug well known to increase insulin secretion and

reduce blood glucose, even in non-severe malaria [33]. With the

replacement of quinine by artesunate as treatment of choice for

severe malaria, the risk of hypoglycemia in severe malaria has

been significantly reduced [1]. The lack of a dose-response of L-

arginine on glucose in our series, an alternative explanation for a

fall in one patient, the use of artesunate in severe malaria, and the

hyperglycemic effect of higher doses of L-arginine in other series

[32], all suggest that adjunctive L-arginine is unlikely to have

hypoglycemic effects in phase 2 studies in severe malaria.

Transient pain at the infusion site seen in 7% of patients in this

study has also been described in other settings and is likely related

to the hypertonicity of the L-arginine solution. Other rare adverse

effects reported as single case reports in the literature were not

seen in this study including extravasation reactions [34] and

anaphylaxis [35].

There are limited data on the safety and efficacy of adjunctive

L-arginine monotherapy in other severe infections in animals and

humans [23–25,36]. Studies of intravenous L-arginine infusion in

patients with sepsis [23,24] have reported hemodynamic but not

biochemical or clinical endpoints. Trials of enteral preparations

containing L-arginine in critically ill patients have shown

Figure 6. Effects of L-arginine hydrochloride infusion on
venous blood lactate concentrations and anion gap.
Figure 6A: Relationship between dose/weight (mg/kg) of L-arginine
and change in venous blood lactate before and 4 hours after infusion
(n = 30; ns). Figure 6B: Relationship between dose/weight (mg/kg) of
infused L-arginine and the maximal change in venous anion gap at any
time during or in the two hours following infusion (n = 30; ns).
doi:10.1371/journal.pone.0002347.g006

Table 2. Maximum changes in parameters at any time during and for 2 hours after L-arginine infusion (3–12g) compared to pre
infusion values (mean maximum change [range])

Dose 3g 6g 12g

SBP (mmHg) 23 (0 to 28) 26 (0 to 212) 29 (22 to 218)

DBP (mmHg) 24 (+2 to 210) 25 (22 to 28) 26 (22 to 210)

Potassium (mmol/L) 0.2 (20.1 to 0.2) 0.3 (0.1 to 0.4) 0.5 (0.2 to 0.7)

HCO3 (meq/L) 21 (1 to 23) 21.5 (1 to 23.5) 23 (21 to 26)

pH 20.005 (20.001 to 20.05) 20.01 (+0.05 to 20.05) 20.04 (20.02 to 20.06)

Chloride (mmol/L) 2 (0 to 3) 2 (21 to 3) 3 (2 to 5)

Lactate (mmol/L) 20.05 (1 to 22) 20.34 (0.05 to 22) 20.34 (1 to 22)

Anion Gap 0 (24 to 2) 21 (25 to 1) 22 (22 to 3)

Phosphate (mg/dL) 0.1 (20.1 to 0.2) 0.1 (20.2 to 0.2) 0.1 (20.1 to 0.2)

Glucose (mmol/L) 21.1 (23.1 to 0.3) 20.94 (23.1 to 0.47) 20.64 (21.3 to 1.3)

doi:10.1371/journal.pone.0002347.t002
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conflicting results [37,38]. The uncertain contribution of other

components of enteral formulae limits the interpretation of the

effects of L-arginine. With clear differences in pathophysiology

[5,39–41], safety and efficacy findings in other infections are

difficult to extrapolate to severe malaria in humans although

studies are ongoing to address this.

A parallel efficacy study performed in the same patients

reported here [5], has shown that L-arginine increases NO

production and restores endothelial function in falciparum malaria

and may have the potential for a beneficial role as adjunctive

therapy in severe malaria. The safety data in this study

demonstrate that a single relatively rapid intravenous infusion of

up to 12 g has no clinically significant hemodynamic, biochemical

or local adverse effects in patients hospitalized with moderately

severe malaria. Trials of L-arginine as adjunctive therapy can be

extended to phase 2 studies in adults with severe malaria, where

careful assessment of safety will also be required.

Supporting Information

Protocol S1 Trial Protocol.

Found at: doi:10.1371/journal.pone.0002347.s001 (0.53 MB

DOC)
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Figure 7. Effects of L-arginine hydrochloride infusion on
plasma phosphate concentrations. Figure 7A: Relationship
between dose/weight (mg/kg) of infused L-arginine and the maximal
decrease in plasma phosphate concentration at any time during or in
the two hours following infusion (n = 30; r = 20.06, p = 0.8). Figure 7B:
Plasma phosphate concentrations of patients before and after
30 minute administration of the highest dose of L-arginine (12 g;
n = 10).. Shaded area indicates time of L-arginine infusion. Dots and bars
indicate mean6SEM.
doi:10.1371/journal.pone.0002347.g007

Figure 8. Effects of L-arginine hydrochloride infusion on blood
glucose concentrations. Figure 8A: Relationship between dose/
weight (mg/kg) of infused L-arginine and the maximal decrease in
whole blood glucose concentration at any time during or in the two
hours following infusion (n = 30; r = 20.27, p = 0.14). Figure 8B: Whole
blood glucose concentrations of patients before and after 30 minute
administration of the highest dose of L-arginine (12 g; n = 10). Shaded
area indicates time of L-arginine infusion. Dots and bars indicate
mean6SEM.
doi:10.1371/journal.pone.0002347.g008
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8. Pharmacokinetic Modelling of L-arginine in Moderately Severe Malaria 

 

There have been few studies examining the pharmacokinetics (PK) of intravenous L-arginine in 

humans. These have been conducted in either healthy individuals or patients with chronic illness 

(14). The biochemical pathways regulating the metabolism of exogenous and endogenous L-

arginine in these individuals is likely to differ significantly in patients with acute inflammatory 

conditions or acute infections such as malaria. There have been no studies examining the 

pharmacokinetics of L-arginine in acute infections. 

The development of a population PK model is needed to determine parameters such as clearance 

and volume of distribution of L-arginine in patients with acute malaria. In addition various 

covariates were examined which may influence the parameters. A PK model would be used to 

perform simulations in order to examine the concentration-time profiles of several dosing 

regimens. The results from the simulations can then be used to choose the best dosing schedule 

for future studies to maximize the potential beneficial effects of L-arginine on vascular function. 
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Severe malaria is associated with decreased nitric oxide (NO) production and low plasma concentrations of
L-arginine, the substrate for NO synthase. Supplementation with L-arginine has the potential to improve NO
bioavailability and outcomes. We developed a pharmacokinetic model for L-arginine in moderately severe
malaria to explore the concentration-time profile and identify important covariates. In doses of 3, 6, or 12 g,
L-arginine was infused over 30 min to 30 adults with moderately severe malaria, and plasma concentrations
were measured at 8 to 11 time points. Patients who had not received L-arginine were also assessed and included
in the model. The data were analyzed using a population approach with NONMEM software. A two-compart-
ment linear model with first-order elimination best described the data, with a clearance of 44 liters/h (coef-
ficient of variation [CV] � 52%) and a volume of distribution of 24 liters (CV � 19%). The natural time course
of L-arginine recovery was described empirically by a second-order polynomial with a time to half recovery of
26 h. The half-life of exogenous L-arginine was reduced in patients with malaria compared with that for healthy
adults. Weight and ethnicity were significant covariates for clearance. MATLAB simulations of dosing sched-
ules for use in future studies predicted that 12 g given over 6, 8, or 12 h will provide concentrations above the
Km of endothelial cell CAT-1 transporters in 90%, 75%, and 60% of patients, respectively.

The treatment of severe malaria currently relies on antima-
larial drugs and supportive treatments, but the early case fa-
tality rate remains high (8). Adjunctive therapies targeting
underlying pathogenic processes early in the treatment of se-
vere malaria may reduce mortality further, but to date none
have proven efficacious (10). L-Arginine has been proposed as
a potential adjunctive therapy for severe malaria because of its
ability to increase nitric oxide (NO) production in endothelial
and other cells (16, 34).

We have previously described impaired production of NO
(1, 34); low plasma concentrations of its precursor, L-arginine
(16); and impaired NO-dependent endothelial function in
cases of severe malaria (34). Endothelial dysfunction is a mea-
sure of endothelial activation and may play a role in the patho-
genesis of severe malaria by increasing the adhesion of para-
sitized erythrocytes to the endothelium and thereby worsening
microcirculatory obstruction and oxygen delivery (9). NO
downregulates endothelial inflammation (7) and reduces the
cytoadherence of parasitized erythrocytes in vitro (20, 23).
Endothelial NO production is dependent on the intracellular
movement of extracellular L-arginine by cationic amino acid
transporter protein-1 (CAT-1) (35). Estimates for the half-
saturating concentration (Km) of extracellular L-arginine for
CAT-1 are 100 to 150 �mol/liter (32), within the estimated
range of the Km of extracellular L-arginine for intracellular NO

production (73 to 150 �mol/liter) (11, 14). In severe malaria,
plasma L-arginine concentrations are below this Km, likely con-
tributing to the decreased NO production and endothelial dys-
function found in severe disease. Hypoargininemia also results
in NO synthase production of reactive oxygen species instead
of NO, resulting in an increase in oxidative stress (24, 30). By
infusing L-arginine in patients with moderately severe malaria,
we were able to significantly improve endothelial function (34).
Previous pharmacokinetic studies of the exogenous administra-
tion of L-arginine have been conducted primarily with healthy
adult individuals (4, 5), with no data on pharmacokinetic param-
eters in patients with acute infections such as malaria.

We undertook a prospective observational study to evaluate
the natural time course of the recovery of L-arginine concen-
trations in parallel with a single, ascending-dose study of L-
arginine infusion in adults with moderately severe malaria. A
population pharmacokinetic model was developed, and simu-
lations were carried out to assess the effectiveness of various
regimens of L-arginine infusion to maintain plasma concentra-
tions above the Km of the endothelial cell CAT transporters.

MATERIALS AND METHODS

Study site and subjects. The study was conducted at Mitra Masyarakat Hos-
pital in Timika, Papua, Indonesia, an area with unstable transmission of malaria
and high rates of hospitalization from both falciparum and vivax malaria (15, 21).
Ethical approval was obtained from the Health Research Ethics Committees of
the National Institute of Health Research and Development, Indonesia, and
Menzies School of Health Research, Australia. Written informed consent was
obtained from patients or attending relatives in Indonesian or a local language
when necessary.

Adults older than 18 years with moderately severe falciparum malaria were
enrolled at the emergency department or outpatient clinic (34). Moderately
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severe falciparum malaria was defined as a fever or history of a fever in the past
48 h, with �1,000 asexual Plasmodium falciparum parasites/�l of blood (a thresh-
old for clinical falciparum malaria in Papua [26]) in patients with no other
identified etiology who required inpatient parenteral therapy but did not exhibit
the warning signs or criteria for severe malaria as defined by the World Health
Organization (31). The exclusion criteria were being pregnant or breastfeeding,
having been treated with parenteral antimalarials for �18 h prior to admission,
and/or having mixed P. falciparum/Plasmodium vivax infections. Patients were
also excluded if significant comorbidities (including diabetes; known cardiac,
renal or hepatic disease; a concurrent infection[s]; concurrent use of any medi-
cation; a hemoglobin count of �6 g/dl; and/or a systolic blood pressure of �100
mm Hg) or biochemical abnormalities (a baseline venous bicarbonate level of
�20 mmol/liter, potassium level of �4.2 mmol/liter, glucose level of �3 mmol/
liter, or chloride level of �106 mmol/liter) were identified. In those receiving
L-arginine, an allergy to L-arginine was an additional exclusion criterion.

Study design. Eligible subjects were enrolled, as described previously, into one
of two groups: an intervention arm receiving intravenous L-arginine or an ob-
servational arm in which the subjects received a similar volume of saline (34).
Enrollment was nonrandomized, with all subjects receiving standard antimalarial
therapy with intravenous quinine (34). There were no significant differences in
the baseline demographic or clinical characteristics between those receiving
saline or L-arginine (34). In the intervention group, three groups of 10 different
patients were given 3 g (17 mmol), 6 g (34 mmol) or 12 g (68 mmol) of L-arginine
diluted in normal saline to a concentration of 10% or less by an infusion pump
over 30 min via an intravenous cannula in the antecubital fossa. All patients gave
a standardized medical history and underwent serial physical examinations. For
the observational study, venous blood was collected into tubes containing lithium
heparin upon recruitment and at regular intervals until discharge. For patients
receiving L-arginine, venous blood was collected before and immediately at the
end of the infusion and repeated at approximately 5, 20, 30, 60, and 120 min and
4, 8, and 24 h after the end of the infusion. Hemoglobin and white blood cell
counts were measured by Coulter counter, and routine biochemistry and acid
base parameters were analyzed with a bedside biochemical analyzer (i-Stat
Corp., Windsor, NJ). Parasite counts were determined by Giemsa-stained thick
and thin fields and were cross-checked by an experienced microscopist.

Determination of plasma concentrations of L-arginine. Plasma was separated
by centrifugation within 30 min of collection and stored at �70°C. Amino acids
were extracted from 50 �l of plasma after the addition of 50 �l of an internal
standard (norleucine) and 200 �l of cold ethanol. Deproteinized plasma was
derivatized with AccQFluor reagent (Waters Corp., Milford, MA), and amino
acids were measured by high-performance liquid chromatography (Shimadzu,
Kyoto, Japan), using a method modified from that of van Wandelen and Cohen
(28). By this method, the percent coefficient of variation (CV%) for L-arginine
was 4.6 at 77 �M, with a lower limit of detection of 2.5 �M (0.53 mg/liter).

Population pharmacokinetic modeling. Data were analyzed using the first-order
conditional estimation (FOCE) method with interaction in NONMEM (version 5,
level 1.1) with the G77 FORTRAN compiler (3). An evaluation of model suitability
was conducted with standard goodness-of-fit criteria such as measurement of objec-
tive function, parameter estimates, between-subject variability (BSV) and diagnostic
plots (12). The standard three-stage population analysis approach was used to
identify covariates (18). Model selection was based on three further criteria. (i)
Models had to have statistical significance corresponding to a drop in NONMEM
objective function between successive models of 3.84 units (�2 test, P � 0.05), with
a one-parameter difference between models. (ii) The parameter estimates were
required to be physiologically plausible (e.g., a nonnegative value for clearance or a
central volume less than the plasma volume). This criterion was also applied to
between-subject variance, where extremely small or large values were considered
indicators of overparameterization of the model. (iii) Models had to have stability,
which was assessed by altering the initial parameter estimates and/or changing the
number of significant digits. Neither should affect the final parameter values if the
model is stable. For covariate analysis, additional criteria were also considered: (i)
clinical significance (defined as a change in parameter values of �20% over the
range of the usual values of the covariate); (ii) a biologically plausible relationship;
and (iii) a reduction in random BSV.

Model development. Structural models. Compartmental models were parame-
terized in terms of volume of distribution (V) and clearance (CL). For the natural
recovery of L-arginine, a model was constructed to allow for the effect of the
infection on the turnover of L-arginine concentrations. The assumptions were that
the effects of the infection occurred 48 h prior to admission, resulting in a decrease
in L-arginine concentration until antimalarial treatment was started. This corre-
sponded to the duration of symptoms before patients sought medical help.

Dosing simulations. Stochastic simulations were performed using MATLAB
(version 6.5, release 13) to identify suitable dosing regimens for L-arginine that

maintained the concentrations above the Km of the CAT transporter, set as 150
�mol/liter. This was performed by generating the pharmacokinetic profiles of
1,000 virtual subjects under different dosing regimens and assessing the propor-
tion of patients that had concentrations above the Km value.

RESULTS

A total of 78 patients were enrolled, 48 in the observational
group and 30 in the group receiving L-arginine. The patient
characteristics are shown in Table 1.

