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ABSTRACT 39 

Low bioavailability of nitric oxide (NO) and its precursor, arginine, contribute to microvascular 40 

pathophysiology of severe falciparum malaria. To better characterize mechanisms underlying 41 

hypoargininemia in severe malaria, we measured plasma concentrations of amino acids involved in de 42 

novo arginine synthesis in children with uncomplicated (UM; n=61) and cerebral (CM; n=45) falciparum 43 

malaria, and in healthy children (HC; n=109).  We also administered primed infusions of 13C6-uniform-44 

15N4-uniform-labeled L-arginine to 8 children with severe malaria (SM; age 4-9 years) and 7 healthy 45 

children (HC; age 4-8 years) to measure the metabolic flux of arginine, hypothesizing that arginine flux is 46 

increased in SM. Using two different tandem mass spectrometric methods, we measured isotopic-47 

enrichment of arginine in plasma obtained at 0, 60, 90, 120, 150, and 180 minutes during the infusion. 48 

Plasma concentrations of glutamine, glutamate, proline, ornithine, citrulline and arginine were 49 

significantly lower in UM and CM compared to HC (p≤0.04 for all pairwise comparisons). Of these, 50 

glutamine concentrations were the most markedly decreased:  457 [400-508] µM (median [IQR]) in HC, 51 

300 [256-365] µM in UM, and 257 [195-320] µM in CM. Arginine flux during steady state was not 52 

significantly different in SM than in HC: 93.2 [84.4-129.3] versus 88.0 [73.0-102.2] µmol/hour/kg 53 

(p=0.247) and 93.7 [79.1-117.8] versus 81.0 [75.9-88.6] µmol/hour/kg (p=0.165) by the respective mass 54 

spectrometric methods. Limited supply of amino acid precursors for arginine synthesis likely contributes 55 

to the hypoargininemia and NO insufficiency in falciparum malaria in children.      56 

Keywords: malaria, Plasmodium falciparum, nitric oxide, arginine, glutamine  57 
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Introduction  58 

 Effective chemotherapeutics and successful public health prevention campaigns have reduced 59 

malaria incidence worldwide (1).  However, falciparum malaria remains a major cause of childhood 60 

morbidity and mortality, with a high loss of disability-adjusted life-years of 45 (2) and over 2164 million 61 

cases and 445,000 malaria-related deaths in 2016 (3). The pathogenesis of severe falciparum malaria is 62 

characterized by endothelial dysfunction (4), endothelial activation (5-7), and parasite sequestration in 63 

the post-capillary venules of the human host (8).  All of these processes lead to microvascular 64 

obstruction and metabolic acidosis (8, 9). We have previously observed that nitric oxide (NO) production, 65 

as measured by NO metabolites, and vascular NO bioavailability are low in severe malaria (4, 10). This 66 

low NO bioavailability likely contributes to the microvascular pathophysiology of severe malaria.  NO can 67 

prevent or reverse inflammatory cytokine overproduction (11), prevent binding of parasitized red blood 68 

cells to endothelial cells (12), decrease adhesion molecule expression (13), and modulate endothelial 69 

activation that is an independent predictor of death in severe malaria (5, 8).  70 

 NO synthesis from arginine and molecular oxygen is catalyzed by nitric oxide synthase (NOS) in 71 

its three isoforms: NOS3 (present in endothelium), NOS1 (present in nerve cells), and the inducible form 72 

NOS2 (present in multiple cell types).  NOS generates NO from the equivalent guanido-nitrogen atoms of 73 

arginine leaving citrulline as the amino acid reaction product.  We and others have found that plasma 74 

arginine levels are markedly decreased in children with uncomplicated and severe falciparum malaria 75 

compared to healthy children (14-18), with hypoargininemia also observed in adult severe falciparum 76 

malaria (4).  We have also demonstrated that clearance of exogenously administered L-arginine is 77 

increased in adult falciparum malaria (19, 20). To better characterize our findings of low plasma arginine 78 

and low NO production in severe malaria, we measured plasma concentrations of amino acids involved 79 

in de novo arginine synthesis. De novo arginine synthesis involves absorption of glutamine by small 80 

intestinal enterocytes where glutamine is enzymatically converted to citrulline. Enterocytes then secrete 81 

citrulline into the bloodstream, and citrulline is enzymatically converted to arginine in the proximal tubular 82 

cells of the kidney (see  Fig 1A, a detailed illustration of the metabolic pathway for arginine de novo 83 

synthesis). In the current work, we complement these measurements of amino acid precursors for 84 
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arginine synthesis by conducting a heavy isotope tracer study in which we infuse 13C6-uniform-15N4-85 

uniform-labeled L-arginine to trace the metabolic flux of arginine (i.e., the turnover or the rate of 86 

appearance and rate of disposal per unit time) in children with severe falciparum malaria (SM) and in 87 

healthy children (HC) in Dar es Salaam, Tanzania (see  Fig 1B, a schematic overview of arginine 88 

metabolism). This infusion tracer study enabled us to measure the appearance of heavy isotope labeled 89 

arginine (A+10) and the downstream amino acids resulting from both hepatic and extrahepatic arginine 90 

metabolism ( Fig 1C). In order to demonstrate the analytical validity of our heavy isotope measurements, 91 

we employed two independent mass spectrometry (MS) methodologies. Through this controlled, heavy 92 

isotope tracer experiment, we tested our hypothesis that low arginine in SM is associated with increased 93 

arginine flux.   94 
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 5 

Results 95 

Arginine amino acid precursor observational study.  We enrolled 116 HC, 66 UM, and 52 CM.  A 96 

total of 109 HC, 61 UM and 45 CM subjects had sufficient plasma for amino acid analysis. Baseline 97 

characteristics of the three groups are shown in Table 1. Among CM children, seven died. CM children 98 

were significantly older than children in the other two groups, and the time since last meal was longer in 99 

both UM and CM compared to HC.  100 

 Glutamine levels were significantly lower in UM and CM compared to levels in HC children (Fig 2) 101 

(p≤0.025 for all pairwise comparisons). In addition, glutamate levels were lower in children with malaria 102 

compared to HC children (Fig 2) (p≤0.036 for all pairwise comparisons).  Citrulline, arginine, proline, and 103 

ornithine levels were also decreased in those with malaria (Fig 2) (all comparisons of HC vs. UM and HC 104 

vs. CM p≤0.013; comparisons of UM vs. CM p>0.05). When compared to normal reference ranges 105 

established in North America, a significant proportion of UM and CM children had low amino acid 106 

concentrations for glutamine, proline, ornithine, citrulline and arginine (Fig 2 and Table 2).  The 107 

proportion of UM and CM children with amino acid levels below the lower limit of normal was significantly 108 

higher compared to HC (Table 2).  109 

 110 

Arginine flux infusion study.  For arginine flux studies, we enrolled 10 SM and 10 HC participants.  Of 111 

these, 3 HC and 2 SM were excluded from the analysis because of deviations from the infusion protocol 112 

