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We have previously shown that nitric oxide (NO) is protective against development of severe 

malaria (SM). We showed that plasma arginine, NO metabolites, and PBMC NO synthase (NOS) 

protein and RNA are very low in children with falciparum SM compared with healthy children 

(HC) [1,2].  In the present study, we conducted primed infusions of 13C6,
15N4-labeled arginine in 

10 children with SM and 10 HC children under an IRB-approved protocol, and then determined 

isotopic-enrichment of both arginine and citrulline at baseline and 90, 120, 150, 180 min post-

infusion.   Plasma amino acid levels were measured by an amino acid analyzer (Hitachi L-8800).  

Isotope ratios were determined by UPLC-MSMS with selected ion monitoring (Waters BEH 

Amide 1.7 µm 2.1x100 mm UPLC column; Waters Xevo TQ with Acquity UPLC System).  

Isotopic equilibrium in arginine was attained within 180 min.  At that time point, arginine flux 

was determined to be higher in children with SM than in HC children.  Median values were 108 

in SM (range 84-144) vs 85 in HC (68-95) µmol/kg/hr.  In addition, differences in the isotopic 

labeling patterns allowed us to distinguish between citrulline produced from arginine via the urea 

cycle and citrulline produced by NOS (Figure 1).  The signals for A+9 citrulline derived from 

A+10 arginine via the NOS pathway, and A+7 citrulline derived from A+10 arginine via the urea 

cycle are shown relative to A and A+1 signals at baseline and at 180 min post-infusion in the 

example shown in Figure 2.  By calculation of the isotopic enrichment and knowing the total 



citrulline plasma concentration, the approximate concentrations of the enriched forms of 

citrulline were determined and compared. A+ 9 citrulline in children with SM was significantly 

lower than that in HC children (Figure 3).  Overall, our results definitively demonstrate that 

children with severe falciparum malaria have increased arginine flux and decreased citrulline 

derived from actions of NOS (and thus decreased NO production).  
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Figure 1. The pathways of isotope-labeled arginine (A+10) producing citrulline (A+9) by action 
of nitric oxide synthase (NOS) and citrulline (A+7) generated from the urea cycle. 

  



 

 

 

Figure 2. The selected ion monitoring (SIM) chromatograms of citrulline (A+9), citrulline (A+7), 
citrulline (A+1) and citrulline (A): left panel at baseline, right panel at 180 min post infusion. 

  



 

Figure 3. Citrulline (A+9) levels in severe malaria (SM) patients compared to those in healthy 
children (HC). The mean level of citrulline (A+9) derived from nitric oxide synthase for SM was 
significantly lower than that in HC (p value = 0.016, analyzed by unpaired t test with Welch's 
correction). 