Safety of L-arginine infusions. L-Arginine infusions were well
tolerated. No new symptoms developed during infusion except
for mild pain at the infusion site, with no evidence of inflam-
mation, in two patients. There were no statistically or clinically
significant effects on pulse rate or respiratory rate before, dur-
ing, or after the infusion of any dose of L-arginine, with con-
tinuous electrocardiography readings remaining normal
throughout (33). The mean systolic and diastolic blood pres-
sures did not change significantly immediately following the 3
g and 6 g arginine infusions. Patients given 12 g had a transient,
statistically but not clinically significant mean decrease in sys-
tolic (5 mm Hg; 95% confidence interval [CI], 3 to 8 mm Hg;
P � 0.01) and diastolic (5 mm Hg; 95% CI, 0.5 to 9 mm Hg; P
� 0.03) blood pressures measured immediately at the end of

TABLE 1. Baseline characteristics of patients

Characteristic Saline infusion group L-Arginine infusion
group

Total no. of subjects 48 30
Mean age �yr (range)	 28 (18–56) 28 (18–54)
No. (%) of males 32 (67) 20 (67)
Mean wt �kg (range)	 58 (43–77) 58 (42–70)
No. (%) of Papuan

highlanders
37 (77) 23 (77)

No. (%) of current
smokers

19 (40) 11 (37)

No. (%) of ex-smokers 7 (14) 4 (13)
Median no. of days of

fever before
presentation (IQR)a

2 (1–5) 2 (1–4)

Mean systolic blood
pressure �mm Hg
(range)	

114 (88–152) 109 (90–138)

No. (%) hypertensive
on enrollment

2 0

Mean pulse rate �beats/
minute (range)	

86 (56–118) 80 (54–116)

Mean respiratory rate
�breaths/minute
(range)	

25 (14–42) 24 (18–32)

Mean temp �°C (range)	 36.5 (34.1–39.8) 37 (34.8–40.2)
Mean white blood cell

count �103 �l�1

(range)	

5.9 (2.6–10.8) 6.2 (2.3–11.7)

Mean hemoglobin count
�g/dl (95% CI)	

12.8 (7.1–16.7) 12.3 (7.5–17)

Mean L-arginine plasma
concn ��mol/liter
(95% CI)	

42 (37–45) 37 (33–43)

Mean lactate concn
�mmol/liter (95% CI)	

1.29 (1.1–1.50) 1.5 (1.2–1.8)

Geometric mean
parasite density
��l�1 (range)	

13,297 (850–127,350) 17,221 (890–281,864)

a IQR, interquartile range.
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the infusion, which returned to baseline thereafter. Changes in
glucose or electrolyte (potassium, phosphate, bicarbonate, pH,
chloride) measurements following infusion were not clinically
important. The full safety profile following L-arginine infusion
has been reported separately (33).

Population pharmacokinetics. L-Arginine concentrations
pre- and postinfusion. Mean baseline L-arginine concentra-
tions in plasma were 42 �mol/liter (95% CI, 37 to 45) in the
observational group and 37 �mol/liter (95% CI, 33 to 43) in
those who were to receive L-arginine (P � 0.32). Mean peak
L-arginine concentrations after the end of the infusions of 3, 6,
and 12 g rose to 288 �mol/liter (95% CI, 172 to 405), 809
�mol/liter (95% CI, 592 to 1,027), and 1,310 �mol/liter (95%
CI, 911 to 1,709), respectively. Conversely, there was no sig-
nificant change in those patients who received saline infusions.

Natural recovery of L-arginine. A turnover model was used
to describe the increase in L-arginine over time in individuals
who did not receive exogenous L-arginine. This model was
defined by the following equations.

ST � 1 � � Emax

E50 � A1�

�A1

dA1

dt � � Kinf � A1

dA2

dt � Kin � Kout � ST � A2

In this model, ST is the theoretical effect of the infective
process on the elimination of arginine, A1 represents the in-
fective process, Kinf is the first-order rate constant of the de-
cline in the infective process, Emax is the maximum fraction
that the infective process can increase the turnover of L-argi-
nine, E50 is the amount at which this process is at 50% of its
maximum, Kin is the zero-order rate of production of L-argi-
nine, Kout is the first-order rate constant of the loss of arginine,
and A2 is the amount of L-arginine. An instantaneous infective
process initiated 2 days before the patient was enrolled in the
study was assumed. The time chosen was similar to the actual
duration of the symptoms recorded (median, 2 days; range, 1
to 14 days). The infective process then triggered an increased
turnover of L-arginine, probably via increased catabolism from
a variety of metabolic pathways, including arginase, arginine:
glycine amidinotransferase, and NO synthase (19). The model
allowed for L-arginine to be constantly produced from a large
pool not affected by the process and which then returned to
preinfective amounts once the infective process abated. How-
ever, the model was sensitive to initial estimates. An empirical
second-order polynomial was used as the final model.

Arg0i � 1 � exp(�1)

BL
t� � Arg0i � t1 � t � t2 � t2

where Arg0i represents the ith patient’s baseline value of ar-
ginine, �i is the difference between an individual’s value of
Arg0 and the average value in the population, 1 is the average
value of Arg0 in the population, t1 and t2 are the coefficients
in the polynomial linking arginine recovery to time, exp rep-
resents the exponential, BL(t) is the baseline value of arginine
concentration at time t, and t is time and is initiated at 2 days

prior to presentation (approximately the start of symptoms). Us-
ing this model, the time to half recovery was 26 h, and the baseline
value of L-arginine was 33 �mol/liter with BSV of 43%.

Pharmacokinetics of L-arginine after infusion. For patients
who received L-arginine, the data were best described by a
two-compartment linear model with first-order elimination
and log-normal BSV for the clearance and central volume
compartment. The error model was a combined proportional
and additive residual variance model. The model allowed for
the baseline concentrations and natural recovery of L-arginine
using the second-order polynomial model described for the
natural recovery. The concentration-time profiles for the ob-
served and predicted L-arginine values and the weighted resid-
ual plot are shown in Fig. 1 and 2A, respectively. The half-life
at � phase (t1/2�) was 15 min, and the t1/2� was 3.75 h, with
this phase contributing to 40% of the area under the concen-
tration-time curve. By use of estimates obtained from simula-
tions assuming a log-normal distribution, the CV% of t1/2�
was 84% and that of t1/2� was 39%.

Incorporation of weight as a covariate for CL and the addi-
tion of an ethnic group (Papuan versus non-Papuan) improved
the model fit significantly, and both were therefore included in
the final model. The final parameter estimates for the covariate
model are summarized in Table 2, and the weighted residuals
are displayed in Fig. 2B. Inclusion of sex and leukocyte and
parasite counts as covariates for clearance and the weight/
ethnic group to the central volume compartment did not im-
prove the model fit. The residual error did not change between
the full and base pharmacokinetic models, but the BSV on CL
decreased by 62%.

Dosing simulations. Using the baseline model, random sim-
ulations were performed with sampling of 1,000 virtual subjects
from the distribution for CL, the volume of the central com-
partment, and baseline L-arginine concentrations. The Km of
the CAT transporters responsible for the intracellular trans-
port of L-arginine was assumed to be 150 �mol/liter (26 mg/
liter). Each virtual subject was dosed with one of the following
dosage regimens: (i) 12 g over 1 h; (ii) 12 g by continuous
infusion over 6, 8, and 12 h; or (iii) intermittent infusions of
3 g, 3 g, and 6 g given over 30 min at 4 h intervals, 6 g and 6 g
given over 30 min at 4 h intervals, and 6 g and 6 g given over
2 h at 4-h intervals. Concentration-time courses were calcu-
lated 12 to 16 h postdosing for the various regimens.

Each regimen was assessed for the percentage of patients
above the Km at the end of the infusions. Regimen one pro-
vided concentrations above the Km for 50% of patients at 2 h
and 25% at 3 h after infusion. The long-duration infusions used
in regimen two maintained concentrations just above Km for a
time period about equal to the duration of the infusion. With
12 g of L-arginine, 90%, 75%, and 60% of individuals achieved
the target Km when infused over 6, 8, and 12 h, respectively.
For the multiple-dose regimens, a dosage of 6 g given over 2 h
and repeated 4 h later provided sufficient time above the Km

and attained peak concentrations equivalent to 12 g, constant-
infusion dosing.

DISCUSSION

In this study, the population pharmacokinetic parameters of
endogenous and exogenous L-arginine were estimated for pa-
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tients with moderately severe malaria. Increased oxidation with-
out a compensatory increase in the de novo synthesis of endog-
enous L-arginine has been described for sepsis (2, 29). This work
led investigators to postulate that L-arginine becomes a condition-
ally essential amino acid during acute inflammatory states (2) and
therefore may be required as part of standard nutritional therapy

in severely ill patients with infections or burns. L-Arginine infu-
sion in adults with sepsis results in only very transient hemody-
namic changes (17). These findings suggest that rapid turnover of
L-arginine occurs in patients with acute inflammatory states, al-
though there are no pharmacokinetic data available for ill sub-
jects. Previously published studies of L-arginine pharmacokinetics

FIG. 1. Concentration-time profiles (A to D) and logs of the concentration-time profiles (E to H) of L-arginine before, during, and up to 24 h
after infusion of saline (A and E) or doses of 3 g (B and F), 6 g (C and G), and 12 g (D and H) of L-arginine. The times of the L-arginine infusions
were from 0 to 0.5 h.
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have been done with healthy volunteers (4, 22, 25, 27), in whom
L-arginine metabolism is likely to differ significantly from that in
acutely ill individuals.

Early L-arginine pharmacokinetic studies (22, 27) were lim-
ited by short sampling periods and insensitive enzymatic and
photometric assays with high coefficients of variation. More-
recent studies have examined the pharmacokinetics after infu-
sions of 6 g and 30 g of L-arginine over 30 min into healthy
volunteers (4, 13, 25). After a 6 g infusion, the mean peak
L-arginine concentration in plasma of 822 �mol/liter (4) was
comparable to the mean peak concentration of 809 �mol/liter
for patients with malaria. In contrast, doses of 30 g of L-
arginine in healthy volunteers achieved mean plasma concen-
trations of 6,223 to 7,978 �mol/liter (4, 13, 25), higher than the
peak of 1,310 �mol/liter we observed in patients with malaria.
The results of one of the volunteer studies were analyzed with
a standard two-stage method and reported dose-dependent
pharmacokinetics, with a decreasing half-life and volume of
distribution with the higher dose (4). The authors suggested
that this observation was due to the renal threshold of L-
arginine being exceeded with the larger dose. However, in our
study there was no evidence for nonlinearity at the dosages
used. In healthy individuals, the elimination half-life ranged
from 40 to 60 min (4), while in our study the t1/2� and t1/2�
were 15 min and 3.75 h, respectively. Possible explanations for
the different findings include the short sampling times and the
use of noncompartmental analysis in the previous study. This
would serve to limit the previous study analyses to the consid-
eration of a single exponential decay model with a half-life that
would be expected to lie approximately between our two half-
lives. Previous studies with healthy volunteers did not identify
covariates. In contrast, we found that weight and ethnic group
influenced the pharmacokinetics of L-arginine in patients with
moderately severe malaria.

To our knowledge, this is the first study that has explored the
pharmacokinetics of the natural recovery as well as the admin-
istration of exogenous L-arginine in patients with falciparum
malaria or, indeed, any acute inflammatory disease state. In-
flammatory processes are likely to affect L-arginine homeosta-
sis in patients with malaria. Studies with critically ill children
have shown an increase in the oxidation of L-arginine (2), with
no change in flux compared to that for healthy adults, and in
contrast to that for adults with sepsis, who had a decreased flux
(29). In these studies, NO production accounted for 6% of
L-arginine consumption in acutely ill children, compared to
approximately 2 to 3% in septic adults and 4 to 5% in healthy
adult controls. These studies suggest that most of the plasma
L-arginine is metabolized by other enzymatic pathways, includ-
ing those of arginase and arginine:glycine amidinotransferase,
which produce ornithine and creatine, respectively (32). The
increased plasma arginase activity we noted with malaria (34)
is likely to contribute to increased catabolism and the shorter
half-life of L-arginine we found with acute malaria. The differ-
ences in L-arginine metabolism suggest that understanding the
pharmacokinetics of L-arginine during acute malaria is crucial
to modeling the time course of drug exposure and developing
a dosing strategy which may differ from that for healthy indi-
viduals.

In patients with severe malaria, the eventual target group,
we believe the window for L-arginine therapy would be
within the first 24 to 48 h, when the patients are the most
acutely unwell and before the natural recovery from hy-
poargininemia and endothelial dysfunction. This is also the

TABLE 2. Parameter estimates for final covariate model

Parameter Value SE (% CV)

Exogenous L-arginine
CL (liter h�1)b 31 17
V1 (liter)c 27 13
V2 (liter)e 21 39
Q (liter h�1)d 74 18
8 (allometric constant for CL) 2.46 23
4 (fractional effect of ethnicity) 1.84 17
10 (allometric constant for V1) 0.781 71
�CL (% CV)f 32 30
�V1 (% CV)g 19 68

Endogenous L-arginine
Arg0a (�mol/liter) 33 10
t1

a (�mol/liter/h) 0.0612 78
t2

a (�mol/liter/h2) �0.000139 84
�Arg0 (% CV) 43 43

Residual error
�add

h (�mol/liter) �0 22
�prop

i (CV) 28.6

a For endogenous L-arginine recovery after falciparum malaria infection,
where  t1 and  t2 are the first- and second-order coefficients of the polynomial.

b CL, clearance in first compartment.
c V1, volume of distribution in first compartment.
d Q, clearance in second compartment.
e V2, volume of distribution in second compartment.
f �CL, between-subject variance for clearance in first compartment.
g �V1, between-subject variance for volume of distribution in first compart-

ment.
h �add, standard deviation of the additive component of the residual error.
i �prop, standard deviation of the proportional component of the residual

error.

FIG. 2. Weighted residual plots for the baseline two-compartment
first-order elimination model (A) and for the final covariate model (B).
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time window in which the use of artesunate, the most rapidly
parasiticidal drug yet available, has been unable to reduce
early fatality in cases of severe malaria (8). In patients with
severe malaria, L-arginine would be given as a continuous
infusion for the time period required to increase the
L-arginine concentration and increase NO production. With
this background, the other major goal of the study was to
simulate the concentration-time profile of various L-arginine
dosage regimens using the pharmacokinetics model devel-
oped. Sustained production of NO by both immune (6) and
endothelial cells (35) is dependent on the transport of ex-
tracellular L-arginine into cells by CAT with a Km of 70 to
150 �mol/liter, and we used 150 �mol/liter as the target
concentration. The simulations demonstrated that regimens
of continuous infusion of 12 g over 6, 8, and 12 h would
exceed the Km in 90%, 75%, and 60% of patients at the end
of the infusion, but because of the short half-life, such con-
centrations would be maintained only for the duration of the
infusion. However, simulations of multiple-dosing regimens
also provide other options which would provide satisfactory
L-arginine concentration-time exposures. In the absence of a
combined pharmacokinetic/pharmacodynamic model, we do
not know the optimal dosage regimen.

In conclusion, a study of a single, ascending-dose L-argi-
nine infusion in adults with moderately severe malaria was
conducted, and the dosing regimen was found to be safe,
with no clinically significant adverse effects. The pharmaco-
kinetic parameters estimated were significantly different
from those of previous studies with healthy volunteers. Sim-
ulations of various dosing regimens using these parameters
to maintain L-arginine concentrations above the Km of the
CAT were done. These regimens will be assessed in future
trials with patients with severe malaria to determine the
safety and efficacy of L-arginine as an adjunctive therapy.
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8.1 Summary of the Pharmacokinetic Model of L-arginine  

 

The pharmacokinetic model of L-arginine in moderately severe malaria was best described using 

a two compartment model with an alpha-phase half life of 15 minutes and a beta-phase half life 

of 3 hours. Assuming the PK of L-arginine remains similar in patients with severe malaria, the 

use of a continuous infusion of 12g of L-arginine over 6 or 8 hours in a phase 2a study in severe 

malaria will provide concentrations that are 3-4 times above the upper estimate of the in vitro 

half saturating concentration (Km) for NO manufacture by endothelial cells (150 µmol/L) in 

90% and 75% of patients. 