(viz., early cessation of the infusion; errors in volumes infused; and missed blood draws at stipulated time 113 

intervals).  Among the SM, two had metabolic acidosis, one had severe anemia, 5 had hyperparasitemia, 114 

and none had CM. Baseline clinical characteristics are presented in Table 3.  HC had higher weight 115 

(p=0.003) and a longer duration of fasting (p=0.005) compared to SM. There was no difference in median 116 

lactate between SM and HC. No deaths occurred among SM, and no adverse events occurred in either 117 

group.   118 

As in the observational study, SM children had significantly lower median concentrations of 119 

plasma arginine and plasma citrulline at enrollment (Table 3) (p= 0.039 and p=0.002, respectively), while 120 

ornithine levels were not significantly different.  Figs 3A-D show the mole-fractions of heavy-isotope 121 
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labeled arginine (A+10) at each time point for each individual HC and SM participant during the labeled 122 

arginine infusion, as measured by both MS methods.  The mean steady-state mole fractions for the 123 

clinical group (HC and SM) at each sampling time interval are shown in Fig 3E-H. The mean mole-124 

fractions for each HC and SM child (average of each child’s mole-fraction measurements at the steady 125 

state time points) are depicted in Fig 4: median [IQR] for HC 0.074 [0.065-0.089] vs. SM 0.0722 [ 0.051-126 

0.077], p=0.247 by MS Method 1; median [IQR] HC 0.079 [0.073-0.087] vs. SM 0.071 [0.057-0.083], 127 

p=0.247 by MS Method 2). From this data, we calculated the mean arginine flux in micromoles (µmol) 128 

per hour per kilogram body weight. The median [interquartile range] arginine fluxes for HC and SM were 129 

not significantly different by either MS method: HC 88.0 [73.0-102.2] and SM 93.2 [84.4-129.3] 130 

µmol/hour/kg, p=0.247 by MS Method 1; HC 81.0 [75.9-88.6] and SM 93.7 [79.1-117.8] µmol/hour/kg, 131 

p=0.165 by MS Method 2 (Fig 5). 132 

We also measured mole-fraction enrichment of the following labeled amino acid metabolites of 133 

arginine: ornithine A+7 and citrulline A+7, products of heavy labeled arginine metabolized via arginase 134 

(arginine A+10 to ornithine A+7) and then ornithine carbamoyl-transferase (ornithine A+7 to citrulline 135 

A+7); citrulline A+9, the product of labeled arginine metabolized by NOS. Figs 6-8 show the mole-136 

fractions for HC and SM children and the mean mole-fractions of the respective clinical group (HC and 137 

SM) at each sampling time interval for ornithine A+7, citrulline A+7 and citrulline A+9, respectively. These 138 

data are presented principally to demonstrate the tracer measurement methodology was successful. 139 

Quantitative comparisons between HC vs. SM of these tracer metabolites were not done because 140 

labelled infusions of citrulline, ornithine and urea were not part of our infusion protocol.  Since we cannot 141 

quantitatively measure the flux of these metabolites, quantitative comparisons of these heavy-metabolite 142 

mole-fractions is not meaningful – any differences between HC and SM could reflect differences in 143 

upstream metabolism or downstream metabolism or both.  144 

  145 
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 7 

Discussion   146 

The results of these observational data and the labeled arginine infusion experiment provide further 147 

characterization of hypoargininemia (14-17) and low NO bioavailability (4, 10) relative to the 148 

pathogenesis of severe falciparum malaria in humans. Based on our previous work that demonstrated 149 

increased arginase activity in plasma and peripheral blood mononuclear cells in children with malaria 150 

(16) we hypothesized that arginine flux would be increased in children with SM.  If compensatory 151 

metabolism failed to increase the supply of arginine to the circulation, then hypoargininemia would result. 152 

To investigate this hypothesis, we first measured plasma concentrations of the amino acid precursors for 153 

de novo arginine synthesis. In a second cohort we measured arginine flux in HC and in SM children 154 

using steady-state isotope dilution to determine enrichment during a constant infusion of labelled 155 

arginine. Our results revealed significant depressions in the amino acids along the biosynthetic pathway 156 

for arginine synthesis. In addition, our kinetic study in children with SM showed no significant increase in 157 

arginine flux compared to HC.  158 

 159 

Role of arginine precursors in acute infection.  Arginine supply is derived from diet, protein 160 

catabolism, and de novo synthesis (Fig 1A and 1B). De novo synthesis requires enteral absorption of 161 

glutamine, enterocyte conversion of glutamine to citrulline, and subsequent conversion of citrulline to 162 

arginine in the kidney. While this de novo synthesis comprises a minority of total supply, it can be an 163 

important factor in stress conditions such as severe infection. These low concentrations of amino acid 164 

precursors for arginine biosynthesis, particularly glutamine, may be highly relevant to malaria 165 

pathogenesis. Glutamine has a recognized role in maintaining intestinal barrier function (21-23), and 166 

potential prognostic utility in critical illnesses (24, 25). As the precursor to anti-oxidant co-factors such as 167 

glutathione and nicotinamide adenine dinucleotide (NAD), low plasma glutamine levels might reduce 168 

ability to resist the oxidative stress of malaria (26-29) and other disease states. While one observational 169 

study found glutamine levels to be in the normal range among Gabonese children with severe malaria 170 

(30), low blood glutamine has been described in Ghanaian children with severe malaria (31) and 171 

Malawian children with cerebral malaria (32). Similar to these two studies we observed that plasma 172 
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glutamine was not only significantly lower in CM relative to Tanzanian children with UM and HC, but also 173 

lower than established reference ranges for children (33, 34). As highlighted in the first study of plasma 174 

glutamine in severe malaria (31), low glutamine is noteworthy in the context of human malaria  in which 175 

impaired intestinal barrier function has been demonstrated (35, 36) and is a key predisposing factor for 176 

malaria-associated non-typhoidal Salmonella bacteremia (39-41). Low glutamine likely exacerbates the 177 

impaired barrier function arising from heavy parasite infiltration of the intestinal vasculature (37, 38). 178 

Heavy parasite sequestration in the intestinal microvasculature could also affect amino acid absorption 179 

and amino acid synthesis by enterocytes.      180 

 181 

Potential importance of small intestine in arginine metabolism.  Intestinal dysfunction is especially 182 

relevant to our study, since the small intestine is the primary source for arginine de novo synthesis.  183 