A limitation of this study was the lack of development of a formal pharmacokinetic-

pharmacodynamic (PK-PD) model which would enable us to link the concentration of L-arginine 

to its effect on endothelial function and adverse events. The development of such a model is 

planned. 
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9. Conclusion-Targeting the Endothelium in the Treatment of Severe Malaria 

 

9.1 Conventional Treatment of Severe Malaria and its Limitations 

The case-fatality rate in severe falciparum malaria has ranged from 10-40% with the use of 

traditional parenteral quinine (35). The use of artemisinin-derived compounds, with their 

superior rate of parasite killing and broad stage specificity, has been the only major recent 

advance in therapy of severe malaria. The 2005 SEAQUAMAT trial showed a 34% decrease in 

mortality from severe malaria with artesunate compared to quinine, with mortality rates of 15% 

and 22% respectively (2). By killing all stages of Plasmodium falciparum, artesunate is 

hypothesised to prevent young rings from maturing and causing further parasite sequestration, 

microvascular obstruction and organ failure (2). Artesunate has now been recommended instead 

of quinine as treatment of choice for severe malaria in low transmission areas (167). However 

the SEAQUAMAT trial also demonstrated a limitation in relying on antiparasitic therapy alone. 

In the initial 48 hours of treatment there was no difference in the survival rates between patients 

receiving either drug (2), suggesting that the survival benefit from more rapid parasite killing 

occurred later and that other therapeutic strategies are needed in the first 48 hours of therapy to 

reduce early mortality (166, 337).   

Improvements in supportive therapy, fluid management and treatment of organ-specific 

complications such as ventilation for acute respiratory distress syndrome and haemodialysis for 

acute renal failure can lower the mortality rate (166, 168), but these resources may not be readily 

available in areas where severe malaria is most prevalent (166, 168). Even with the best 

supportive care, mortality remains high. A large retrospective study from Paris examined the 
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outcome of adults with severe malaria managed in a modern intensive care unit and showed a 

mortality rate of 11% using quinine (338). 

The limitations of conventional treatment of severe malaria and its complications suggest that 

adjunctive therapies may be needed to further reduce the mortality rate, particularly early 

mortality (337). Multiple adjunctive agents have been studied in attempts to improve the 

outcomes. Most trials have been small, underpowered and inconclusive, with none showing 

proven benefit (166, 169, 170). Few have specifically targeted the endothelium, a tissue central 

to the pathogenesis of severe malaria. 

9.2 Potential Therapeutic Benefits of Modulating Endothelial Inflammation in Malaria 

 

As summarized in chapter 3, the endothelium and the microcirculation are involved in the 

pathogenesis of malaria (5, 6, 87). Specific to malaria is cytoadherence and sequestration of 

parasitized erythrocytes to endothelial adhesion receptors (53), a finding reported in vivo (120) 

and in autopsy studies of severe malaria (119). This results in microvascular obstruction and 

organ dysfunction which is commonly seen in severe malaria. Derangements of microcirculatory 

perfusion and normal endothelial physiology can be observed in other acute inflammatory 

conditions such as sepsis, including a decrease of intravascular volume, vasomotor dysregulation 

and increased coagulation (136, 224). 

It has been hypothesized that sequestration is a mechanism developed to help the parasites within 

the host erythrocyte avoid destruction by the spleen. In malaria there is up-regulation of 

endothelial adhesion receptors (97). Decreasing the expression of these may theoretically have 

beneficial effects by two mechanisms. The first is an increase in microcirculatory flow resulting 
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from a decrease in the density of parasitized erythrocytes binding to the endothelium with 

improved oxygen delivery. The second is a reduction in the total number of parasites due to 

increased clearance by the spleen.  

Several studies have reported impairment of vasomotor regulation or endothelial dysfunction in 

sepsis (223, 230) and we have now described similar changes in malaria. Endothelial dysfunction 

is thought to result in reduced ability of the microcirculation to match oxygen delivery to 

demand (135). This is thought to occur as a result of a decrease in functional capillary density 

(227) which has been observed in vivo in patients with sepsis (281, 339). By improving 

endothelial function in malaria, there may be an increase in oxygen delivery and perfusion in 

addition to that seen with decreasing sequestration.  

Finally, treatment of endothelial inflammation could reduce the endothelium-dependent 

activation of the coagulation pathway which has been documented in malaria and implicated in 

the pathogenesis of severe malaria particularly in children (139, 141). This could prevent the 

progression to disseminated intravascular coagulation, a rare but serious complication of malaria 

(340). 

The management of intravascular volume in severe malaria is still a subject of debate (341, 342). 

Plasma volumes have been reported to be increased after rehydration, and adult patients with a 

risk of pulmonary oedema should have careful monitoring of their fluid status. In children 

hypovolaemia has been suggested to play a role in the aetiology of acidosis by compromising 

microcirculatory perfusion and volume expansion may ameliorate this (341). Small studies 

whose findings remain to be confirmed in larger trials have suggested improved survival with 

used of albumin compared to crystalloids (341, 343). Optimizing fluid status may also be 
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beneficial by leading to an increase in perfusion pressure and recruitment of microcirculatory 

units that might not be patent if there is insufficient intravascular volume (341). 

9.3 CD36 and ICAM-1 

 

The role of CD36 in the cytoadhesion of parasites to the endothelium in synergy with other 

receptors (101) and platelets (129, 130, 344) has been described in chapter 2. If used in 

combination with anti-malarial therapy in patients with severe malaria, it is a reasonable 

assumption that therapies which reduce CD36 function might result in a better outcome. In vitro, 

the anti-helminthic agent levamisole reduces adhesion of iRBCs to endothelial cells by inhibition 

of a SRC-family kinase signalling pathway (345). A recent randomised clinical trial of patients 

with uncomplicated malaria in Thailand demonstrated an increased number of mature stage 

parasites in the peripheral blood following levamisole therapy, suggesting it could reduce iRBCs 

sequestration in vivo (346). A small clinical trial of levamisole in severe malaria is in progress in 

Thailand (166).  

The interaction between iRBCs and ICAM-1 in cerebral malaria has also been described in 

chapter 2 (96). In vitro, LMP-420, a transcriptional inhibitor of tumour necrosis factor (TNF) 

was able to attenuate pro-inflammatory effects on human brain endothelial cells and reduce both 

ICAM-1 and VCAM -1 expression (347). In mouse models, infusion of monoclonal antibodies 

of leukocyte function-antigen 1 (LFA-1), the ligand for ICAM-1, as well as anti-ICAM-1 

antibodies improved survival (348, 349). A recent study utilised knowledge of the crystal 

structure of the ICAM-1 binding site for parasitized erythrocytes and screened for compounds 

using an in silico approach (350). The authors identified several structural candidates and one 

compound (+)-epigalloyl-catechin-gallate was able to inhibit binding of infected erythrocytes 
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(350). However, translation of the results from these in vitro and in vivo animal studies to human 

trials has not been reported. Nitric oxide also reduces endothelial ICAM-1 (197) and iRBCs 

cytoadherence (295) but also has additional effects on endothelial cells outlined below. 

A clinical study that attempted to reduce cytoadherence of parasitized erythrocytes to the 

endothelium in African children by using intravenous immunoglobulin was stopped prematurely 

due to lack of efficacy (351). Mathematical modelling of this study concluded that the negative 

result was due to an inadequate amount of antibody to interact with the numerous endothelial 

receptors and parasite (352). The study also suggested that effective anti-sequestration therapy 

using immunoglobulin would require a doubling of the total peripheral blood antibody 

concentration which might not be feasible or safe (352). 

9.4 Reactive Oxygen and Nitrogen Species 

 

Reduction of the oxidant stress found in malaria (353) could lead to a reduction in endothelial 

inflammation. In vitro, increasing levels of the antioxidant superoxide dismutase in endothelial 

cells resulted in downregulation of ICAM-1 and a reduction in iRBC cytoadherence (354), while 

ascorbic acid and tocopherol reduced iRBC-associated endothelial cell apoptosis (355). A 

clinical study in adults with severe malaria using the anti-oxidant N-acteylcysteine showed it was 

able to reduce the lactate and fever clearance time, although the effect on the endothelium or 

microcirculation was not reported (172).  

Increasing NO bioavailability either by increasing endothelial cell production or using NO 

donors, reduces endothelial receptor expression in vitro (197) and parasite cytoadherence (295). 

In a murine model, increasing NO using either a NO donor or inhaled NO markedly decreased 
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vascular leak in the brain and resulted in improved survival. In severe malaria, plasma 

concentrations of L-arginine the substrate for NO production by NOS have been found to be low 

in severe malaria in both children (13) and adults (356), resulting in impaired production of 

systemic (3) and endothelial NO (356). In chapter 5, we showed that the hypoargininemia and 

endothelial dysfunction found in adults with moderately severe falciparum malaria were reversed 

by intravenous infusion of L-arginine (356). Taken together, these results suggest that therapies 

which increase NO production or bioavailability have the potential to attenuate endothelial 

inflammation and parasite sequestration. Furthermore, the rapidity with which endothelial 

function after L-arginine therapy (356), suggests that improvement in vasomotor function, and 

possibly functional capillary density, may also improve vascular perfusion over and above 

effects on parasite sequestration. L-arginine has proven safe and effective in acute sickle cell 

crisis (253). A phase 2a clinical trial of adjunctive L-arginine in severe malaria is in progress in 

Indonesia (registered as NCT00616304 on clinicaltrials.gov). 

Other therapeutic strategies have aimed at reducing the proinflammatory effects of free heme on 

the endothelium (357). In an animal model, supplemental carbon monoxide markedly increased 

carboxyhaemoglobin concentrations and reduced pro-inflammatory cytokine production and 

leukocyte sequestration in the microvasculature (357). However, the 23% 

carboxyhaemoglobinemia resulting from this intervention in rodents is likely to be deleterious in 

humans, and constitutes a major limitation to using such an approach in human malaria. 

9.5 Anti-Inflammatory Agents with Specific Effects on the Endothelium 

 

The use of monoclonal antibodies to tumour necrosis factor (TNF) failed to demonstrate any 

benefit in a large clinical study in children with cerebral malaria, and was associated with 
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increased neurological sequelae (171). However as mentioned above, of specific relevance to the 

endothelium, use of a TNF transcription inhibitor in brain endothelial cells reduced ICAM- 1 and 

VCAM-1 expression and decreased parasite cytoadherence (347). In vivo using the P. bergehi 

model of mouse malaria, the low molecular weight thiol, pantethine protected the mice from 

developing the cerebral syndrome (358). Pantethine acts by reducing the generation of 

microparticles when the endothelium is exposed to TNF (358). 

The statins are a group of drugs proven to be effective for treatment of cardiovascular diseases 

and are currently the focus of much research to explore their therapeutic potential in acute 

inflammatory illness such as sepsis (258). Epidemiological studies have shown that sepsis 

patients already taking statins prior to their illness had a better outcome than those not receiving 

the drug; however results from prospective randomised controlled trials are still not yet available 

(260). Independent of their cholesterol-reducing action, statins have pleiotropic effects on 

multiple systems including some specific to the endothelium (258). They reduce the production 

of isoprenoid lipids, prenylation and the activity of multiple signalling proteins such as GTPases 

(258). At a molecular level, a number of statins attenuate many of endothelial changes caused by 

malaria, including inhibition of  inflammatory mediators which up-regulate NF-κB, reducing 

expression of cell adhesion molecules of the immunoglobulin superfamily such as ICAM-1 and 

affect the signalling of these molecules (258). While the exact mechanisms are still unclear, in 

vitro, statins also increase the production of endothelial NO by increasing the posttranscriptional 

expression of NOS3 (359) while decreasing NOS2 expression (360), resulting in improved 

vasomotor and microcirculatory function. These drugs increase heme oxygenase-1 (HO-1) 

expression and activity (361) shown to be protective in murine malaria. In vitro, statins also 

significantly decreased inflammation and reduced the permeability of the blood brain barrier on 
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exposure to pro-inflammatory cytokines (362). The multiple theoretical benefits of statins on the 

endothelium and other cells make them possible candidates as adjunctive agents for use in severe 

malaria. To date there has only been one animal study reported (363) but none in humans. 

Another class of drugs targets the coagulation pathway with additional effects on inflammatory 

pathways in endothelial cells. The only drug in this class approved for human use is drotrecogin 

alfa (activated) or activated protein C. In sepsis this has been shown to improve survival in one 

large study (364) but not in follow up studies (365), casting doubt on its efficacy (366). There are 

case reports of critically ill patients with malaria and multi-organ failure recovering after 

administration of this drug in addition to anti-malarial therapy (367-369). However, no large 

series or randomised studies have been reported in malaria and the underlying differences in 

pathophysiology between malaria and sepsis make it doubtful such a trial would be undertaken in 

severe malaria. Moreover, it would be hard to imagine that the prohibitive costs of drugs such as 

drotrecogin (alfa) would allow widespread use. 

9.6 Conclusion 

 

The endothelium plays a key role in the pathogenesis of severe malaria, being the key cell type 

responsible for cytoadhesion and sequestration of iRBC within the microvasculature, vascular 

dysfunction and impaired perfusion. Expression of endothelial adhesion receptors is increased by 

both iRBCs and mediators of the innate immune response, further increasing parasite 

sequestration and altering both vasomotor and barrier function of the endothelium. The 

molecular mechanisms behind these responses have been defined to some extent although our 

understanding is far from complete. Despite its central role in pathophysiology, the endothelium 

has been neglected as a therapeutic target in severe malaria. To my knowledge, levamisole and 
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L-arginine are the only endothelial specific adjunctive agents to have been studied in clinical 

trials in malaria. Additional research is also needed to better delineate other pathogenic pathways 

and identify additional therapeutic targets. Drugs that modulate endothelial function and have 

proven safe and effective in other vascular diseases should be considered for study as potential 

adjunctive therapies in malaria. 
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10. Review and future directions 

 

The impairment in microcirculatory blood flow is an important mechanism contributing to the 

pathogenesis of severe malaria. Endothelial activation or inflammation is an early event in a 

complex process resulting in cytoadherence of parasitized erythrocytes to cellular adhesion 

receptors, sequestration and obstructed blood flow. NO plays a key role in maintaining the 

endothelium in a quiescent or deactivated state and pathological processes which reduce 

endothelial NO bioavailability result in a change to an activated state. In vitro, increased NO 

reduces adhesion cell receptor expression and parasitized erythrocyte cytoadherence on 

endothelial cells. The decrease in endothelial function in severe malaria and the association with 

increased lactate, ICAM-1 and parasite biomass suggests that this also happens in vivo and may 

contribute to pathogenesis. The association between markers of haemolysis and endothelial 

dysfunction also suggests NO quenching by plasma haemoglobin may be a novel pathogenic 

mechanism in malaria.  

The low plasma L-arginine measured in patients with severe malaria, together with the 

longitudinal association between recovery of endothelial function and the increase in L-arginine, 

suggests that hypoargininaemia may contribute to the decrease in vascular NO bioavailability. 

The improvement in endothelial function with L-arginine in adults with moderately severe 

malaria with clinically insignificant side effects suggests it may have potential as an adjunctive 

agent in the treatment of severe malaria. The pharmacokinetic model developed suggests that L-

arginine would have to be given as a continuous infusion to maintain plasma concentrations at 

levels which might result in an increase in vascular NO production. 
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The study has highlighted the role of decreased vascular NO bioavailability in the pathogenesis 

of P. falciparum malaria. However, further studies are needed to further delineate the processes 

leading to impaired endothelial function. Possible mechanisms beyond the scope of this thesis 

include impaired NOS3 and CAT-1 activity in endothelial cells in severe malaria, and 

measurement of cell free haemoglobin and plasma NO quenching using specialized techniques. 

Understanding these will have more than just academic importance, as therapeutic agents 

specifically improving or attenuating these processes may have treatment implications. For 

example, statins commonly used to lower cholesterol levels can increase NOS3 activity and 

recombinant haptoglobins currently being used in animal trials could be possible adjunctive 

agents. 

The studies have also highlighted the potential of specifically targeting the endothelium for 

therapeutic intervention in malaria, a concept also suggested by other researchers. Based on the 

results of this thesis, a phase 2 open label randomized controlled trial of L-arginine in adults with 

severe malaria has commenced in Timika. This protocol of which I am a co-author and co-

investigator is included as an appendix to this thesis.  
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Executive summary of studies proposed in this application:  

 

Stage 3: Phase 2A and Phase 2B 

Background: Mortality from severe malaria remains ~15% despite the use of the most 

rapidly parasiticidal antimalarial therapy, artesunate. Adjunctive treatments may improve 

outcome. Our overall goal is to determine if adjunctive treatment with L-arginine is safe 

and improves outcomes in severe malaria. In stage 1 and stage 2 studies to date, we have 

shown that L-arginine is safe in moderately severe malaria, increases nitric oxide 

production and improves endothelial function. We now propose to extend these studies to 

patients with severe malaria. 

Aims: To determine the safety, preliminary efficacy, pharmacokinetics and 

pharmacodynamics of L-arginine infusion in severe malaria. 

Methods: Based on the pharmacokinetic modeling and simulation results of Stage 1 and 

2, we propose a phase 2A randomised controlled trial of L-arginine vs saline in severe 

malaria, each given over 8 hours. If safety is demonstrated this will be followed by a 

phase 2B open-label study of 24-hour infusion of L-arginine in severe malaria with 

safety and preliminary efficacy compared with the 8 hour infusions given in phase 2A. 

The primary outcomes will be the improvement in endothelial function and lactate 

clearance time in patients given L-arginine infusion compared with those who received 

saline. Among the secondary outcomes will be safety and the effect of L-arginine vs 

saline on tissue oxygen delivery (NIRS).  

Data from both phase 2A and 2B will be used to generate a pharmacokinetic/ 

pharmacodynamic model. 

Expected Results: L-arginine would improve the endothelial function, lactate clearance 

time and tissue oxygen delivery compared to saline with no clinically significant adverse 

effects. 

 

Stage 3: Substudy 1 and 2 

Background: Outcome measures in phase 2A and 2B studies will be the effect of L-

arginine on endothelial function (EndoPAT; primary outcome) and microvascular tissue 

oxgen delivery measured by near infrared resonance spectroscopy (NIRS; secondary 

outcome). As NIRS has not been used previously to evaluate tissue oxygen delivery in 

malaria, the protocol therefore includes two substudies to further characterize NIRS in 

severe malaria and the relationship to endothelial function: the first in adults and the 

second in children.  

Substudy 1 will compare NIRS and endothelial function among adults with severe and 

moderately severe malaria, sepsis and healthy controls, both at baseline and sequentially. 

If L-arginine is effective in adults, we plan in the future to extend the use of L-arginine as 

an adjunctive agent to children with severe malaria in the future. In substudy 2 we will 

compare NIRS and endothelial function among children ≥4 years with cerebral malaria, 

moderately severe malaria and healthy controls at baseline and sequentially and relate 

these results with plasma L-arginine concentrations. 
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Aim  

Substudy 1: To measure endothelial function and tissue oxygen delivery in adult patients 

with moderately severe malaria, sepsis and healthy controls. 

Substudy 2: To measure endothelial function and tissue oxygen delivery in children≥4 

years old with severe and moderately severe malaria and healthy controls. 

Methods: Both substudy 1 and 2 will be observational longitudinal studies. 

Expected Results: Endothelial function and tissue oxygen delivery in patients with 

sepsis and severe malaria will be impaired compared to moderately severe malaria and 

healthy controls at baseline. The endothelial dysfunction and tissue oxygen delivery will 

improve in parallel with the clinical condition. There will be an association between 

endothelial function and tissue oxygen delivery. 

 

1. Background: 

Please see appendix 1 for the list of abbreviations 

 

1.1 Scientific background 

1.1 How can we reduce mortality in severe malaria?  

Mortality in severe malaria remains between 15-30% despite the best available 

antimalarials(1). There are two goals in designing better treatments to reduce mortality in 

severe malaria: 1) to kill parasites faster and 2) to decrease the excessive 

inflammation/tissue damage found in severe malaria. Currently there is no adjunctive 

therapy available which can improve the mortality rate when used in combination with 

anti-parasitic drugs in the treatment of severe malaria(2). 

The first goal was addressed in the joint NIHRD-MSHR SEAQUAMAT study at RSMM, 

Timika, part of the multi-centre SouthEast Asian trial of artesunate vs quinine 

(SEAQUAMAT)(3). This demonstrated that intravenous artesunate reduced mortality of 

severe malaria by 35% compared with quinine. The results of this study have changed 

both Global WHO policy and Indonesian Ministry of Health recommendations for 

treatment of severe malaria from quinine to artesunate. 

To address the second goal, this protocol describes the third stage of our studies that seek 

to determine if L-arginine can act as an anti-disease agent to dampen the excessive 

inflammation found in severe malaria. Stages 1 and 2 of this study have already been 

completed.  

1.2 Arginine and NO: Arginine is a naturally occurring amino acid found in plant and 

animal protein (eg nuts). It is the critical substrate required for the generation of nitric 

oxide in the body by the action of a family of enzymes the nitric oxide synthases 

(NOS)(4). The constitutively-expressed enzymes NOS1 and NOS3 produce low-level 

homeostatic neuronal and endothelial NO, whereas in inflammatory states inducible NOS 

(NOS2) generates high level NO production in a variety of cell types(4), including 

peripheral blood mononuclear cells (PBMCs)(5). NO has antimicrobial and 

immunomodulatory actions during inflammation(5-7). Generation of NO from 

intracellular NOS is critically dependent upon transport of extracellular arginine into cells 

via the cationic amino acid transporters, CAT1 and CAT2, with the Km for uptake of 

arginine being 70-150 uM(8). In situations of inadequate extracellular arginine 
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availability, NOS generates superoxide instead of NO(9-11) which increases oxidant 

stress and cellular damage. 

1.3Arginine: clinical pharmacology: In healthy humans endogenous arginine is a non-

essential amino acid, synthesised from citrulline, which is in turn is synthesised from 

enteral glutamine and glutamate(8). However, in acute inflammation such as in sickle cell 

crisis(12, 13), severe burns(14) and sepsis(15), plasma levels of arginine are low and 

arginine is “conditionally essential” (14, 16). arginine is metabolised by arginases (in 

hepatocytes and other cell types) to form urea and ornithine, but there is strict segregation 

of hepatic and plasma arginine pools and only 5% of urea production is derived from 

plasma arginine(8). arginine is also renally excreted but undergoes almost complete 

tubular reabsorption(17). When exogenous arginine exceeds the renal threshold for 

tubular reabsorption (eg in supraphysiological dosage), there is additional renal 

excretion(17). The published pharmacokinetics of arginine are derived from studies of L-

arginine given in large doses only to adults with normal plasma arginine concentrations, 

where it has been described by non-compartmental analysis(17, 18) with a half-life for 

oral and IV L-arginine ranging from 40-120 minutes (with variability due in part to the 

non-linearity).(17) However results for stage 1 and 2 of our arginine studies in 

moderately severe malaria show that the current best pharmacokinetic model in an acute 

illness such as malaria is a 2 compartment first order elimination model.  This model has 

two half-lives of disposition, t½ ( ) and t½ ( ) with values of 15 minutes and 3.75 hours, 

respectively (Appendix 3). 

1.4 Nitric oxide and severe malaria: Our studies over the last decade have associated NO 

production with protection from severe malaria. In African children we found an inverse 

association between malaria disease severity and systemic NO production/monocyte 

NOS2 expression(19). In longitudinal studies, blood monocytes from children with past 

severe malaria had less NOS activity than those from children with past uncomplicated 

malaria(20). We have also found novel NOS2 polymorphisms associated with increased 

NO production and protection from severe malaria(21). In Papua, we have now recruited 

over 600 adults with and without severe malaria and shown the same inverse association 

between disease-severity and NO/PBMC NOS2 in non-immune adults from different 

ethnic groups in a region of very different malaria epidemiology ((22)and manuscript in 

preparation). Potential mechanisms for these associations include the ability of NO to 

decrease pro-inflammatory cytokines(23), endothelial cell adhesion molecule 

expression(24), and parasite cytoadherence (our unpublished data)(21). In 

complementary immunohistochemical studies, other investigators have shown that in 

contrast to suppression of PBMC NOS expression/systemic NO production, tissue NOS 

expression is increased in severe malaria(25). These tissue studies are unable to directly 

quantitate NO production. We hypothesise that inadequate arginine levels found in severe 

malaria limits tissue and monocyte NO production; and that by generating superoxide 

NOS exacerbates deleterious oxidant stress in severe malaria.  

 

1.5 Results from Stage 1 and Stage 2 

The key findings from stage 1 and 2 are summarized below: 
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Stage 1: Natural history study: time course of recovery of hypoargininemia (and 

pharmacodynamic measures) in uncomplicated and severe malaria. 

The L-arginine levels were significantly lower in patients with moderately severe and 

severe malaria compared to healthy controls. Endothelial function and pulmonary NO, 

real time NO production in two different organ systems, were significantly lower in 

severe malaria than in moderately severe disease and healthy controls. Endothelial 

dysfunction correlated significantly with elevated levels of plasma soluble inter-cellular 

adhesion molecule 1 (ICAM-1, a known marker of endothelial inflammation) and blood 

lactate, a biomarker of disease severity in severe malaria and a marker of tissue hypoxia. 

These findings in combination suggest that low L-arginine concentrations in severe 

malaria impair endothelial NO production resulting in endothelial dysfunction and 

inflammation. We hypothesise that this results in increased sequestration by the malaria 

parasite to the endothelium and micro-circulatory impairment of oxygen delivery to cells 

resulting in organ damage. 

Stage 2: A pilot safety, pharmacokinetic and pharmacodynamic study of exogenous L-

arginine in moderately severe malaria. 

In stage 2, a single ascending dose study, 30 patients with moderately severe malaria 

were given intravenous L-arginine at 3g (n=10), 6g (n=10) and 12g (n=10) over 30 mins.. 

The L-arginine infusions were all well tolerated with no significant infusion-related 

symptoms or biochemical side effects. In addition there was an improvement in both 

endothelial function and the production of pulmonary NO in the group given L-arginine 

compared to placebo. In patients with moderately severe disease, not all patients had 

endothelial dysfunction as measured by pre established criteria. However in the subgroup 

of patients with endothelial dysfunction as defined a priori, the improvement in 

endothelial function showed a dose response with improvement increasing with 

increasing amount of L-arginine infused. 

This pilot study demonstrated proof of concept that L-arginine infusion in moderately 

severe malaria was safe and able to improve endothelial function and pulmonary NO 

production probably by increasing the amount of arginine available to the CAT 

transporters and NOS enzymes. 

 

1.6 Pharmacokinetic model developed from stage 1 and stage 2: 

Using results of L-arginine concentrations from stage 1 and stage 2, a pharmacokinetic 

(PK) model has been developed using the NONMEM software package..Summarizing 

the results, a 2 compartment model with first order elimination was the best model. This 

model has 2 half-lives of 15 minutes and 3.75 hours. The volume of clearance is 44.8 L/h, 

and the 2 volumes of distribution were 24.6L and 70.9L.  

 

2. Rationale for extending the study of exogenous L-arginine to patients with severe 

malaria: 

L-arginine and NO have been associated with protection in severe malaria. We have 

shown that several real time physiological markers of NO production (endothelial 

function and exhaled NO) are markedly impaired in severe malaria compared with 

moderately severe malaria and healthy controls. In addition results from stage 2 
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demonstrate L-arginine infusion in patients with moderately severe malaria is safe, 

improves endothelial function and increases NO production. Based on these findings, the 

study should be extended to patients with severe malaria as this is the patient population 

with the most marked impairment of endothelial function and the population in which this 

adjunctive therapy would potentially be used if shown to be efficacious. 

 

3. Overview of studies proposed in this application:  

 

3.1 A phase 2A randomised controlled trial of L-arginine in severe malaria:  

We will determine the safety, pharmacokinetics, pharmacodynamics and preliminary 

efficacy of an 8 hour infusion of L-arginine in severe malaria, given as two ascending 

doses.  

Hypotheses:  L-arginine infusion over 8 hours in severe malaria is safe, and will improve 

endothelial and microvascular function, tissue oxygen delivery and biomarkers of 

efficacy. The effect will be dose dependent. 

3.2 A phase 2B open-label study of 24-hour infusion of L-arginine in severe malaria: 

To compare the safety and preliminary efficacy compared with the 8 hour infusions in 

phase 2A. 

Hypothesis: L-arginine infusion over 24 hours in severe malaria is safe, and will improve 

endothelial and microvascular function, tissue oxygen delivery and biomarkers of 

efficacy to a greater extent than when given over 8 hours 

3.3 Prospective longitudinal study of endothelial function and microvascular oxygen 

delivery in severe malaria: 

The outcome measures in the phase 2A and 2B studies will be the effect of L-arginine on 

endothelial function (EndoPAT; primary outcome) and microvascular oxygen delivery 

measured by near infrared resonance spectroscopy (NIRS; secondary outcome). We will 

therefore undertake two substudies to further characterize NIRS in severe malaria, and its 

relationship with endothelial function: the first in adults and the second in children. 

Hypothesis: In severe malaria, endothelial function will be associated with microvascular 

obstruction, tissue oxygen delivery and blood lactate, with each measure being impaired 

in proportion to disease severity. 

 

The following flow diagram outlines all the components of the Stage 3 Arginine 

Infusion in Severe Malaria study. 

 



 

Severe malaria 

Patients 

Phase 2a: Block 1 

12 patients to receive 

L-arginine (12G/8hrs) 

6 patients to receive 

saline infusion 

If safety is demonstrated in Block 

1, study will proceed to Block 2. 

Phase 2a: Block 2 

12 patients to receive L-

arginine (24G/8hrs) 

6 patients to receive saline 

infusion 

 

 

 

NIRS Substudy 1 

Adults 

Sepsis patients 

(n=36) 

Moderately severe 

malaria (n=36) 

Healthy 

controls (n=36) 

 

If safety and efficacy 

demonstrated in phase 

2A,  

Phase 2B 

24 patients 

L-arginine 1.5-3G/hr for 24 

hours 

Stage 3: 

Arginine 

infusion in 

severe 

malaria 

study 

NIRS Substudy 2 

Children 

 

Cerebral 

Malaria 

(n=25) 

Moderately 

severe 

malaria 

(n=25) 

Healthy 

Controls 

(n=25) 
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4. Study Design of Stage 3: A phase 2A randomised open-label study of L-arginine 

infusion in severe malaria: 

This will be a randomized open label study of L-arginine infusion in patients with severe 

malaria, given as two ascending doses over 8 hours.  

Treatment Allocation: Patients with severe malaria will be randomized in two blocks of 

18. The first block of 18 patients will receive either 12 g L-arginine or saline placebo. If 

safety is demonstrated in the first block, a further 18 patients will be enrolled in the 

second block and randomized to receive either 24g arginine or saline placebo 

Block 1 (n=18): 

i) Standard RSMM antimalarial drug regimen for severe falciparum malaria 

(currently artesunate) plus 12g of L-arginine diluted to a 10% solution and 

given over 8 hours (n=12); OR 

ii) Standard RSMM antimalarial drug regimen for severe falciparum malaria 

(currently artesunate) plus saline placebo, 240 ml given over 8 hours (n=6). 

 

then, if safety is demonstrated in the first block 

 

Block 2 (n=18) 

i) Standard RSMM antimalarial drug regimen for severe falciparum malaria 

(currently artesunate) plus a 24g dose of L-arginine diluted to a 10% solution 

given over 8 hours (n=12); OR 

ii) Standard RSMM antimalarial drug regimen for severe falciparum malaria 

(currently artesunate) plus saline placebo, 240ml given over 8 hr (n=6). 

 

The initial dosage of 12g was chosen based on the PK model developed from stage 1 and 

stage 2, and was shown to be safe in moderately severe malaria (See Appendix 3 for full 

PK report). The 24 g dose will test whether higher plasma L-arginine concentrations 

achieve greater effect with equivalent safety. Patients in the second block will receive 

either 24g L-arginine or saline placebo. If safety is demonstrated with 12g in the first 

block, however and results suggest that the higher dose of 24g may be unsafe, the 12g 

dose will be continued in the second block.  

After completion of the 8 hour infusion of either L-arginine or saline, all patients in phase 

2A will receive 15ml/hr of saline from 8-24 hours. This will ensure comparability with 

the groups in phase 2B receiving the 24 hour infusion of L-arginine. 

Intravenous L-arginine hydrochloride is prepared as an inexpensive generic commercially 

available TGA-registered drug (Pharmalab, NSW, Australia ). 