Enterocyte synthesis of citrulline from glutamine and proline accounts for 80-90% of systemic citrulline, 184 

the immediate precursor for arginine de novo synthesis (42).  We observed very low levels of plasma 185 

citrulline in children with CM and with SM, and low plasma citrulline is a general marker for intestinal 186 

dysfunction (43). Citrulline synthesis can be impaired by the accumulation of lactate, which inhibits 187 

proline oxidase, a required enzyme for enteric citrulline synthesis (Fig 1A) (44, 45). Hyperlactatemia is a 188 

known complication with prognostic significance in severe malaria (46).  Alkaitis et al (17) reported low 189 

levels of plasma citrulline and ornithine in falciparum malaria and concluded that low citrulline is likely 190 

due to decreased appearance from enteral sources and that low ornithine is due to decreased arginine 191 

appearance from non-arginine sources such as glutamate and proline. By juxtaposing the deficiencies of 192 

plasma glutamine and citrulline, our results implicate the small intestine as a new focus for the study of 193 

malaria pathogenesis.  Low plasma glutamine, glutamate and proline are consistent with the conclusions 194 

of Alkaitis et al regarding the causes of low citrulline and ornithine in malaria (17), and they suggest a link 195 

to the low NO bioavailability in falciparum malaria.  Interventions to modulate intestinal pathology in 196 

malaria, such as enteral glutamine supplementation, might reduce endothelial pathology in malaria by 197 

enhancing NO production (47).  198 

 199 
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Arginine flux studies in health and disease.  Low plasma levels of glutamine, citrulline, and the other 200 

arginine precursor amino acids (glutamate, proline, and ornithine) suggest an impaired ability to 201 

compensate for hypoargininemia via de novo arginine synthesis. We did not measure the fluxes of these 202 

individual precursor amino acids, so we cannot definitively identify the metabolic aberration that results in 203 

hypoargininemia. But our findings of low arginine precursor amino acid levels at presentation coincide 204 

with arginine flux studies in a murine malaria model that suggest hypoargininemia in malaria results from 205 

low influx of arginine (17). Using this experimental model, researchers also found decreased arginine use 206 

by NOS but no overall change in arginine flux among the mice infected with Plasmodium berghei ANKA. 207 

Our isotope infusion protocol was based on studies in adult human volunteers that showed a 208 

consistent arginine flux of approximately 70 micromoles per hour per kilogram body weight (48, 49).  209 

Similar to those studies, we found that by 60 minutes after prime/constant rate infusion of labeled 210 

arginine, mole-fractions were constant in both HC and SM study groups during the subsequent 2 hours.  211 

The median arginine flux values for HC and SM were higher than the published values noted in healthy 212 

adults, but lower than values (125 µmol/hour/kg) observed in neonates (50). Ethnic and dietary 213 

differences might also contribute to the higher values we observed in Tanzanian children compared to 214 

North American adults.  215 

A previous study of arginine metabolism in 47 Gabonese children with uncomplicated malaria 216 

employed labeled arginine infusion (51). The investigators observed a mean arginine flux of 84 217 

µmol/hour/kg, but they did not study a healthy control group for comparison. Another study of 10 children 218 

with bacterial sepsis found mean arginine flux rates of 67 ± 21 (SD) to 72 ± 17 µmol/hour/kg for the two 219 

different heavy isotope-labeled arginine molecules infused (52).  In two controlled studies of arginine flux 220 

adults with sepsis or septic shock, arginine flux measurements were either slightly lower (53) or not 221 

significantly increased when compared to healthy controls (54).  A third controlled study of adults with 222 

sepsis found no difference in overall arginine production, but decreased de novo arginine synthesis and 223 

decreased NO production (55). Thus, our finding that arginine flux is not significantly increased in SM 224 

compared to HC is consistent with controlled comparisons among adults with sepsis.  225 
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 10 

 Our observations from these two malaria cohorts—that arginine flux is not significantly increased 226 

in severe malaria, and that plasma concentrations of amino acid precursors for arginine synthesis are 227 

low in cerebral malaria—suggest that hypoargininemia in human malaria likely results from insufficient 228 

biosynthetic supply of arginine. Impaired arginine supply via protein catabolism could also contribute to a 229 

low arginine state in the context of relatively normal arginine flux. Though previous data suggested that 230 

increased plasma and cellular arginase activity (16) could be responsible for hypoargininemia, in vitro 231 

measurements of enzyme activity may not capture dynamic alterations of in vivo metabolic flow. Our 232 

observation that arginine flux is not increased in SM has implications for considering adjunctive therapies 233 

aimed at mitigating the microvascular dysfunction associated with low NO in SM. Since we did not 234 

observe increased metabolic turnover of arginine in SM, and since there are multiple barriers to NOS-235 

dependent NO production in SM (10, 15, 16, 18, 26, 56-59), NOS-independent adjunctive therapies (e.g., 236 

an NO donor such as sodium nitrite) might better increase NO than adjunctive therapies which aim to 237 

increase plasma arginine substrate for NO synthesis.  238 

 239 

Limitations.   (i) Our small sample size for the infusion study may have limited our power to detect any 240 

difference in arginine flux between HC and SM. Nonetheless, despite small sample size, we observed 241 

significantly lower plasma arginine in SM compared to HC, yet our infusion study shows no indication 242 

that this difference in plasma arginine is due to increased metabolic flux of arginine. (ii)The lack of 243 

elevated plasma lactate in SM and preponderance of hyperparasitemia as the sole enrolment criterion 244 

suggest the SM cases were not very severe. A SM group with more severe disease may have revealed 245 

differences in arginine flux compared to HC. (iii) Measuring flux closer to the time of SM diagnosis in the 246 

district hospital rather than 2 hours later in our Clinical Research Unit at HKMU might have demonstrated 247 

increased arginine flux in SM. But concerns about clinical severity or timing of sampling are unlikely 248 

biases since hypoargininemia is observed even in uncomplicated malaria (14, 17). (iv) We were unable 249 

to measure de novo NO synthesis rates since we did not use labeled citrulline to measure citrulline flux. 250 

Similarly, without citrulline flux and ornithine flux measurements, our measurements of the labeled 251 
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products of arginine A+10 (Fig 6-8) cannot be used to infer increased or decreased metabolism through 252 

the arginase pathway in SM compared to HC.  253 

    254 

Conclusions.  We found no statistically significant increase in arginine flux in SM compared to HC, but 255 

plasma arginine and the amino acid precursors for de novo arginine biosynthesis were lower in children 256 

with malaria. The metabolic causes of low plasma arginine remain incompletely understood. In the 257 

context of two hallmarks of severe malaria—intestinal dysfunction and endothelial dysfunction associated 258 

with low NO—our finding of low plasma glutamine suggests a novel mechanistic link in malaria 259 

pathogenesis. Further studies that measure production of arginine, citrulline, and NO will help determine 260 

the mechanisms of hypoargininemia and hypoglutaminemia and their relationship to NO bioinsufficiency 261 

in severe malaria.  Results of these studies may lead to novel adjunctive treatments for falciparum 262 

malaria.  263 

  264 
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Materials and Methods  265 

 266 

Ethics.  These studies were approved by the ethics committees at the Hubert Kairuki Memorial 267 

University (HKMU) Hospital, the United Republic of Tanzania National Institute for Medical Research, the 268 

institutional review boards of the Duke University Hospital System, the University of Utah, and the 269 