 

5. Sample Size and Power Calculations: 

The study will not be powered to detect a difference in mortality. The physiological 

measure of endothelial function is a primary endpoint. Results from stage 1 showed a 

mean endothelial function of 1.41 in patients with severe malaria vs a normal value of 
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1.67 quoted by the manufacturers and mean of 1.93 seen in healthy controls. The standard 

deviation in endothelial function patients with severe malaria from stage 1 was 0.25.  

The patients receiving any L-arginine will be compared to the group receiving saline. 

Patients with severe malaria will be randomized in a 2:1 ratio to receive L-arginine versus 

normal saline. Using a two sided significance level of 0.05 with a power of 80% to detect 

a significant improvement of 0.2 (a 20% difference) in the endothelial function between 

the groups would require approximately 20 patients in the L-arginine group and 8 in the 

saline group (n=28). All calculation were done with the Power and Sample Size (PS) 

Software Program(26). 

Based on the above calculations, we would plan to recruit 36 patients with severe malaria 

for phase 2A, 24 of which will receive L-arginine. 

 

Phase 2B: A total of 24 patients will L-arginine over 8 hours in phase 2A. To evaluate 

any additional benefits of a longer infusion, in phase 2b we will therefore enroll the same 

number of patients for L-arginine infusion over 8 hours in phase 2A. 

 

Substudies: A total of 36 patients with severe malaria will be enrolled in Phase 2A. In 

substudy 1, the NIRS reading in these patients will therefore be compared to an 

equivalent number of patients with moderately severe malaria, sepsis and healthy 

controls. To detect a difference in StO2 values between these patients and those with 

severe malaria, the planned number of 36 in each group will be enough to detect a 

biologically significant difference based on previous studies in patients with sepsis(27). 

Based on the findings in adults (stage 1), a sample size of 25 in each group should be 

sufficient to demonstrate a difference in EndoPAT among children with cerebral malaria, 

uncomplicated malaria and healthy controls. 

 

6. Patient numbering, randomization and blinding:  

Once the patient has a confirmed diagnosis of severe falciparum malaria, has fulfilled all 

the inclusion criteria, has none of the exclusion criteria. Written informed consent will be 

obtained from the patient or, if unable to give consent, the patient’s relative, and he/she 

will be allocated the next code of the study. Each code has a sealed opaque envelope 

which will contain that patients’ treatment group and which will only be opened when a 

patient has been allocated a code number.  

All patients screened for enrolment will be entered into a logbook. Those patients 

screened but not enrolled will have the reason for non-enrolment documented. 

Clinical care, including antimalarial drug therapy and supportive care will be undertaken 

by the treating RSMM doctor. The Research clinician will not be blinded to treatment 

allocation. The patient and the research nurses and doctor undertaking the clinical and 

physiological measures below will be blinded to treatment allocation, as will the 

laboratory scientists performing the assays. 

 

7. Study Site: 

Patients will be enrolled at RS Mitra Masyarakat (RSMM), Timika, Papua, Indonesia. A 

malaria research collaboration is already established with this hospital as part of the 
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MOU between NIHRD, RSMM, Regional Ministry of Health and MSHR. It is the site of 

our recent ACT trials, ACT cost-effectiveness, arginine trial, NO-malaria studies, and 

SEAQUAMAT malaria studies all of which have involved capacity building and clinical 

research training to local investigators. 

RSMM has approximately 200 malaria admissions per month. The infusions will be done 

in the high dependency unit (HDU) where the patients will be monitored for the duration 

of the infusion or longer if deemed necessary by the treating physicians. 

 

8. Patient entry criteria: 

 

Severe malaria (SM), defined by modified WHO criteria(28):  

Inclusion criteria:  

1. age 18-60 years 

2. informed consent obtained 

3. time of commencement of artesunate ≤18 hrs before infusion of L-arginine 

4. any level of P. falciparum parasitemia, and one or more of the following 

criteria:   

i. acute renal failure (creatinine >265umol/L) 

ii. hyperbilirubinemia (total bilirubin >50 umol/L) with either renal 

impairment (creatinine >130umol/L) or parasitemia of >100,000 

parasites/uL 

iii. blackwater fever 

iv. hyperparasitemia (>10% parasitised red cells) 

v. cerebral malaria (Glasgow coma score <11) 

vi. Hypoglycemia 

vii. Respiratory distress (RR >32) 

Exclusion criteria: 

1. pregnancy or lactation 

2. diabetes 

3. serious pre-existing disease (cardiac, hepatic, kidney) 

4. systolic blood pressure <90 mmHg after fluid resuscitation 

5. initial iSTAT test showing any of the following values: 

i. K+ > 5.5 meq/L 

ii. Cl- > 110 meq/L 

iii. HCO3- < 15 meq/L 

6. known allergy to L-arginine 

7. evidence of concurrent bacterial infection 

8. concurrent therapy with any of the following medications: 

iv. spironolactone,  

v. oral nitrates,  
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vi. phosphodiesterase inhibitor (eg sildenafil [Viagra])  

vii. alpha-blocking antihypertensive agents (eg prazosin) 

viii. L-arginine 

 

All subjects with SM will be treated with artesunate as per standard RSMM protocols and 

will commence L-arginine within 18 hours of commencing artesunate. Height and weight 

will be documented in all subjects. 

 

9. Analysis 

 

9.1 Primary outcome measures: in severe malaria patients who receive L-arginine 

infusion versus those receiving saline infusion: 

1. Improvement in endothelial function. Change in endothelial function after the 

completion of the 8 hour infusion 

2. Lactate clearance: area under the curve until lactate returns to the upper limit of 

normal.  

 

9.2 Secondary outcome measures: 

3. Safety. Clinical and biochemical measures (see below). In those receiving L-arginine, 

biochemical and hemodynamic measures at the completion of infusion will also be 

compared with measures at the start of infusion. 

4. Change in endothelial function (1 hour response and end of infusion response) in each 

arginine infusion regimen vs saline placebo combined  

5. Paired change in endothelial function paired comparison of post-vs pre-infusion 

values, overall, and in each arginine infusion regimen  

6. Lactate clearance for each infusion regimen  

7. Fever clearance time 

8. Parasite clearance time  

9. Change in L-arginine concentration 

10. Improvement in microvascular obstruction (OPS) 

11. Tissue oxygen consumption (NIRS) 

12. Tissue oxygen delivery (NIRS) 

13. Change in NO production 

14. Change in oxidant stress 

15. Change in red cell deformability 

 

We will also utilize clinical, physiological and biochemical data from the phase 2A and 

2b studies to generate a pharmacokinetic model of the L-arginine concentration-time 

profile using NONMEM(29) software to establish the population estimates, mean values 

and between subject variability of the following parameters: clearance, volume of 

distribution and half life. A pharmacodynamic model will also be developed and fitted to 
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the data relating L-arginine plasma levels with the physiological measures such as 

endothelial function, StO2, exhaled NO and microvascular obstruction. 

The two will be combined in a PK/PD model which will relate the dose of L-arginine 

given to their plasma concentration as well as their effects on the physiological measures.  

We will also develop a model to predict endothelial and microvascular function in 

malaria. 

9.3. Independent blinded statistical analysis will be performed by the DSMC 

statistician at the completion of the 36 enrolments in phase 2A to assess the statistical 

significance of the two primary endpoints, and if not significant, the estimated sample 

size that would be required to achieve significance for the two endpoints.  

If significance for the two endpoints is not achieved, and the calculated additional sample 

size is deemed feasible and acceptable by the independent statistician and the research 

team, then the study can be continued to achieve the revised sample size, subject to 

approval by the Data Safety Monitoring Committee.  

The DSMC will also assess safety of administration in phase 2A. 

 

10. Phase 2b study 

If results from stage 2A demonstrate safety and evidence of efficacy (from at least one 

primary or secondary endpoint) when administered over 8 hours, the study will proceed 

(after agreement of the DSMC), to an open-label phase 2b study of L-arginine infusion 

over 20 hours in an additional 24 patients with severe malaria (defined as in phase 2A). 

This will assess whether a more prolonged infusion will give additional benefit over the 8 

hour infusion used in phase 2A, and that a more prolonged infusion will be safe. 

The proposed dose will be 1.5g/hour for 24 hours (36g total). Should the phase 2A dose 

of 3g/hour be safe and show evidence of additional efficacy over 1.5g/hour, the DSMC 

will consider a proposal from the investigators for a dose of up to 3g per hour. The 

analysis will compare the effect of the 24 hour vs 8 hour infusions on each of the pimary 

and secondary endpoints used in phase 2A. A total dose of 65g intravenously has been 

safely given in patients with sepsis(30). 

The same clinical, biochemical and physiological measurements used in phase 2A will 

also be used in phase 2B. The total blood volume and the total number of blood draws to 

be taken in phase 2B will be the same as in phase 2A. 

Results from phase 2A and 2B will be modeled in a combined PK-PD model. 

 

11. Measures of safety and efficacy to be used in this study: 

 

11.1 Clinical: Vital signs (pulse rate, BP, temperature, respiration rate) and a 

standardized clinical assessment (symptoms/sign list) will be serially monitored over at 

least 48 hours, with further measurements continuing if the patient remains hospitalised. 

ECG monitoring will be done from 5 minutes before infusion to two hours into infusion 

(at which time steady state levels will have been achieved). Co-oximetry will provide a 

continuous reading of pulse rate and oxygenation  
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11.2 Electrolytes and Biomarkers of outcome: 

 

11.2.1 Blood sampling protocol: 

Procedures used successfully in stage 2 in moderately severe malaria will be used. Two 

venous cannulae will be used: 

A cannula in one forearm will be used for administration of IV L-arginine, and for any IV 

fluids required after L-arginine administration. 

A cannula in the other forearm or antecubital fossa for sampling of venous blood and for 

any IV fluids required during arginine infusion. 

At the time of cannula insertion we will take 6 ml heparinised baseline blood. This will 

be the baseline sample: 60ul will be used for baseline iSTAT EC8+ measurement of 

electrolytes, glucose, urea, and bicarbonate. The remainder will be processed as 

previously done in Stage 1 and Stage 2 for heparinised blood. 

Subsequent sampling regimen (from cannula): up to 23 ml (in heparin) over the next 72 

hours, taken in up to 12 divided aliquots during this time interval. Including the 

enrolment sample, this amounts to a maximum of 29ml taken over 72 hours (see table 1 

for the example of the sampling regimen). For the pharmacokinetic-pharmacodynamic 

modeling it is advantageous for serial blood samples/measures to be collected at varied 

time points. The initial samplings are required to monitor safety (electrolytes) and to 

model the PK of L-arginine infusion in severe malaria; later samplings are required to 

model the return of plasma arginine to normal values and to evaluate the impact on 

lactate clearance time.  

Our experience from the Stage 1 study in 2005-06 was that the RSMM treating clinicians 

routinely used the immediate results of our quality-assured bedside iSTAT readings 

(electrolytes, glucose, renal function and lactate) to guide their clinical management. This 

frequently replaced the need for blood-taking that would otherwise have been taken for 

clinical purposes. 

11.2.2: Blood measurements to be undertaken: These samples include serial 

measurements required for clinical management of malaria (including serial parasitemia, 

blood glucose, electrolytes and renal function), pharmacokinetics of L-arginine (L-

arginine, its metabolites, and related amino acids), pharmacodynamic measures (NO 

metabolites and oxidant production, electrolytes, pH) and biomarkers of response to 

antimalarial treatment (including lactate, glucose and parasitemia); and safety, including 

serial glucose, K
+
, Cl

-
, HCO3

-
, pH, PO4

3-
, and later measurements for urea, creatinine, 

lactate, liver enzymes and creatine kinase (see table 1). 

Plasma will be cryopreserved at -70ºC for later quantitation of the following: 

 L-arginine, its metabolites, and related amino acids by HPLC(31) (Shimadzu) 

using our established methodology. This will also include assaying the arginase 

enzyme involved in the metabolism of L-arginine. 

 NO metabolites (nitrate plus nitrite) using Greiss reagents as we have performed 

previously. 

 CK, LFTs, lactate, urea, creatinine and the electrolytes required for study 2 below 

(safety measures, and efficacy measures [lactate]). 
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 sICAM-1, endothelin and other biochemical measures of endothelial activation 

 Measures of hemolysis and NO quenching (including cell free haemoglobin, 

haptoglobin and LDH) 

 Cytokines, both pro-inflammatory (including IL-6, TNF-α) and anti-inflammatory 

(including IL-10, IL-13 and IL-17), to correlate with their effect on endothelial 

function and to develop a computer model of the endothelial function and oxygen 

delivery in malaria. 

Peripheral blood mononuclear cells will be separated from the initial and post-infusion 

blood samples (6ml collections), to measure the effects of L-arginine on oxidant 

production by white cells and white cell function (including expression of the arginine-

dependent T cell receptor CD3ζ).  

11.3 Urine will be collected on admission and whenever this is passed whilst in hospital 

for serial measures of NO and oxidant metabolites and tetrahydrobiopterins (cofactors for 

NO synthesis from L-arginine). Samples are not filtered or centrifuged because 

tetrahydrobiopterins species may be associated with particulate material in the urine(32). 

Freshly obtained urine will be separated into two samples: one for NO metabolites; the 

other (containing DTE stabilizing agent) for tetrahydrobiopterins analysis by HPLC. 

 

11.4 Serial physiological measures:  

The following bedside physiological tests will be measured to evaluate the effect of L-

arginine on endothelial and microvascular function. The relationship between plasma 

arginine and each of these physiological measures will be modeled in a PK-PD model. 

11.4.1. Tests performed previously during Stage 1 and Stage 2. 

11.4.1.1 Endothelial Function: This will be done using the Endopat2000 instrument 

which was used without problem during stage 1 and stage 2 on approximately 250 

patients. This non-invasive test uses two finger probes, one placed on each index finger, 

to measure finger volume using a technique called peripheral arterial tonometry (PAT). 

This involves the patient lying supine for 15 minutes. There is a 5 minute baseline period 

after which a blood pressure cuff placed around the non-dominant forearm is inflated to a 

pressure 50mmHg above the patients systolic blood pressure to induce an ischemic stress 

for 5 minutes, the cuff is then released and another 5 minutes of reading are taken before 

the test is completed. Endothelial function is assessed by the change in PAT results 

before and after the ischemic stress is applied.  The instrument was found to be very well 

tolerated by patients with no adverse effects or complaints noted during or after 

measurement of endothelial function.  

The endothelial function testing will be done prior to and immediately after L-

arginine/saline infusion. Further serial testing will be done at approximately 24 hour 

intervals after the initial test until patient’s discharge (see tables 1 and 2).  

 

 

11.4.1.2 Exhaled NO: 

Measurements of exhaled NO will be performed using the NiOx apparatus as used 

previously in Stage 1 and Stage 2 using American Thoracic Society guidelines(33). This 
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will involve up to 10 measurements over 24-96 hours (see table 1). In stage 1 

approximately 50% of the severe malaria patients without coma were able to perform this 

test compared to 90% (44 of 48) of patients with moderately severe malaria. Overall the 

tests were well tolerated with no adverse effects in both stage 1 and stage 2.  

 

11.4.2 New physiological tests to be used in stage 3 

 

11.4.2.1 Microcirculatory Obstruction Using Orthogonal Polarizing Spectroscopy:  

Rationale for OPS testing: Increased production of NO by blood vessels has been 

shown in vitro to reduce the number of parasitized red cells sticking to endothelial cells, 

the cells lining the blood vessels. We hypothesise that L-arginine will allow small blood 

vessels to produce more NO and to become less sticky and less obstructed. 

OPS has also been used in studies on patients with sepsis and was able to show an 

improvement in microcirculatory flow after infusion of nitroglycerin, a medication that 

also increases NO.(34) 

Methodology: We propose to examine whether L-arginine can reduce the obstruction of 

the very small blood vessels by parasitised red cells in patients with severe malaria. To do 

this we also intend to directly observe the microcirculation using an instrument called a 

orthogonal polarizing spectroscope (OPS) (Microvision, Amsterdam, Holland) to directly 

visualize the capillaries of the rectal mucosa. In studies by the Mahidol-Bangladesh group 

(Dondorp et al, submitted for publication), OPS was well tolerated and was able to 

directly visualize and quantitate the degree of obstruction of blood vessels by the malaria 

parasites in patients with severe malaria (Dondorp A). The procedure involves insertion 

of a rectal probe 5mm in diameter (similar to a rectal thermometer) and obtaining 3 

readings from 3 different areas for 20 seconds each time. In the Bangladesh study, OPS 

was performed on 44 patients with severe malaria and was well tolerated with no 

complications. Serial examinations also showed that the improvement in microvascular 

obstruction and sequestration occurred in parallel with the clinical improvement.  