Durham VA Medical Center. Written informed consent was obtained from the parents or guardians of all 270 

participating children.  We followed the United States Department of Health and Human Services 271 

guidelines for human subjects research.   272 

 273 

Study Site.  The observational study of arginine amino acid precursors and the infusion study of arginine 274 

flux were both conducted at HKMU Hospital in Dar es Salaam, Tanzania. Eligible children were recruited 275 

from the inpatient wards and outpatient clinics of HKMU, Amana District Hospital, Mwanayamala District 276 

Hospital and Temeke District Hospital in Dar es Salaam. We enrolled subjects into the observational 277 

study of arginine amino acid precursors from November 2007 through January 2012 as part of a study on 278 

the pathogenesis of cerebral malaria. For the arginine flux study using heavy isotope tracer, we 279 

conducted enrollment from August 2013 through June 2014.  280 

 281 

Arginine Amino Acid Precursor Observational Study 282 

 283 

Participants and Clinical Investigations. All children were 6 months to 6 years in age. Enrollment 284 

criteria for healthy children, children with uncomplicated malaria (UM), and children with cerebral malaria 285 

(CM) were as previously described (26). Briefly, healthy children were enrolled from the outpatient well-286 

child clinics at Amana and Mwanayamala District Hospital, and were eligible if they met the following 287 

criteria: no signs or symptoms of active illness, no febrile illness within the previous two weeks, no history 288 

or evidence of an active inflammatory condition, and negative P. falciparum rapid diagnostic test 289 

(Paracheck-Pf; Omega Diagnostics).  All children with severe malaria in this study had the cerebral 290 

malaria phenotype as defined by the World Health Organization case definition in place at the time of the 291 
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study: any level of P. falciparum parasitemia on peripheral blood smear; unarousable coma (Blantyre 292 

Coma Score ≤  2) not attributable to hypoglycemia (blood glucose level <  40 mg/dL) and persisting more 293 

than 60 minutes after any convulsion; and no other identifiable cause of coma (60). Inclusion criteria for 294 

UM were as follows: a clinical syndrome consistent with malaria and a documented fever (temperature 295 

≥38° C) or history of fever within 48 hours from time of enrollment; P. falciparum parasitemia > 10,000 296 

parasites/μL on Giemsa-stained blood film plus a positive P. falciparum RDT (Paracheck-Pf; Omega 297 

Diagnostics); no other cause of fever identified; and no WHO warning signs suggestive of severe disease 298 

(60). These warning signs were the following: inability to suckle, eat, or drink; excessive vomiting; 299 

abnormal respiratory rate or respiratory distress as evidenced by accessory muscle use, suprasternal 300 

retractions, or intercostal retractions; recent history of convulsions; altered mental status; and inability to 301 

sit unaided. Children were excluded from the UM or CM group if there was any evidence of mixed 302 

infection with other Plasmodium spp. or evidence of mixed infection with bacterial pathogens 303 

(septicemia, urinary tract infection or bacterial meningitis established by cerebrospinal fluid [CSF] culture 304 

or CSF cell count).  305 

Routine laboratory measurements included complete blood count (Beckman-Coulter Act 10), 306 

creatinine, and \blood glucose (Abbott iSTAT). Giemsa stained thick and thin peripheral blood smears 307 

were read by a trained study laboratory technologist.  308 

Amino Acid Measurements. Whole blood was collected into heparin tubes at enrollment, spun 309 

immediately, and the supernatant plasma was stored in cryovials at -80°C. Plasma concentrations of 310 

glutamine, glutamate, proline, ornithine, citrulline, and arginine were quantified at a reference laboratory 311 

(ARUP Laboratories) by ion-exchange chromatography (33) and compared to established pediatric 312 

reference ranges (33, 34).  313 

 314 

Arginine Flux Infusion Study 315 

Participants and Clinical Investigations.  Children aged 4-10 years were eligible to participate in the 316 

labelled arginine infusion study. Enrollment criteria for children with severe malaria (SM) were defined as 317 

P. falciparum parasitemia > 2,500 parasites/µL, no other identifiable cause of illness, and one or more of 318 
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the following modified World Health Organization criteria for severe falciparum malaria:   unarousable 319 

coma (Blantyre Coma Score ≤2); severe respiratory distress; metabolic acidosis (venous bicarbonate < 320 

15 mmol/L  or venous lactate > 5 mmol/L), severe anemia (hemoglobin < 5 g/dL), or hyperparasitemia (> 321 

5% of red blood cells) (60, 61). SM patients received anti-malarial therapy and other supportive care per 322 

standard Tanzanian national protocols. Parenteral treatment with either quinine or an artemisinin 323 

derivative was initiated as soon as the diagnosis of malaria was suspected, and there was no delay in 324 

treatment or care due to study procedures.  Enrollment criteria for healthy children (HC) were the 325 

following: subjectively well, with no current illness, no history of fever in the preceding 14 days, no 326 

parasitemia by microscopy, and not taking any regular medication.  327 

For all participants routine laboratory measurements included a complete blood count (Beckman-328 

Coulter, Model Act 10), and plasma bicarbonate, creatinine, glucose, and lactate (Abbott iStat or 329 

Dimension Vista 1500, Siemens when Abbott iStat was unavailable).  330 

Power calculations for sample size estimates were as follows: the anticipated observed difference 331 

in arginine flux was estimated based upon prior measurements of mean (± SD)  plasma arginine values 332 

in Tanzanian children with severe malaria (45 ± 15 µM) and in healthy controls (100 ± 32 µM) (14). We 333 

set the criteria for significance () at 0.05.  In order to have power (ß) of 95% to yield a statistically 334 

significant result between healthy control children and children with severe malaria, the proposed sample 335 

size was a minimum of 6 participants in each group. Our protocol called for a priori enrollment of at least 336 

2 additional children per group to account for potential dropout. 337 

 338 

Tracer Infusion Protocol. HC children observed an overnight fast, and we recorded time since their last 339 

meal for both HC and SM subjects. Peripheral intravenous catheters (20 or 22 gauge) were placed under 340 

aseptic technique in both upper extremities. Using the 11 ELITE precision pump (Harvard Apparatus) for 341 

all infusions, we first infused a priming dose (6.45 µmol/kg) of 13C6-uniform-15N4-uniform-labeled L-342 

arginine (Tracer Technologies) over 3 minutes, followed by a constant infusion of 6.45 µmol/kg/hour over 343 

3 hours.  We also refer to 13C6-uniform-15N4-uniform-labeled L-arginine as tracer or arginine (A+10). 344 
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 Venous blood was sampled from the upper extremity venous catheter that was not receiving the 345 

tracer infusion (i.e., contralateral to the infusion extremity). Venous blood was drawn at baseline prior to 346 

initiation of the infusion, and then at 60, 90, 120, 150, and 180 minutes.  Fifteen minutes before the 347 

scheduled venous sampling, the site for blood sampling was warmed to 55-60ºC using an electric 348 

heating pad. At the designated time point, we cleared the line by withdrawing 1 mL of blood from the 349 

catheter and discarded it.  After this, we collected 1.5-2 mL of blood into 4 mL lithium heparin tubes, and 350 

placed the tubes into a 4ºC container at the bedside. These blood samples were processed immediately 351 

by centrifuging them at 1200 x g (4ºC) for 15 minutes, removing the plasma, and storing the samples at -352 