The OPS will be performed in patients with severe malaria only, at the same time interval 

as the endothelial function and StO2 measurements. We will use longitudinal 

measurements of improvement in the severe malaria and placebo group, with each patient 

being their own control. 

.The cultural sensitivity of performing this procedure in Papua has been discussed with 

Dr Enny Kenangalem, Papuan research clinician, who is of the opinion that it should be 

feasible acceptable in patients with severe malaria. Rectal thermometers are considered 

similarly acceptable in patients who are unwell. 

 

11.4.2.2 Tissue Oxygen Saturation (StO2):  

Rationale: We hypothesise that L-arginine will not only improve endothelial function 

(EndoPAT) and reduce the obstruction of small blood vessels (OPS), but will also 

improve blood flow through the very small blood vessels and improve oxygen delivery to 

the tissues. To test this hypothesis we will measure the effect of L-arginine on StO2. 

Methodology: This test measures oxygen delivery to the tissues through very small 

blood vessels. During the endothelial function measurements, we will measure the StO2 
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of the thenar muscles using a non-invasive instrument called the Tissue Spectrometer (In-

Spectra, Hutchinson Technologies, USA). This involves a painless non-invasive probe 

placed on the skin of the palm below the thumb. Near infrared resonance spectroscopy 

measures the hemoglobin oxygen saturation of blood in the thenar muscles. We will 

apply this probe at the same time that the endothelial function test finger probes are 

placed on the fingers. By measuring the rate of decline of StO2 during the ischemic stress 

applied during the endothelial function testing we can measure the oxygen utilization 

during ischemia. By measuring the recovery of StO2 after release of this stress(27),  we 

can measure the oxygen delivery capacity after removal of the ischemia. This will be 

done at the same time as the endothelial function testing and will therefore result in no 

additional procedures. We will determine the relationship between endothelial function 

testing and NIRS to determine how well endothelial function predicts tissue oxygen 

delivery. In parallel measurements we will also apply a painless non-invasive probe to the 

skin above the temporal bone to measure basal tissue oxygen saturation in the cerebral 

cortex. This will allow assessment of any improvement in StO2 in patients with cerebral 

malaria.  

 

Substudies (see flow chart) 

NIRS has not been measured in patients with malaria before and may prove to be a 

valuable tool to measure tissue oxygen delivery in severe malaria. We do not know the 

normal range in this population, or whether NIRS is also impaired in moderately-severe 

malaria.  

In substudy 1, we intend to compare the baseline results of StO2 and endothelial function 

tests in the 36 patients with severe malaria enrolled in phase 2A of the L-arginine trial 

with 36 adult patients with moderately severe malaria, 36 adult healthy controls and 36 

adult patients with sepsis (see inclusion and exclusion criteria in Appendix 5), on days 

0,1 and 2, in association with 10 ml blood on day 0, 2ml on day 1 and 2 ml on day 2, for 

the same measurements as those in the L-arginine RCT described in 9.2.2 above. 

Comparing the StO2 measurements in severe malaria with sepsis patients will allow us to 

test whether the mechanism of impaired tissue perfusion in severe malaria is similar to 

that found in sepsis.  While microcirculatory obstruction secondary to parasite 

sequestration is the major hypothesis for how malaria causes severe disease, others have 

hypothesized that in severe malaria there is metabolic failure due to mitochondrial 

dysfunction secondary to excess inflammatory cytokines causing cellular and organ 

damage similar to that proposed to occur in sepsis.  Studies in sepsis  conducted using 

NIRS(35, 36) show that it is well tolerated and suggestive of mitochondrial dysfunction. 

By comparing StO2 and endothelial function between severe malaria and sepsis we can 

answer this important question. All patients with sepsis will receive standard care by 

RSMM clinicians. All will receive ceftriaxone and gentamicin as per standard RSMM 

protocol. 

 

Substudy 2: Severe malaria is also a major cause of death in children. There are no 

published data on endothelial dysfunction or NIRS in children with cerebral malaria 

(CM). It will also be important to know if endothelial and microvascular dysfunction is 

also found in children with CM, as this would indicate the potential for future adjunctive 
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therapy targeting the endothelium in this group (if shown to be effective in our adult 

studies). Our preliminary data from Ghana indicate that EndoPAT testing is feasible and 

reliable in children ≥4 years of age: no adverse effects or significant complaints from 

EndoPAT were experienced. We therefore also propose to measure serial measures of 

endothelial function (EndoPAT) and NIRS in children aged ≥4 years of age with CM 

(n=25) (day 0, 1, 2) and compare results with children with moderately severe malaria 

(n=25) vs healthy controls (n=25).  Inclusion and exclusion criteria are indicated in 

Appendix 5. Venous blood will be collected from the antecubital fossa (Up to 7ml on day 

0, 2ml on day 1 and 2 ml on day 2), for the measures described in 9.2.2). EndoPAT and 

NIRS results will be compared across disease categories, with each other and with plasma 

arginine, and values on days 1, 2 during recovery. 

 

 

12. Potential adverse effects of L-arginine infusion in severe malaria; monitoring 

and rescue protocols if required. 

In Stage 2 there were 30 patients given intravenous L-arginine at dosages of 3g, 6g and 

12g with no significant adverse events attributable to L-arginine . In the more clinically 

ill patients with severe malaria, we think that the risk of significant adverse effects is also 

unlikely but, as in stage 2, our protocol will allow us to detect and rectify any adverse 

events. A total dose of 30g IV over 30 minutes is safely used as a diagnostic test in 

humans. A total dose of 65g intravenously has been safely given over 72 hrs in patients 

with sepsis(30). 

 

a) Effects on blood pressure: Patients with moderately severe malaria in stage 2 who 

received L-arginine had no clinically significant blood pressure changes. In other studies 

the effects on blood pressure are usually minimal, even with the 30g IV dose used , which 

is higher than the doses we used in stage 2  and will use in  stage 3(17, 18). Endothelial 

NOS expression in severe malaria(25) makes it important we monitor this closely. L-

arginine supplementation in sepsis has not significantly exacerbated hypotension(37) 

despite demonstrated tissue NOS expression in sepsis(38). In previous studies, any effect 

on blood pressure has been minor and seen during the infusion, returning rapidly (within 

minutes) to normal as soon as the infusion is finished. To monitor for hypotension, the 

subject’s vital signs including blood pressure will be taken every 10-15 minutes prior to 

infusion. During the 8 hour infusions, vital signs will be monitored every 15 minutes for 

the first two hours, then 20-30 minutely for the remainder of the infusion, and for the first 

1 hour after infusion, then hourly for 2 hours then 2-4 hourly thereafter.  

Response: If systolic blood pressure falls >25 mmHg or below 80mmHg or if the 

attending clinician is clinically concerned, the L-arginine infusion will be stopped and 

legs elevated. Previous studies using higher doses of L-arginine than we will use in this 

study have shown the BP rapidly returns to normal within minutes of stopping the L-

arginine infusion, and this is expected to be all that is required. If SBP persists < 80 

mmHg, 0.9% saline will be infused at a rate based on the treating clinician’s clinical 

judgement. 
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b) Electrolyte abnormalities:  

 Effect on K+:  Hyperkalemia may result from redistribution of K
+
 from 

intracellular fluid to extracellular fluid. In stage 2, the maximum increase noted in 

any individual patient was 0.7meq/L and in the group that received the highest 

dose of L-arginine (12g) the mean maximum increase was 0.5meq/L which 

recovered to baseline levels within one hour. In stage 2, all doses were given over 

30 mins compared to the 8 hr infusions proposed in stage 3. These slower 

infusions will make any K+ increases more modest, Subjects with baseline 

K
+
>5.5 meq/L will not be included in stage 3. Therefore a sustained and clinically 

important rise in K+ to ≥ 6.5 meq/L will be very unlikely. We will use iSTAT 

cartridges (which use a few microlitres of blood) at the bedside to instantly 

measure electrolytes (as well as glucose and renal function) prior to infusion, and 

at regular intervals during and after the infusions (see table 1). These serial 

measures will be clinically useful to the treating RSMM clinician. 

Response: If serum K
+
 rises to ≥ 6.5 meq/L it will be immediately repeated using 

the bedside iSTAT to exclude hemolysis of sample. If K
+
 ≥ 6.5 meq/L or if 

significant ECG changes of hyperkalemia develop, the infusion will be stopped 

and subjects will be given 10ml of 10% calcium gluconate for membrane 

stabilization. This will be followed by continuous ECG monitoring and 10-15 

minutely monitoring of K
+
: if thought necessary by the attending clinician, 10 U 

of regular insulin will be administered with 25g of IV glucose to induce K
+
 shift 

into cells. 

 Hypophosphatemia: 

In stage 2, the mean decrease in serum phosphate was 0.2 mg/dL which was 

clinically insignificant .A clinically insignificant transient fall in serum phosphate 

is noted with 30g infusions, with the maximum fall below baseline of 1.11 

mg/100ml (or 33%), peaking 60 mins after commencement of a 30 min 

infusion(39). In no cases did phosphate levels fall to potentially clinically 

significant levels (<1 mg/dL)(39). We will nevertheless measure phosphate levels 

at baseline and at 1, 4, 8, 9 hours after the start of infusion (table 1). 

Response: Moderate hypophosphatemia (1-2.5 mg/dL) is almost always 

asymptomatic and requires no therapy. Moreover, transient hypophosphatemia 

following L-arginine infusion will not reflect any depletion of total body 

phosphate that is required for very low levels of plasma phosphate to cause 

clinical manifestations. Low phosphate will therefore not be treated unless 

deemed essential by the treating clinician. 

c) Thrombophlebitis is unusual, but has been described(40). In stage 2 we used a ≤10% 

solution which was very well tolerated with no clinically apparent thrombophlebitis. 

Minor discomfort at the infusion site was noted in 2 of 30 subjects receiving L-arginine, 

but also in a number of saline controls.  We will use the same procedure used in stage 2 

and administer L-arginine as a 10% solution with careful insertion and observation of IV 

canula/symptoms/signs before/during infusion.  

Response: If extravasation occurs, the infusion will be stopped, the affected extremity 

elevated. The catheter/needle will not be removed immediately, but rather left in place to 

aspirate any extravasated fluid. The line will then be removed and an ice pack applied. 
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d) Anaphylaxis: We are aware of only one report of a case of anaphylaxis(41).  This 

would seem a very rare event with an exogenous/endogenous amino acid and is 

considered extremely unlikely in current studies 

Response: The L-arginine infusion will be ceased. Adrenaline and resuscitation facilities 

will be readily available in the high care unit at RSMM, to which the clinical research 

ward is attached. Standard treatment for anaphylaxis will be undertaken in the very 

unlikely event it would be required. 

e) Rash: maculopapular rash: rare; causality not proven. Response: infusion will be 

stopped 

f) Potential effects on blood glucose: L-arginine stimulates both insulin and glucagon 

release(42). Because levels of glucagon increase to levels higher than that of insulin, the 

net effect in humans is reported to be a slight hyperglycemia(42, 43). Importantly, despite 

over 40 years’ of use of intravenous L-arginine in humans, there are no clinical case 

reports of hypoglycemia ever occurring after L-arginine infusion. In stage 2, in only one 

patient who received an L-arginine dose of 3g was there a decrease in blood glucose to 

3.2mmol/L (not to a level defining hypoglycemia [3 mmol/L]) with the patient remaining 

asymptomatic. There were no significant changes in the patients who received the 6g and 

12g doses and the decrease in glucose levels in the one patient was attributed to 

concurrent quinine therapy which is well documented to be associated with 

hypoglycemia. This will be less of a concern in stage 3 as the new policy at RSMM is to 

treat all patients with severe malaria with intravenous artesunate which does not result in 

insulin secretion and contribute to hypoglycemia. However, severe malaria itself can 

result in hypoglycemia and so patients will still require monitoring after infusion. Blood 

glucose will be rigorously monitored in both studies as outlined in table 1: We will use 

iSTAT cartridges (which use a few microlitres of blood) at the bedside to instantly 

measure glucose (as well as other electrolytes) prior to infusion, and at regular intervals 

during and after the infusions (see tables 1 and 2).  

Response: If blood glucose falls below 3 mmol/L, the L-arginine infusion will be stopped 

and 50% dextrose will be administered as per standard RSMM/MoH practice in severe 

malaria, with blood glucose continuing to be monitored 15 minutely to 60 mins then 30 

minutely until 480 mins. 

g) Potential effect on pH: L-arginine hydrochloride contains H
+
 ions (4.75 mEq/g). While 

there is a theoretical potential for acidosis there have been no reports of this. Hertz et al 

(1972) (44) carefully documented the effect of IV L-arginine on arterial pH. They found 

no change in the pH despite infusion of 30g (much higher than we will use in this study) 

into patients with renal failure(44). Clinically significant change in pH has not been 

found except in patients with hypochloremic alkalosis (where L-arginine hydrochloride 

corrects the Cl deficiency and returns the alkalosis toward normal).  

The maximum theoretical decrease in bicarbonate in a 60kg patient given 12g of L-

arginine hydrochloride which contains 57meq/L of H
+
 ions with bicarbonate space of 

50% is approximately 1.9 meq/L. Using this change in bicarbonate to calculate the 

change in pH using the Henderson-Hasselbach equation, would be a maximum decrease 

of 0.03 units in the pH(45), however respiratory compensation is likely to make this even 

smaller.  
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In stage 2, overall there was no significant decrease in plasma bicarbonate or pH after L-

arginine infusion. In a single patient (only) given 12g there was a drop of 5meq/L in the 

bicarbonate level but there was no change in pH. In stage 3 we will be infusing L-

arginine more slowly than in stage 2, allowing compensation and attenuating any change 

in bicarbonate. Moreover, any improvement in vascular perfusion by arginine would 

reduce the risk of acidosis. 

We therefore do not expect any clinically significant acidosis, but will monitor serial real-

time venous pH, PCO2, chloride and bicarbonate at the bedside using iSTAT EC8+ 

cartridges during and after infusion (see table 1) 

Response: L-arginine infusion will be ceased if venous bicarbonate falls below 10 

mmol/L and treatment with intravenous bicarbonate will be instituted only if pH falls 

below 7.1. 

h) Use in renal failure: Two recent studies show that renal blood flow and glomerular 

filtration rate (the most accurate measure of renal function) improve after the infusion of 

L-arginine. Schlaich et al,(46) studied patients with normal renal function and used an 

intravenous infusion of L-arginine at doses of 100mg/kg (7 Grams for a 70 kg adult) and 

500mg/kg (35 grams for a 70 kg adult) over 30 minutes. They showed a statistically 

significant improvement in both renal blood flow and glomerular filtration rate at each 

dose. In the second study(47), an intravenous dosage of 17 mg/kg gave the same 

improvement in normal subjects. Reassuringly, in patients with renal impairment in this 

study, L-arginine infusion was safe and did not cause any worsening of renal blood flow 

or glomerular filtration rate. We can find no case reports or primary clinical studies that 

report renal toxicity with L-arginine. We therefore do not expect any change in renal 

function in studies 2 and 3, but we will monitor renal function by serial iSTAT bedside 

biochemistry (see Table 1). 

i) Methaemoglobin: Doses of 30g arginine/day have caused a very small and clinically 

insignificant rise in methaemogolobin in patients with sickle cell disease
47

. Using modern 

methods, significant methaemoglobinemia has not been found in acute malaria
48

. We will 

measure methaemoglobin and carboxyhaemoglobin hourly using non-invasive co-

oximetry (Masimo, CA, USA), and confirm baseline readings at the RSMM lab using 

200ul of venous blood. Infusion will be stopped if methaemoglobin exceeds 15%, well 

below the level when this becomes clinically significant.  

j) Minor adverse effects: L-arginine can uncommonly cause nausea, vomiting, flushing, 

headache, and numbness. These will be documented in the CRF. These are also common 

in malaria, and will not result in cessation of the infusion, unless patient requests to 

withdraw from the study. Gastrointestinal side-effects (eg nausea, vomiting) have not 

been seen with IV infusion in SCD. Minor flushing has been seen. However, from our 

results in stage 2 there was no increase in symptoms in patients given L-arginine 

compared to those given saline. 

k) Consequences of tissue NO production from tissue NOS. We believe that tissue NO 

production will have tissue-protective effects and will also reduce generation of 

superoxide from arginine-deficient NOS. Nevertheless we will be able to detect 

unexpected deleterious effects of increased tissue NO. As well as the organ-specific 

biochemical markers above (including creatinine, creatine kinase and liver 

enzymes/bilirubin), our existing lung function laboratory at RSMM and the exhaled NO 
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apparatus will give us the unique opportunity to relate exhaled NO to non-invasive 

measures of pulmonary gas transfer (DLCO) on day 3, a sensitive markers of lung injury. 

DLCO was feasible and well tolerated on day 3 in severe malaria patients in our recent 

pulmonary malaria studies in Timika. 

In stage 2 there were no clinically relevant adverse effects noted from increased NO 

production. In contrast in a clinical trial of a NOS inhibitor designed to reduce NO 

production in patients with sepsis, the mortality rate was increased. 

Serious adverse events: The following adverse events will be deemed serious, and will 

be notified immediately to the Chief Investigators and to the Chair of the Data 

Monitoring Committee for immediate review: 

1. Death*. 

2. Serum K
+
 rising to ≥ 7.0 meq/L with ECG changes 

3. Anaphylaxis 

4. SBP falling below 70 mmHg unresponsive to saline infusion or 

dopamine/dobutamine infusion. 

*NB In our recent RCT of artesunate vs quinine for severe malaria, 8-10% of patients 

with severe malaria died.
3
 Therefore death from severe malaria is likely in this study. All 

deaths in patients with severe malaria will be immediately reviewed by the chief 

investigator and notified to the Chair of the Data Safety Monitoring Committee.  

 

 

13. Proposed timeline (subject to ethics approval process): 

February-August2007 Ethics review in Darwin (MSHR) and Jakarta (NIHRD)  

September (once ethical clearance)-April 2008: Enrolments phase 2A 

Preliminary safety review by DSMC 

April 2008-September 2008: Enrolments phase 2b 

 Septmenber 2007- December 2008: measurements of L-arginine, and NO 

September 2008: review by Data Safety Monitoring Committee and PD-PD modeling of 

phase 2A and 2b together and  

 

 

Ethics 

Approval for the study will be obtained  from the Ethics Committee of National Institute 

of Health Research, Ministry of Health, Jakarta, Indonesia and the Ethics Committee of 

Menzies School of Health, Darwin, Australia. The study will only proceed after approval 

from both Committees.  

 

14. Ethical issues: 

Potential side effects of L-arginine: Patients with severe malaria have mean levels of L-

arginine below normal, and combined with a dose below the standard 30g IV dose used in 

other settings, we do not expect significant adverse effects to occur. Whilst we believe 
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adverse effects to be unlikely, our protocol outlined above allows us to detect, and if 

necessary rectify them.  

Standard treatment: Regardless of whether they receive L-arginine, all patients will 

receive prompt standard antimalarial drug treatment based on standard Depkes and 

RSMM protocols, currently artesunate for severe malaria. There will be no delay in 

starting treatment due to participation in this study.  

Blood samples: the maximum total of 29ml of blood taken over 72 hours is safe. Those 

with significant anemia (Hb ≤5 g/dL) will be excluded. Serial sampling is essential for 

appropriate pharmacokinetic-pharmacodynamic modeling. Part of the blood taken for this 

serial sampling will be used for iSTAT readings for electrolyes, glucose and renal 

function, all of which will be useful to the treating doctor, who will be alerted to 

abnormal results of clinical importance. 

Serial blood sampling has the potential to cause concern to patients. In stage 1 and stage 2 

we used flip charts during the consent process to illustrate visually the procedure of 

studies that involve blood sampling. We will use similar flip charts to demonstrate 

visually the total volume of blood that will be collected during his study. The flip chart 

will illustrate that the very small volumes collected during serial bleeds add up to only a 

relatively small and safe volume of blood. The use of these flip charts have proved to be 

especially useful in explaining blood volumes in patients with limited education who 

have limited numeracy and literacy skills.  

Cannula: The consent process will explain how the cannula will be the same as that used 

clinically for medications and fluids. The information process will clarify that the cannula 

will ensure that the serial samplings will be painless and avoid the need for further 

painful needlesticks or fingerpricks. We will also explain that the blood taken from the 

cannula will also be used for any serial clinical tests requested by the treating RSMM 

doctor (eg repeat parasite counts, blood glucose, repeat hemoglobin), thus avoiding 

painful followup fingerpricks required for clinical purposes. Moreover, the serial iSTAT 

readings will be useful to the treating doctor, who will be alerted to abnormal results of 

clinical importance. 

Consent: The Written Subject Information Statement will be translated into Bahasa 

Indonesia following any revisions recommended by the NIHRD ethics committees. If 

Bahasa Indonesia is a second language, the information will be translated with a bilingual 

RSMM staff member. In patients too ill to give consent, informed consent will be sought 

from from available relatives. In substudy 2, informed consent will be obtained from the 

parents/guardians of the children enrolled. 

Confidentiality: Results will be stored electronically at RSMM and later at 

MSHR/NIHRD, accessible to investigators only, and password protected. Data sheets 

will be stored in a locked, secure location at RSMM.  

Endothelial Function Studies: The procedure was well tolerated during stage 1 and 2. 

These forearm (not above elbow) measures are not painful. The subject may experience 

minor discomfort during inflation of pressure cuffs during the studies. This discomfort 

will be transient and is no worse than having blood pressure measurement in routine 

clinical practice. 

Exhaled NO: The exhaled NO tests to be used in this study are the same used in stage 1 

and stage 2 which were well tolerated. 
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Tissue Oxygenation Content: The will involve no extra inconvenience to the patient than 

that already involved in the endothelial function testing. It will involve a non-invasive 

probe which will be put on the thumb muscles of the patient at the same time they have 

two finger tip probes placed during endothelial function testing. 

Microvascular Obstruction: The rectal probe used in this instrument is no larger than a 

rectal thermometer used in routinely in the clinical care of critically ill patients. In 

addition the total time that the test would involve would be a total of 60 seconds again 

similar to the time a rectal thermometer would be used. This test will only be done on 

patients with severe malaria. 

Funding: Funding is from the Wellcome Trust (a non-profit UK-based medical charity) 

and the National Health and Medical Research Council (Australia) as part of the 

International Collaborative Research Grants Scheme awarded jointly to NIHRD and 

MSHR. The arginine studies were a central component of the combined NIHRD-MSHR 

submission to the Wellcome Trust and NHMRC, and were subject to international peer 

review. No funding has or will be received from any companies manufacturing L-

arginine. L-arginine is prepared as an inexpensive generic commercially available drug 

(see generic product information attached).  

Authorship/ownership of the study: will be shared as per International Committee of 

Medical Journal Editors 2003 criteria. 

Certificate of analysis for intraveneous L-arginine: This was provided to Indonesian 

FDA and approved prior to stage 2. We will be using exactly the same preparation of L-

arginine (Pharmalab, NSW, Australia) for stage 3: the COA for the batch to be used in 

Stage 3 is attached to this protocol. 
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TABLE 1: IV L-arginine 
or saline over 8 hr 

D0 Clinic 
sample 

mins 

0  5-10 

mins 

60 120 240 480 540 720 Day 1 Day 1 Day 2 

 

Day 2 

§ 

Day 3 

 § 

 

Day 4 

§ 

 

Day ≥5 

§ 

 

Time (hrs) -5 to -1 0 0.1 1 2 4 8 9 12 16 

(14-20) 

24 

(21-28) 

32 40-48 ±72 96 120 

Blood volume  6 1 1 2 2 6 2 2 0.2 2 0.2 2 2 †Clinical 
blood 

†Clinical 
blood 

Vital signs (BP, PR, RR): q15  
min until 120 min, then q20-30 
min until 9 hrs; then hrly for 2hrs, 
then 2-4 hrly 

 X  X X X X X X X X X X X X X 

Clinical symptoms/signs  

As per vital signs 

 X  X X X X X X X X X X X X X 

iSTAT EC8+ #* or electrolytes in 
plasma** 

X X  X X X X X X X X X X X †X †X 

Phosphate, Ca++ **  X   X X X X X        

Thick/thin film* X X     X X X X X  X X †X †X 

Lactate (CG4+)* ∞  X     X  X X X X § X X †X †X 

LFTs, CK, Creatinine**  X        X  X  X †x †x 

Exhaled NO*  X  X X  X X X X X X  X X X 

DLCO*              X   

NIRS (St02) *   X  X   X  X  X  X X X X 

OPS*  X  X   X    X  X X X  

Endothelial function*  X  X   X  X  X  X X X X 

Amino acids (incl. arginine), 
NOx, haptoglobin, oxidant 
markers, cytokines** 

 X X X X X X    X X X X X X 

T cell function and phenotype  X     X          

Urine (pterins, NOx)**  X     X***    X***  X*** X***   
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Footnotes for table 1: 

Grey shading: duration of L-arginine infusion  

# iSTAT EC8+ is a bedside biochemistry cartridge which uses only several microlitres to 

measure Na
+
, K

+
, Cl

-
, pH, PCO2, urea nitrogen (BUN)/urea, glucose, hematocrit, TCO2, 

bicarbonate, Base excess, anion gap, hemoglobin. Baseline measure of methaemoglobin at 

RSMM laboratory to compare with co-oximetry. 

ECG and co-oximetry will be monitored continuously during the first 2 hours of the L-arginine 

infusion (at which time steady state levels of L-arginine are achieved). Temperature will also be 

monitored 4-6 hourly until 20 hours. 

‡Clinical symptom and sign assessment: questioned on presence of headache, lightheadedness, 

nausea, vomiting, flushing, numbness, difficulty breathing, pain at infusion site; and examined 

for rash. 

NIRS: near infrared spectroscopy: microvascular function test 

OPS: Orthogonal polarizing spectroscopy (rectal probe): quantitation of microvascular 

obstruction 

DLCO: gas transfer as performed in stage 2 (to correlate with exhaled NO on day 3: will test 

whether pulmonary NO production is associated with improved gas transfer) 

 

Location of each testing procedure: A strength of this study is that all the endothelial 

physiology measurements, all the tissue oxygenation saturation and microvascular obstruction 

measurements, all the parasite counts, the lactate and phosphate measurements, and most of the 

other biochemical measurements (eg iSTAT bedside biochemistry) will be undertaken on site at 

RSMM in Timika (either at the bedside or at the RSMM lab), with on-the-job training of all local 

and visiting staff involved. The asterisks (* or **) identify which measurements will be done at 

RSMM in Timika (*) and which at MSHR (**) or University of Sydney/NSW (oxidant stress 

measurements, microparticles).  

∞ will be measured until normalised 

† will be measured if clinically indicated 

*performed at RSMM.  

** performed in Darwin 

*** Urine will be collected at approx 4 hours, and at each time voided thereafter. 

§   if patient still in hospital  

Clinical blood: blood requested by treating doctor for clinical purposes. If a severe malaria 

patient remains in hospital on day 4 and 5, it is usual for the RSMM doctor to request renal 

function, glucose and electrolytes. If blood is requested by RSMM doctors, we will use the 

RSMM hospital results and store residual plasma for amino acid levels from remaining plasma. 

RSMM doctors routinely use the iSTAT data we collect for research purposes (electrolytes, 

glucose, renal function and lactate) for their clinical management. 
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Appendix 1    
 

List of Abbreviations 

 

ATS: American Thoracic Society 

CAT 1: Cationic amino acid transporter 1 

CAT 2: Cationic amino acid transporter 2 

CK: Creatine Kinase 

CL: Clearance 

Cl
-
: Chloride 

CM: Cerebral Malaria 

DLCO: Non-invasive Gas transfer assessment (diffusion of CO) 

FMD: Flow mediated dilatation 

GMP: Good Manufacturing Practice 

GSH: Plasma glutathione 

GSSG: Oxidised Glutathione 

HCO3-: Bicarbonate 

iSTAT: Brand of Portable Clinical Analyzer 

K+: Potassium 

Km: Equilibrium constant 

LFTs: Liver Function Tests 

MSHR: Menzies School of Health Research 

NIHRD: National Institute for Health Research and Development 

NONMEM: Computer software program to model non-linear pharmacokinetics of drugs. 

NIRS: Near infrared spectroscopy 

NO: Nitric oxide 

NOS1: Nitric oxide Synthase 1 or Neuronal Nitric oxide Synthase 

NOS2: Nitric oxide Synthase 2 or Inducible Nitric oxide Synthase 

NOS3: Nitric oxide Synthase 3 or Endothelial Nitric oxide Synthase 

NOx: Nitric oxide metabolites, nitrate plus nitrite 

OPS: Orthogonal Polarising Spectroscopy 

PAT: Peripheral Arterial Tonometry 

PBMCs: Peripheral blood mononuclear cells 

PK: Pharmacokinetic (change in L-arginine concentration over time) 

PD: Pharmacodynamic (change in L-arginine effect over time) 

RSMM: Rumah Sakit Mitra Masyarakat 

sICAM-1: soluble intercellular adhesion molecule 1 

SEAQUAMAT: South East Asian multi-center study of QUinine versus Artesunate for severe 

MAlaria Trial. 

SM: Severe Plasmodium falciparum Malaria 

StO2: Tissue Oxygen Saturation  

SCD: Sickle Cell Disease 

VOCS: Vaso-occlusive syndrome (found in SCD) 

UF: Uncomplicated Plasmodium falciparum malaria 

WHO: World Health Organization 
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Appendix 2 

 
Study groups for the further descriptive studies of the microvascular function tests being 

used in the RCT above:  

 

Adult Patients: 

Severe Malaria (SM) 

These will be the patients enrolled in the RCT 

 

Moderately severe falciparum malaria (MSM): 

Inclusion criteria: 

1. age 18-60 years 

2. P. falciparum parasitemia (1,000-100,000 parasites/ul). 

3. Clinical syndrome consistent will malaria associated with documented fever (axillary 
temperature  38

o
C) or self-reported history of fever in the last 48 hours with no other 

cause present 

4. Commencement of parenteral antimalarial therapy < 18 hours previously 

5. An indication for hospital admission [eg relative cannot stay at home to look after them or 
supervise their treatment at home, inability to tolerate oral therapy eg. vomiting], but not 
having the warning signs or severe malaria criteria in “exclusion criteria” below 

6. Informed consent obtained 

Exclusion criteria: 

1. pregnancy or lactation 

2. warning signs of altered mental state and inability to sit unaided 

3. features of severe/complicated malaria(48) (see “severe malaria” above) 
4. diabetes 

5.   systolic BP <80 mmHg 
6. serious pre-existing diseases (cardiac, hepatic, kidney and lung) 

7. clinical evidence of concurrent bacterial infection 

8. medications as per severe malaria exclusion criteria 

9.  