80ºC. Plasma samples were shipped from HKMU to Duke University using liquid nitrogen 353 

cryopreservation shippers.  354 

 355 

Amino acid measurements and kinetics calculations. We measured plasma amino acid levels with a 356 

Hitachi L-8800 amino acid analyzer. For measurements of isotope abundance we employed two 357 

independent mass spectrometry (MS) methods. MS Method 1 was conducted a priori. MS Method 2 358 

employed a more sensitive instrument for isotope abundance measurements. The second method was 359 

conducted post hoc in order to cross-validate our measurements with MS Method 1, thereby confirming 360 

the analytical validity of our results.   361 

MS Method 1. We  measured isotope abundance by ultra-performance liquid chromatography 362 

electrospray ionization tandem mass spectrometry (UPLC-ESI-MSMS) in positive ion mode using Waters 363 

Xevo TQ equipped with Acquity UPLC System (62).  Arginine, citrulline, and ornithine were extracted 364 

from plasma samples using cation Oasis MCX 30mg exchange cartridge (Waters) followed by 365 

methanolysis using 3M HCl in methanol at 65ºC for 60 minutes. We dried these under nitrogen before 366 

reconstitution in 200 µL of matrix Buffer B (MeCN:H20 [95:5, v:v] containing 2 mM NH4Ac and 0.1% 367 

formic acid).  We injected reconstituted samples (5 µL) into the UPLC-ESI-MSMS system. Separation 368 

was done using a Waters BEH Amide UPLC column (1.7 µm 2.1 x 100 mm) with gradient elution using 369 

the following buffers: MeCN:H20 (5:95, v:v) containing 2 mM NH4Ac and 0.1% formic acid (Buffer A); and 370 

Buffer B. 371 
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Labeled arginine, citrulline, ornithine, and their isotope abundances were analyzed by selected 372 

ion monitoring (SIM) with mass resolution 0.5 amu. In general, unlabeled molecular ion expressed as A, 373 

and n heavy isotopes labeled molecular ion as A+n (heavy isotope incorporated at n positions). A tracer 374 

to tracee ratio (TTR) also described as isotope enrichment is the abundance of n labeled tracer with 375 

molecular ion A+n relative to the abundance of the target tracee metabolite with molecular ion A, and its 376 

isotope molecular ions in natural abundance: A+1, A+2, A+3, …. Usually, A+4 and more heavy isotopes 377 

labeled molecular ions in natural abundance are negligible. The following isotope abundances of 378 

citrulline and ornithine were measured: citrulline (A+9), a product of NOS; citrulline (A+7), a product of 379 

ornithine transcarbamoylase; and ornithine (A+7), a product of arginase (45, 63), (See  Fig 1C for 380 

schematic of heavy isotope atoms on the labeled molecules of arginine, citrulline and ornithine, 381 

respectively). The isotope signals of citrulline corresponding to A (m/z 190), A+1 (m/z 191), A+7 (m/z 382 

197), and A+9 (m/z 199) were eluted at retention time 2.22 minute during the UPLC chromatography 383 

profile, where A is the most abundant isotope signal of the protonated derivative (m/z 190). In the same 384 

injection, the isotope signals of arginine corresponding to A+1 (m/z 190), A+2 (m/z 191), and A+10 (m/z 385 

199) were collected at retention time 2.82 minute. The isotope signals of ornithine corresponding to A 386 

(m/z 147), A+1 (m/z 148), and A+7 (m/z154) were analyzed by SIM at retention time 2.88 minute during 387 

the UPLC gradient using the same inlet method but in a separate injection. Isotope measurements with 388 

MS Method 1 were performed on samples collected at timepoints 0, 60, 90, 120, 150 and 180 minutes 389 

during the heavy isotope-labeled arginine infusion.  390 

MS Method 2. Isotope abundance was also measured using the ZipChip CE system with HS chip 391 

(908 Devices, Inc) coupled to a Q Exactive HF Oribtrap mass spectrometer (Thermo Fisher Scientific). 392 

These methods were as follows: 20 µL plasma was transferred into labeled eppendorf tube. To this tube 393 

we added 140 µL MeOH at room temperature, followed by 40 µL 0.5 M ammonium acetate. The sample 394 

was shaken at 1000 rcf on a Thermomixer (Eppendorf) at room temperature for 10 minutes. Samples 395 

were cooled to dry ice temperature, then spun at 20,000 rcf at 4C for 10 minutes before aliquoting 396 

supernatant to glass autosampler vials.  397 
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 Isotope incorporation data was measured for arginine, citrulline and ornithine in the following 398 

manner: the ZipChip CE was operated using an autosampler to deliver 10 µL of sample, and 8 nL 399 

injection was performed using pressure. The capillary electrophoresis (CE) separation was performed 400 

with 1000 V/cm and pressure assist at 2 minutes, for a total of 4 minutes. The mass spectrometry 401 

analysis for arginine (isotopes A and A+10) and citrulline (isotopes A, A+7, and A+9) was performed in 402 

positive ion mode, with a SIM scan (selected ion monitoring) method of 170-190 m/z and 2e5 ions as 403 

AGC target, maximum IT of 60 ms, at 240,000 resolution with data collected in centroid mode. Ornithine 404 

(isotopes A, A+7) was measured using a separate CE injection under the same conditions, but with Q 405 

Exactive HF settings 70-500 m/z and 3e6 ions as AGC Target and 120,000 resolution. Accurate mass 406 

extraction with a tolerance of 2 ppm was performed using Skyline v4.1. Isotopic incorporation of the non-407 

native stable isotopes was calculated as a percentage of the total, considering the contribution of native 408 

isotopes A and A+1 for both arginine, citrulline and ornithine. Isotope measurements with MS Method 2 409 

were performed on samples collected at timepoints 60, 90, 120, and 150 minutes during the heavy 410 

isotope-labeled arginine infusion. Timepoints 0 and 180 minutes were omitted because we aimed to use 411 

MS Method 2 to cross-validate our measurements at steady state. Accordingly, timepoint 0 minutes was 412 

extraneous; and heavy isotope-labeled arginine measurements by MS Method 1 had shown a drop from 413 

steady-state at timepoint 180 minutes, and therefore timepoint 180 minutes was not included in the MS 414 

Method 2 cross-validation of steady-state measurements.   415 

 416 

Isotope enrichment and arginine flux calculations. Arginine A+10 enrichment (arginine A+10 tracer to 417 

tracee ratio) was calculated according to the following Equation (1): 418 

𝑇𝑇𝑅𝐴𝑟𝑔 𝐴+10 = 
100×

[𝐴+10]

[𝐴+1]

1184.41
      (1)        419 

 420 

Here, [A+10] and [A+1] are the absolute peak intensities of isotope molecular ion A+10, and A+1, and 421 