Adult Healthy Controls (HC) 

1. age 18-60 years 

2. no Plasmodium parasitemia  

3. no clinical symptoms consistent with malaria or other infections/acute inflammation 

4. informed consent obtained 

5. no  pregnancy or lactation  

6. no diabetes 

7. systolic BP ≥ 80 mmHg 

8. no serious underlying disease (cardiac, hepatic, kidney) 

9. not immediately genetically related to a patient included in the study (eg parent, sibling or 
cousin) 

 

Adult Sepsis (SIRS):  
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Inclusion criteria: 

1. age 18-60 years 

2. informed consent 

3. suspected or proven infection, AND three or more of the following SIRS criteria: 

 

1. hody temperature >38
o
C or <36

o
C 

2. heart rate >90 beats/minute 

3. respiratory rate >20 breaths/min and/or PaCO2 <32mmHg 

4. white blood cell count >12,000 cells/ml or <4,000 cells/ml or >10% band forms 

 

Exclusion criteria: 

1. pregnancy or lactation 

2. infection with any plasmodium species  

3. diabetes 

4. serious pre-existing diseases (cardiac, hepatic, kidney and lung)  

 

Children: 

Cerebral Malaria (CM), defined by modified WHO criteria(28):  

Inclusion criteria:  

1. age 4-12 years 

2. informed consent obtained 

3. time of commencement of artesunate ≤18 hrs 

4. any level of P. falciparum parasitemia 

5. cerebral malaria (Blantyre coma score ≤2) 

6. no evidence of concurrent bacterial infection 

7. Hb ≥5 g/dL 

 

Uncomplicated falciparum malaria (UF): 

Inclusion criteria: 

1. age 4-12 years 

2. informed consent obtained 

3. time of commencement of hospital antimalarial  ≤18 hrs 

4. P. falciparum parasitemia (1,000-100,000 parasites/ul). 

5. Clinical syndrome consistent will malaria associated with documented fever (axillary 
temperature  38

o
C) or self-reported history of fever in the last 48 hours with no other 

cause present 

6. no evidence of WHO criteria for severe malaria   

7. No warning signs of prostration or aletered mental state 

8. no evidence of concurrent bacterial infection 

9. Hb ≥7 g/dL 
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Healthy Controls (HC) 

Inclusion criteria: 

1. age 4-12 years 

2. informed consent obtained 

3. no Plasmodium infection 

4. no fever or history of fever in past 7 days 

5. no evidence of concurrent bacterial infection 

6. Hb ≥7 g/dL 
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Information Sheet: 

“L-arginine in severe malaria: phase 2A/2B” 

 
Malaria is a common infection in Indonesia and may cause serious illness. This form tells you 

about a research project that is looking at whether a natural substance produced by the body 

called L-arginine can be given as an extra treatment to help people get better from severe 

malaria. 

 

In this study you or your relative will receive the standard treatment recommended by the 

Ministry of Health of the Republic of Indonesia. In addition we will give you or your relative 

fluid through a vein. This fluid will either contain L-arginine or just fluid alone. 

 

If you or your relative agree to join this research study we will use a small needle to take a small 

amount of blood from a vein in yours or your relative’s arm. This is momentarily painful with a 

small risk of bleeding or bruising. Some of this blood will be used to treat and monitor the 

infection, and some of the blood will be used for malaria research. It will be examined for L-

arginine, nitric oxide and substances related to the malaria infection. We will leave this cannula 

in the vein overnight while you or your relative are being treated for malaria, and used this to 

take smaller amounts of your blood up to 12 more times over 3 days. These blood samples will 

be used by the doctor to treat and monitor the  infection and some will be used for malaria 

research. The total amount of blood taken will be no more than 29mls (or 6 teaspoons) which is a 

safe amount. 

 

We will also measure the pulse, blood pressure and heart tracing and ask you or your relative 

questions every few minute when we give the L-arginine and then less frequently after that. We 

will ask to obtain a small amount of urine now and whenever you or your relative need to pass 

urine. We will also ask you or your relative  to breath into a tube every 30 minutes at first for 1-2 

hours and later every few hours to check the amount of nitric oxide in the  breath and how well 

the  lungs work. These are tests used routinely in hospitals to check people’s lungs and do not 

hurt. 

 

We will also test the function of the blood vessels at the finger and thumb. This technique is safe 

and painless and does not cause any harm. The test of your finger/thumb will be done  resting, 

lying down and relaxing. We will then put a blood pressure cuff on the  forearm and inflate the 

cuff for 5 minutes. When the cuff is let down, we will continue testing for another 5 minutes. 

Inflating the cuff will be uncomfortable, like having a  blood pressure recorded but will cause no 

damage. We will repeat these tests one and eight hours later and again each day while you or 

your relative are in hospital. 

 

We will look at the lining of the back passage (rectum) to see if the blood vessels are blocked up. 

We will ask you to roll on the  side. We will insert a probe in the  back passage like a 

thermometer to look at blood vessels inside. This will last 1-2 minutes. We will repeat this 

several times over the next 3 days to see how these blood vessels recover. 

 

Your or your relative’s participation in the research will not cost you or your family any money. 

Your doctor may recommend some other tests and procedures to better diagnose and treat your 

infection. If you or your relative decide not to participate in this study, you will receive the 
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standard treatment and care for malaria. You or your relative may wish to withdraw from the 

study at any time and still receive standard treatment and care. There will no name or other 

identification in any study report which will be published later on. You may contact Dr Enny on 

901-301-882 at any time to answer any questions about the study. If you have any concerns 

about your rights or the conduct of the study you may contact Dr Liliana Kurniawan on 21-425 

9860 or Maria Scarlett on 61-8-8922-7922. 

 

Benefits of study: Most people with severe malaria will get better with drugs to kill the malaria 

parasites. Giving the extra treatment with L-arginine may help more people get better but we 

don’t know.  

 

Risks from the study: L-arginine is a natural substance in the body and in many foods, but is 

also available as an injection in hospitals. It has been used a standard drug in hospitals for many 

years in larger doses than we will use today. Even when used in bigger doses than we will use it 

is usually very safe. The amount of L-arginine we will give has previously been shown to be safe 

in people with milder malaria. Sometimes large doses can cause the blood pressure to go down 

and sometimes people may feel dizzy, feel up or down but it is unusual for this to cause 

problems. It can also cause irritation of the veins or very rarely an allergic reaction. Because we 

will use smaller doses we do not expect these to be a problem for you. We will watch for any 

side-effects and can give you treatment if any of them develop. 
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“L-arginine in severe malaria:study 2A/2B” 
 

This form means I can say “No” 

 
I have read and understood the information sheet attached, and have been given the opportunity 

to discuss it and ask questions. I agree that my samples can be used in the research outlined on 

the information sheet. I understand that I do not have to participate in this study. If I do not 

participate in this study I will receive the usual treatment. 

 

I also DO/DO NOT agree for my samples to be stored indefinitely for potential future use for 

research related to how people respond to or are protected from malaria. I understand that my 

stored samples will not be used for any other purpose. 

 

I also DO/DO Not agree to have a examination of the back passage/rectum 

 

By my signature below I consent to participate: 

 

 

 

______________________________ _______________________________ 

Name of study subject / Date   Signature of study subject 

 

 

 

 

 

 

_______________________________ ________________________________ 

Name of person obtaining consent/  Signature of person obtaining consent 

Date 

 

 

 

 



 39 

“L-arginine in severe malaria:study 2A/2B” 
 

Consent form for next of kin 
 

This form means I can say “No” for my relative 

 
I have read and understood the information sheet attached, and have been given the opportunity 

to discuss it and ask questions. I agree that my relative’s samples can be used in the research 

outlined on the information sheet. I understand that I do not have to consent for my relative to 

participate in this study. If I do not wish them participate in this study they  will receive the usual 

treatment. 

 

I also DO/DO NOT agree for their samples to be stored indefinitely for potential future use for 

research related to how people respond to or are protected from malaria. I understand that their  

stored samples will not be used for any other purpose. 

 

I also DO/DO Not agree for my relative to have a examination of the back passage/rectum 

 

By my signature below I give consent for my relative to participate: 

 

 

 

______________________________  

Name of study subject / Date   

 

 

 

 

______________________________ ________________________________ 

Name of next of kin/ Date   Signature of next of kin 

 

 

 

 

_______________________________ ________________________________ 

Name of person obtaining consent/  Signature of person obtaining consent 

Date 
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     Information Sheet: 

“L-arginine and blood vessel function  

in healthy controls/malaria/sepsis” 

 
Malaria is a common infection in Indonesia and may cause serious illness. This form tells you 

about a research project that is looking at whether a natural substances produced by the body 

called L-arginine and nitric oxide affect the function of blood vessels in healthy people against 

those with malaria or other infections and what happens to them as people recover from malaria.  

 

This study will see how quickly levels of L-arginine come back to normal as you or your relative 

get better from your illness and whether this is related to the amount of nitric oxide made . We 

need to know this so that we can plan how much L-arginine we may need to give people in the 

future if they get severe malaria. 

 

 

If you agree or you agree on behalf of your relative for them to join this research study we will 

use a small needle to take a small amount of blood from a vein in the  arm. This is momentarily 

painful with a small risk of bleeding or bruising. Some of this blood will be used to treat and 

monitor the  infection, and some of the blood will be used for malaria research. It will be 

examined for L-arginine, nitric oxide and substances related to the  malaria infection. We will 

also take smaller amounts of blood up to two more times over 2 days. The total amount of blood 

taken will be no more than 14mls (or 3 teaspoons) which is a safe amount. 

 

We will ask to obtain a small amount of urine now and whenever  urine is excreted. We will also 

ask you or your relative to breathe into a tube every few hours to check the amount of nitric 

oxide in the  breath and how well the  lungs work. These are tests used routinely in hospitals to 

check people’s lungs and do not hurt. 

 

We will also test the function of the blood vessels at the finger and thumb. This technique is safe 

and painless and does not cause any harm. The test of the  finger/thumb will be done with  

resting, lying down and relaxing. We will then put a blood pressure cuff on the  forearm and 

inflate the cuff for 5 minutes. When the cuff is let down, we will continue testing for another 5 

minutes. Inflating the cuff will be uncomfortable, like having the  blood pressure recorded but 

will cause no damage. We will repeat these tests one and eight hours later and again each day 

while you or your relative are in hospital. 

 

This is research to try and understand how people recover from malaria and infections. You or 

your relative will receive the standard treatment recommended by the Ministry of Health of the 

Republic of Indonesia. Participation in the research will not cost you or your relative’s family 

any money. Your doctor may recommend some other tests and procedures to better diagnose and 

treat your infection. If you decide not to participate in this study or decide not to have your 

relative participate, you will receive the standard treatment and care for malaria. You or your 

relative may wish to withdraw from the study at any time and still receive standard treatment and 

care. There will no name or other identification in any study report which will be published later 

on. You may contact Dr Enny on 901-301-882 at any time to answer any questions about the 
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study. If you have any concerns about your rights or the conduct of the study you may contact Dr 

Liliana Kurniawan on 21-425 9860 or Maria Scarlett on 61-8-8922-7922. 

 

Benefits of study: If you or your relative have malaria you will receive the usual treatment for 

malaria or infections and will not otherwise receive direct benefit from the study. However by 

understanding how blood vessels function during recovery from malaria and other infections and 

it relationship to blood levels of L-arginine, we hope to know how much L-arginine to give 

people with malaria in the future. 
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CONSENT TO PARTICIPATE IN A MALARIA RESEARCH STUDY 

 

“L-arginine and blood vessel function in healthy controls/malaria/sepsis” 

 
This form means I can say “No” 

 
I have read and understood the information sheet attached, and have been given the opportunity 

to discuss it and ask questions. I agree that my samples can be used in the research outlined on 

the information sheet. I understand that I do not have to participate in this study. If I do not 

participate in this study I will receive the usual treatment. 

 

I also DO/DO NOT agree for my samples to be stored indefinitely for potential future use for 

research related to how people respond to or are protected from malaria. I understand that my 

stored samples will not be used for any other purpose. 

 

 

By my signature below I consent to participate: 

 

 

 

______________________________ _______________________________ 

Name of study subject / Date   Signature of study subject 

 

 

 

 

 

 

 

_______________________________ ________________________________ 

Name of person obtaining consent/  Signature of person obtaining consent 

Date 
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“L-arginine and blood vessel function in healthy controls/malaria/sepsis” 

 

Consent form for next of kin 
 

This form means I can say “No” for my relative 

 
I have read and understood the information sheet attached, and have been given the opportunity 

to discuss it and ask questions. I agree that my relative’s samples can be used in the research 

outlined on the information sheet. I understand that I do not have to consent for my relative to 

participate in this study. If I do not wish them participate in this study they will receive the usual 

treatment. 

 

I also DO/DO NOT agree for their samples to be stored indefinitely for potential future use for 

research related to how people respond to or are protected from malaria. I understand that their  

stored samples will not be used for any other purpose. 

 

I also DO/DO Not agree for my relative to have a examination of the back passage/rectum 

 

By my signature below I give consent for my relative to participate: 

 

 

 

______________________________  

Name of study subject / Date   

 

 

 

 

______________________________ ________________________________ 

Name of next of kin/ Date   Signature of next of kin 

 

 

 

 

_______________________________ ________________________________ 

Name of person obtaining consent/  Signature of person obtaining consent 

Date 
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Information Sheet: 

“L-arginine and blood vessel function  

in children with malaria” 

 
Malaria is a common infection in Indonesia and may cause serious illness. This form tells you 

about a research project that is looking at whether a natural substances produced by the body 

called L-arginine and nitric oxide affect the function of blood vessels in healthy children against 

those with malaria or other infections and what happens to them as children recover from 

malaria.  

 

This study will see how quickly levels of L-arginine come back to normal as children get better 

from your illness and whether this is related to the amount of nitric oxide they make. We need to 

know this so that we can plan how much L-arginine we may need to give children in the future if 

they get severe malaria. 

 

If you agree for your child to join this research study we will use a small needle to take a small 

amount of blood from a vein in your arm. This is momentarily painful. We will use this to take a 

small amount of blood (7ml or 1½ teaspoons). Some of this blood will be used to treat and 

monitor your infection, and some of the blood will be used for malaria research. It will be 

examined for L-arginine, nitric oxide and substances related to his/her malaria infection. We will 

also take smaller amounts of blood up to two more times over 2 days. The total amount of blood 

taken will be no more than 11mls (or 2 teaspoons) which is a safe amount. 

 

We will ask to obtain a small amount of your child’s urine now and each day. 

 

We will also test the function of the blood vessels at the finger and thumb. This technique is safe 

and painless and does not cause any harm. The test of your finger/thumb will be done with your 

child resting, lying down and relaxing. We will then put a blood pressure cuff on his/her forearm 

and inflate the cuff for 5 minutes. When the cuff is let down, we will continue testing for another 

5 minutes. Inflating the cuff will be uncomfortable, like having your blood pressure recorded but 

will cause no damage. Then there will be a break for 10-15 minutes. We will then do another test 

with him/her relaxing. We will repeat these tests each day while you are in hospital. 

 

This is research to try and understand how children recover from malaria and infections. You 

will receive the standard treatment recommended by the Ministry of Health of the Republic of 

Indonesia. Your child’s participation in the research will not cost you or your family any money. 

Your doctor may recommend some other tests and procedures to better diagnose and treat your 

infection. If you decide not to participate in this study, your child will receive the standard 

treatment and care for malaria. You withdraw your child from the study at any time and still 

receive standard treatment and care.  

 

There will no name or other identification in any study report which will be published later on. 

You may contact Dr Enny on 901-301-882 at any time to answer any questions about the study. 

If you have any concerns about your rights or the conduct of the study you may contact Dr 

Liliana Kurniawan on 21-425 9860 or Maria Scarlett on 61-8-8922-7922. 
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Benefits of study: If your child has malaria he/she will receive the usual treatment for malaria or 

infections and will not otherwise receive direct benefit from the study. However by 

understanding how blood vessels function during recovery from malaria and other infections and 

it relationship to blood levels of L-arginine, we hope to know how much L-arginine to give 

children with malaria in the future. 
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CONSENT TO PARTICIPATE IN A MALARIA RESEARCH STUDY 

 

“L-arginine and blood vessel function in children with malaria” 

 
This form means I can say “No” 

 
I have read and understood the information sheet attached, and have been given the opportunity 

to discuss it and ask questions. I agree that my child’s samples can be used in the research 

outlined on the information sheet. I understand that my child does not have to participate in this 

study. If my child does not participate in this study he will receive the usual treatment. 

 

I also DO/DO NOT agree for my child’s samples to be stored indefinitely for potential future use 

for research related to how people respond to or are protected from malaria. I understand that my 

child’s stored samples will not be used for any other purpose. 

 

 

By my signature below I consent for my child to participate: 

 

 

 

______________________________ _______________________________ 

Name of study subject / Date   Signature of parent/ guardian  

 

 

 

 

 

 

 

_______________________________ ________________________________ 

Name of person obtaining consent/  Signature of person obtaining consent 

Date 

 

 

 

 

 

 

 

 