1184.41 is the theoretical sum of the peak intensities of A, A+1, A+2 and A+3 in natural abundance 422 

normalized to A+1 peak intensity (arbitrarily 100). The peak intensities of A+4, A+5 … are considered to 423 

be negligible and are not included in the calculation.  424 
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 425 

Citrulline A+9 enrichment was also calculated as tracer to tracee ratio according to equation (2) 426 

 427 

𝑇𝑇𝑅𝑐𝑖𝑡 𝐴+9 =
100×

[𝐴+9]

[𝐴]

𝑆𝑢𝑚 (%𝐵𝑃𝐼)
                      (2) 428 

 429 
Where Sum (%BPI) is the theoretical sum of % base peak intensity (%BPI) in natural abundance. In a 430 

mass spectrum, the peak with highest intensity is referred to as the base peak, and its intensity is 431 

arbitrarily set at a value of 100, and other peaks intensities are set at the percent of base peak intensity 432 

(BPI). Here, unlabeled citrulline molecular ion A is the most abundance ion, has highest intensity and 433 

its %BPI is 100, the % BPI of A+1, A+2 and A+3, are peak intensities of A+1, A+2, and A+3 normalized 434 

to A (arbitrarily 100). In the isotope model of protonated citrulline molecular ion, the sum (%BPI) is 108.8 435 

in natural abundance. Enrichment of citrulline A+7 and ornithine A+7 were also calculated as tracer to 436 

tracee ration in an analogous manner to equation 2 above. In the steady state, arginine flux rate (i.e., 437 

appearance or disappearance of arginine) = isotope infusion rate divided by isotope enrichment.  438 

 439 

Data Analysis.  For both the observational study of arginine amino acid precursor concentrations and 440 

the arginine flux study, statistical analyses were performed with STATA 14 (Statacorp). Variables with a 441 

normal distribution are presented as means with 95% confidence intervals, and the Student’s t-test was 442 

used to assess differences between groups, and anova with bonferonni correction was used for 443 

comparisons across more than 2 groups (HC, UM, and CM for observational study). For variables that 444 

did not have a normal distribution, results are presented as median with interquartile range (IQR), the 445 

Wilcoxon rank sum test was used to assess differences between groups, and Kruskal-Wallis test was 446 

used for comparisons across more than two groups (HC, UM and CM for observational study). Chi-447 

square test was used to compare proportions between groups. A two-sided p-value ≤0.05 was the 448 

threshold for statistical significance.   449 

  450 
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Table 1. Baseline clinical characteristics of healthy children (HC), children with uncomplicated 677 

malaria (UM) and children with cerebral malaria (CM).  678 

Variable HC (n=109) UM (n=61) CM (n=45) p-value 

Age (years) 2.9 (2.6-3.2) 3.6 (3.2-4.0) 4.2 (3.8-4.6) <0.001AB 

Female (%) 44 (45) 30 (49) 17 (37) 0.436# 

Weight (kg) 12.8 (12.2-13.4) 14.1 (13.2-15.1) 15.3 (14.2-16.4) <0.001B 

Last Food (Hours) 3.2 (2.9-3.6) 5.8 (4.6-6.9) 6.6 (4.6-8.6) <0.001AB 

Temperature (˚C) 36.7 (36.6-36.7) 39.1 (38.8-39.3) 38.2 (37.9-38.6) <0.001ABC 

Heart Rate (beats per 

minute) 

103 (101-106) 116 (111-121) 131 (125-137) <0.001ABC 

Mean Arterial Blood 

Pressure (mmHg) 

65 (63-66) 67 (65-68) 74 (71-77) <0.001BC 

Respiratory Rate 

(breaths per minute) 

32 (31-33) 37 (35-39) 43 (39-47) <0.001ABC 

White Blood Cells (x 

103/µL) 

10.7 (9.1-12.4) 8.9 (8.1-9.7) 10.0 (8.6-11.5) 0.226 

Hemoglobin (g/dL) 10.7 (10.4-11.1) 8.3 (7.7-8.9) 7.1 (6.6-7.7) <0.001ABC 

Platelets (x 103/µL) 301 (269-332) 154 (128-180) 85 (67-103) <0.001ABC 

Creatinine (mg/dL)++ ND 0.3 (0.3-0.4) 0.6 (0.4-0.8) <0.001 

Glucose (mg/dL)++ ND 119 (99-143) 118 (104-132) 0.936 

Parasitemia 

(parasites/µL)^ 

0  94,451 (32,440-

211,264) 

42,744 (8592-

131,424) 

0.018 

Results are presented as mean (95% confidence intervals) unless otherwise noted. Anova oneway test 679 

of significance with Bonferroni correction was used for comparison across all groups unless otherwise 680 

noted.  681 

# Chi square test of proportions.  682 
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++ Creatinine and glucose were obtained in only 27 UM and 43 CM patients and Student’s t-test was the 683 

test of significance.  684 

^ Results are presented as median (interquartile range) and Wilcoxon rank sum was the test of 685 

significance.  686 

A=  Bonferroni correction p<0.05 for HC vs. UM comparison 687 

B= Bonferroni correction p<0.05 for HC vs. CM comparison 688 

C= Bonferroni correction p<0.05 for UM vs. CM comparison 689 

 690 

   691 
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Table 2. Number (percent) of healthy children (HC), children with uncomplicated malaria (UM) and 692 

children with cerebral malaria (CM) with plasma concentrations below the pediatric normal 693 

reference range for arginine and amino acid precursors for de novo arginine synthesis.  694 

 695 

Amino Acid  Lower Limit of Reference 

Range* (µM) 

HC (n=109) UM (n=61) CM (n=45) p-value+ 

Glutamine  410 31 (28) 57 (93) 38 (84) <0.001 

Glutamate  10 0 (0) 0 (0) 1 (2) 0.150 

Proline  110 5 (5) 18 (30) 18 (40) <0.001 

Ornithine  20 0 (0) 21 (34) 20 (44) <0.001 

Citrulline  6 (<12 months of age) 

 10 (≥12 months of age) 

4 (4) 38 (62) 34 (76) <0.001 

Arginine 20 (<12 months of age) 

40 (≥12months of age) 

10 (9) 52 (85) 36 (80) <0.001 

*As no established reference range was available for Tanzanian children, the lower limits were taken 696 

from North American pediatric normal ranges established by the reference laboratory that performed the 697 

plasma amino acid measurements for this cohort study (34).   698 

+ Chi-square test was used to compare proportions across all three groups.  699 

 700 

 701 

  702 
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Table 3. Baseline clinical characteristics of healthy children (HC) and children with severe malaria 703 

(SM) included in the arginine flux infusion study.    704 

Variable HC (n=7) SM (n=8) p-value 

Age (years) 7 [5-8] 5 [4-7.5] 0.213 

Female (%) 57.1  50.0 0.077# 

Weight (kg)* 21.9 [17.8-26.1] 16.9 [13.7-20.2] 0.039 

Last Food (Hours) 14 [14-16] 12 [8-12] 0.019 

Temperature (˚C)* 36.7 [36.4-37.1] 37.6 [37.8-38.5] 0.055 

Heart Rate (beats per minute) 92 [87-104] 113 [101-160] 0.020 

Mean Arterial Blood Pressure 

(mmHg) 

70 [69-73] 70 [68-72] 0.859 

Respiratory Rate  

(breaths per minute) 

24 [22-26] 41 [34-53] 0.003 

White Blood Cells (x 103/ µL) 5.3 [4.1-6.6] 7.4 [4.6-10.3] 0.247 

Hemoglobin (g/dL)* 11.2 [10.3-12.2] 7.7 [6.0-9.3] 0.001 

Platelets (x 103/ µL)* 299 [81-517]  65 [46-83] 0.023 

Creatinine (mg/dL)++ 0.4 [0.3-0.4] 0.6 [0.3-0.6] 0.291 

Lactate (mmol/L)++ 2.2 [2.2-2.3] 2.4 [1.6-3.3] 0.684 

Glucose (mg/dL)++ 91 [76-99] 87 [55-102] 0.567 

Parasitemia (parasites/µL) 0 305,445 [262,760-422,680] N/A 

 705 
Values are median [inter-quartile range], and Wilcoxon rank sum was test of significance unless otherwise noted. 706 

N/A= not applicable. 707 

# Chi-square test of proportions.  708 

*Mean and 95% confidence intervals, Student’s t-test of significance. 709 

++ N= 5 HC and 7 SM; sample was insufficient for remaining participants.710 
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 711 

Table 4. Plasma amino acids concentrations in healthy children (HC) and children with severe malaria 712 

(SM) enrolled in heavy isotope-labeled arginine infusion study.  713 

Amino acid HC (n=7) SM (n=8) p-value 

Arginine 78 [63-79] 43 [29-57] 0.039 

Ornithine 35 [29-47] 24 [17-35] 0.200 

Citrulline 16 [12-22] 7 [6-9] 0.002 

 714 

 715 
Measurements are µM and presented as median [inter-quartile range], and Wilcoxon rank sum was test of 716 

significance. 717 

 718 
 719 
  720 
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 FIGURES 721 

 Figure 1A. L-arginine de novo synthesis pathways 722 

 723 
Figure 1A legend.  L-arginine de novo synthesis. Reactions 1 – 7 take place in small intestinal 724 

enterocytes; reactions 8-9 take place in proximal tubular cells of the kidney and reaction 10 takes place 725 

in microvascular endothelial cells in many organs of the body. 726 

Definitions of steps 1-10:  1, glutaminase; 2, pyrroline-5-carboxylase synthetase; 3, P5C synthetase (bi-727 

functional enzyme); 4, non-enzymatic (equilibrium favors P5C): 5, proline oxidase; 6, ornithine 728 

aminotransferase; 7, ornithine carbamoyltransferase; 8 argininosuccinate synthetase; 9, 729 

argininosuccinate lyase; 10, nitric oxide synthase. The diagram was adapted and modified from Wu and 730 

Morris (45). 731 

  732 
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Figure 1B. Arginine balance in healthy, fed state 736 

 737 
 738 

Figure 1B Legend. Arginine balance during health (fed state) based upon studies of human adults.  The 739 

urea synthesis is cyclic with neither net loss nor gain of amino acids.  De novo synthesis of arginine 740 

occurs from metabolism of glutamine in the gut and kidney, and arginine is also derived from proteolysis 741 

and the diet.  Arginine is disposed through synthesis of proteins, proline, creatine, agmatine, and 742 

polyamines, as well as oxidation to carbon dioxide and water (42, 45). Action on arginine by arginase can 743 

occur within the liver as part of the urea cycle or extra-hepatic, in many cell types, as part of arginine 744 

oxidative degradation. Arginine succinate synthetase and arginine-succinate lyase participate in arginine 745 

re-cycling. Under homeostatic conditions in the fed state, arginine flux is ~70 µmol/hour/kg in adult 746 

humans. The numbers in parentheses show the percentage of arginine flux through various metabolic 747 

routes (49, 50).   748 

749 
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Figure 1C 751 

Metabolic scheme showing the fate of heavy isotope labeled L-arginine and its metabolites  752 

 753 

 754 
 755 

Figure 1C Legend. The Figure illustrates the pathway of 13C6-uniform-15N4-uniform-labeled L-arginine 756 

(A+10) producing citrulline (A+9) via the nitric oxide synthase (NOS) pathway, and heavy isotope13C6-757 

uniform-15N4-uniform-labeled labeled L-arginine (A+10) producing ornithine A+7 and citrulline A+7 via the 758 

arginase pathway. *signifies a heavy-isotope atom. Accordingly, ‘A’ represents the unlabeled, most 759 

abundant amino acid molecule, and the integer (A+10, A+9, or A+7) signifies the number of heavy 760 

isotope atoms on the labeled molecule, as shown by the asterisks. OTC= ornithine transcarbamoylase. 761 

  762 
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Figure 2. Plasma concentrations of arginine and its amino acid precursors among healthy 765 

children, children with uncomplicated malaria (UM) and children with cerebral malaria (CM) 766 

 767 

Figure 2 Legend. Plasma amino acid levels presented as median (horizontal line) with interquartile 768 

range (vertical line with whiskers). The dashed line represents the lower limit of normal taken from 769 

established pediatric reference range (34). Median (interquartile range) levels (A)  glutamine, HC 457 770 

(400-508), UM 300 (256-365) and CM 257 (195-320) µM (B) glutamate HC 73 (58-105), UM 42 (29-60) 771 

and CM 28 (17-65) µM, (C) proline HC 190 (151-252), UM 144 (107-184) and CM 130 (90-294) µM, (D) 772 

ornithine HC 49 (39-66), UM 24 (16-35) and CM 21 (14-32) µM, (E) citrulline HC 20 (15-25), UM 8 (7-11), 773 

and CM 6 (5-9) µM, and (F) arginine HC 61 (51-78), UM 28 (21-35) and CM 27 (19-37). For citrulline (E) 774 

and arginine (F), the lower limit displayed is for children ≥12 months of age. Twelve of 109 HC were 775 

infants, all of whom had citrulline and arginine measurements above the lower limits of normal for infants 776 

(6 µM and 20 µM, respectively). Four of 61 UM were infants, all of whom had a citrulline level above the 777 

lower limit of normal for infants; two UM infants had arginine measurements below the lower limit of 778 

normal for infants. Wilcoxon rank sum was test of significance.  779 
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Figure 3.  Plasma mole-fractions of labeled arginine during infusion of heavy isotope tracer 782 

among healthy children (HC) and children with severe malaria (SM). 783 

 784 

 785 

Figure 3 Legend. (A-D)  The mole-fraction of arginine A+10 for each of the 7 HC  and for each of the 8 786 

SM measured at time intervals during arginine A+10 infusion. (A) Mole-fraction measurements by MS 787 

Method 1 for each HC  before priming dose and at 30-minute intervals through 180 minutes.  Note that 1 788 

HC child had inadvertently received a fraction of the priming dose briefly before the first blood sample 789 

was taken, and thus the time zero mole-fraction value was above zero. (B) Mole-fraction measurements 790 

by MS Method 2 for each HC at timepoints 60 to 150 minutes. (C) Mole-fraction measurements by MS 791 

Method 1 for each SM  before priming dose and at 30-minute intervals through 180 minutes. Note that 2 792 

SM had inadvertently received a fraction of the priming dose briefly before the first blood sample was 793 

taken, and thus their time zero mole-fraction values were above zero. (D)  Mole-fraction measurements 794 

by MS Method 2 for each SM at timepoints 60 to 150 minutes. 795 

(E-H) The mean mole-fraction for the respective clinical group (aggregate average for the 7 HC  and 796 

aggregative average for the 8 SM) at each time point (95% Confidence Interval; vertical lines with 797 

whisker). (E) HC by MS Method 1, (F) HC by MS Method 2, (G) SM by MS Method 1 and (H) SM by MS 798 

Method 2.  799 

  800 

 on M
ay 14, 2019 by guest

http://iai.asm
.org/

D
ow

nloaded from
 

http://iai.asm.org/


 42 

 801 

  802 

 on M
ay 14, 2019 by guest

http://iai.asm
.org/

D
ow

nloaded from
 

http://iai.asm.org/


 43 

Figure 4.  Steady-state mean mole-fractions of labeled arginine for each of the healthy children 803 

(HC) and for each of the children with severe malaria (SM).  804 

 805 

Figure 4 Legend. (A) Mean mole-fractions of labeled arginine A+10 for each HC and each SM child as 806 

measured by MS Method 1 (A) and by MS Method 2 (B): the shape represents the average mole-fraction 807 

measurement for each participant (derived from all measurements from time points 60 to 150 minutes for 808 

each individual). Horizontal lines display the means for each group, and vertical lines with whiskers 809 

display the 95% confidence intervals (CI). Student’s t-test was test of significance.  810 
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Figure 5. Steady state arginine flux comparisons between healthy children (HC) and children with 814 

severe malaria (SM).  815 

 816 

Figure 5 Legend. The mean arginine flux values for each HC and SM child.  Arginine flux is in 817 

micromoles (µmol) per hour per kilogram body weight calculated from Fig 2A data using equation 1 in 818 

the Material and Methods section. Arginine flux values are presented as median (horizontal lines) with 819 

inter-quartile ranges (vertical lines with whiskers). The p-value was derived by Wilcoxon rank sum was 820 

test of significance.  821 

  822 

 on M
ay 14, 2019 by guest

http://iai.asm
.org/

D
ow

nloaded from
 

http://iai.asm.org/


 46 

 823 

 824 

  825 

 on M
ay 14, 2019 by guest

http://iai.asm
.org/

D
ow

nloaded from
 

http://iai.asm.org/


 47 

Figure 6: Plasma mole-fractions of ornithine A+7 during heavy isotope arginine infusion among 826 

healthy children (HC) and children with severe malaria (SM).  827 

 828 

Figure 6 Legend. Ornithine A+7 represents heavy isotope labeled arginine A+10 that has been 829 

metabolized via the arginase pathway, producing ornithine A+7 and urea (see Fig 1C). (A-D) The mole-830 

fraction of ornithine A+7 for each of the 7 HC  and for each of the 8 SM measured at time intervals during 831 

arginine A+10 infusion. (A) Mole-fraction measurements by MS Method 1 for each HC  before priming 832 

dose and at 30-minute intervals through 180 minutes.  (B) Mole-fraction measurements by MS Method 2 833 

for each HC at timepoints 60 to 150 minutes. (C) Mole-fraction measurements by MS Method 1 for each 834 

SM  before priming dose and at 30-minute intervals through 180 minutes. (D)  Mole-fraction 835 

measurements by MS Method 2 for each SM at timepoints 60 to 150 minutes. 836 

(E-H) The mean mole-fraction for the respective clinical group (aggregate average for the 7 HC  and 837 

aggregative average for the 8 SM) at each time point (95% Confidence Interval; vertical lines with 838 

whisker). (E) HC by MS Method 1, (F) HC by MS Method 2, (G) SM by MS Method 1 and (H) SM by MS 839 

Method 2.  840 
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Figure 7: Plasma mole-fractions of citrulline A+7 during heavy isotope arginine infusion among 844 

healthy children (HC) and children with severe malaria (SM).  845 

 846 

Figure 7 Legend. Ornithine(A+7) can undergo conversion to citrulline(A+7) via ornithine 847 

transcarbamoylase (see Fig 1C). (A-D) The mole-fraction of citrulline A+7 for each of the 7 HC  and for 848 

each of the 8 SM measured at time intervals during arginine A+10 infusion. (A) Mole-fraction 849 

measurements by MS Method 1 for each HC  before priming dose and at 30-minute intervals through 850 

180 minutes.  (B) Mole-fraction measurements by MS Method 2 for each HC at timepoints 60 to 150 851 

minutes. (C) Mole-fraction measurements by MS Method 1 for each SM  before priming dose and at 30-852 

minute intervals through 180 minutes. (D)  Mole-fraction measurements by MS Method 2 for each SM at 853 

timepoints 60 to 150 minutes. 854 

(E-H) The mean mole-fraction for the respective clinical group (aggregate average for the 7 HC  and 855 

aggregative average for the 8 SM) at each time point (95% Confidence Interval; vertical lines with 856 

whisker). (E) HC by MS Method 1, (F) HC by MS Method 2, (G) SM by MS Method 1 and (H) SM by MS 857 

Method 2.  858 
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Figure 8: Plasma mole-fractions of citrulline A+9 during heavy isotope arginine infusion among 863 

healthy children (HC) and children with severe malaria (SM).  864 

 865 

Figure 8 Legend. Citrulline(A+9) represents heavy isotope-labeled arginine (A+10) that has been 866 

metabolized via NOS pathway, producing Citrulline(A+9) and NO (see Fig 1C). (A-D) The mole-fraction 867 

of citrulline A+9 for each of the 7 HC  and for each of the 8 SM measured at time intervals during 868 

arginine A+10 infusion. (A) Mole-fraction measurements by MS Method 1 for each HC  before priming 869 

dose and at 30-minute intervals through 180 minutes.  (B) Mole-fraction measurements by MS Method 2 870 

for each HC at timepoints 60 to 150 minutes. (C) Mole-fraction measurements by MS Method 1 for each 871 

SM  before priming dose and at 30-minute intervals through 180 minutes. (D)  Mole-fraction 872 

measurements by MS Method 2 for each SM at timepoints 60 to 150 minutes. 873 

(E-H) The mean mole-fraction for the respective clinical group (aggregate average for the 7 HC  and 874 

aggregative average for the 8 SM) at each time point (95% Confidence Interval; vertical lines with 875 

whisker). (E) HC by MS Method 1, (F) HC by MS Method 2, (G) SM by MS Method 1 and (H) SM by MS 876 

Method 2.  877 
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