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Introduction

Malaria is a devastating disease caused by the protozoan parasite Plasmodium. The most com-
mon Plasmodium species that infect humans are Plasmodium falciparum and Plasmodium
vivax, which together cause the vast amount of the disease’s morbidity and mortality world-
wide [1]. From a clinical perspective, Plasmodium causes a spectrum of disease ranging from
asymptomatic to severe. From a biochemical perspective, malaria involves an interconnection
of host and parasite through a shared resource environment, resulting in the exchange of
nutrients and signaling molecules. Within the bloodstream of Plasmodium-infected hosts, per-
turbations in the levels of various metabolites occur, including amino acids, lipids, fatty acids,
sugars, and heme metabolites [2].

Metabolomics is a robust tool to study host-pathogen interactions. In-depth analysis of
metabolism and the associated by-products and pathways can be viewed in snapshots of time,
and the biochemical fingerprints contribute greatly to our understanding of the complex inter-
action between hosts and pathogen [3]. Metabolomics utilizes methods such as nuclear mag-
netic resonance (NMR) spectroscopy, liquid chromatography-mass spectrometry (LC-MS),
or gas chromatography-mass spectrometry (GC-MS) to identify small weight molecules
known as metabolites. Analyses can be performed on biological fluids and tissues (e.g., plasma
and urine), volatile organic compounds (VOCs, e.g., odor from breath or skin), and cell cul-
tures as either untargeted or targeted, the former outputting a vast dataset based on chemical
features (e.g., mass-to-charge ratio) and the latter including chemical annotations based on
reference compounds. Metabolite results can be further analyzed for biochemical involvement
using publicly available databases such as Malaria Parasite Metabolic Pathways (MPMP) [4]
and Kyoto Encyclopedia of Genes and Genomes (KEGG) [5], to name a few.

Within the past several years, numerous published works have emerged that employ meta-
bolomics methodology toward the goal of better understanding malaria infection. These meta-
bolome studies have both confirmed previous biological findings that were determined
through careful molecular and cellular experimental work as well as shed light on new findings
for which the biological underpinnings are still unclear. Prior reviews have provided an over-
view of the metabolism of Plasmodium from a host-parasite interaction viewpoint [6,7] as well
as covering how host metabolites may contribute to malaria transmission [8]. Here, this review
aims to summarize the status of our knowledge about metabolic fluctuations that occur in the
host during malaria infection that may relate to malaria pathogenesis, immunity, and diagno-
sis. In particular, we focus on amino acid, lipid and fatty acid, and red blood cell (RBC)-related
alterations in the bloodstream of hosts during malaria infection and how this compares to
other diseases. We also discuss metabolites produced by the parasite and by the gut microbiota,
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respectively, and discuss the potential for metabolite-based biomarkers to aid in malaria
diagnostics.

Bloodstream amino acid and glucose perturbations in malaria

A significant depletion of amino acids occurs in the bloodstream of Plasmodium-infected
hosts, and a number of studies have characterized these perturbations [9-22]. Of these, argi-
nine, glutamine, and tryptophan have received the most attention in recent studies due to the
direct clinical consequences when either are decreased. Low levels of arginine in the blood-
stream during malaria may underlie downstream consequences of impaired vasodilation,
endothelial disruption, and reduced nitric oxide production [16]. While depletion of host argi-
nine could derive in part from parasite-specific processes (e.g., elevated Plasmodium arginase
activity [19]), experiments using murine and nonhuman primate models paired with analyses
of human samples have demonstrated simultaneously diminished levels of arginine and its
biosynthetic pathway metabolites (e.g., ornithine and citrulline) in the blood of malaria-
infected hosts [9,18,21] (Fig 1A). This work suggests that arginine depletion results, at least in
part, from a block in host production, in addition to parasite arginase activity. So, why is argi-
nine in low supply? A probable cause is the limited bioavailability of precursors for arginine
biosynthesis, including glutamine and proline, which decrease in parallel during malaria [21].

Glucose and glutamine are important precursors for energy production by both host and
parasite. Plasmodium relies primarily on glycolysis for ATP production, and parasites take up
glucose in large amounts during their development, leading to increased lactate production
[23]. P. falciparum—-infected hosts may have increased lactate in the bloodstream, a condition
called metabolic acidosis [24], and glycolysis pathway metabolites have been shown to be par-
ticularly perturbed in the bloodstream of P. falciparum malaria patients [25].

For ATP production, both Plasmodium-infected RBCs and host immune cells also consume
glutamine, which is fluxed into the tricarboxylic acid (TCA) cycle [23,26,27], and plasma
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Fig 1. Examples of metabolic pathways perturbed in the host during acute malaria. Biochemical pathways of amino acids (yellow), lipids (purple), and heme
(green) found to be either increased (red) or decreased (blue) in acute malaria as compared to healthy individuals. (A) Amino acids involved in the de novo
biosynthesis of arginine are globally decreased during malaria [9,18,21]. Metabolic changes associated with malaria also include (B) elevated conversion of
tryptophan to kynurenine via IDO enzyme [9,11,20,28], (C) depleted LPC from phospholipids [9,11,32], and (D) increased heme products indicating hemolysis
and hemoglobin degradation [9-11]. (E) Lysine catabolism into pipecolic acid is also detected in Plasmodium infections [33-35]. IDO, indoleamine
2,3-dioxygenase; LPC, lysophosphatidylcholine.

https://doi.org/10.1371/journal.ppat.1008930.9001
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glutamine levels are depleted in the human host in both falciparum and vivax malaria
[9,21,22,28]. In addition to impacting arginine biosynthesis (Fig 1A), low plasma glutamine
has been associated with severe malarial anemia in children with P. falciparum [29] and with
impaired humoral immunity in a murine model of severe malaria [27]. Conversely though,
inhibiting glutamine metabolism is associated with increased survival in a murine model of
late stage cerebral malaria (CM) via reducing immune-mediated pathology in the brain [30].
Glutamine may therefore be a “double-edged sword” in the pathogenesis of malaria due to its
opposing effects on these different manifestations of disease.

Also implicated in severe malaria is the enzymatic conversion of tryptophan to kynurenine,
which is elevated during severe malaria, resulting in the production of neurotoxic metabolites
(e.g., quinolinic and kynurenic acid), which are thought to play a role in CM [11,20] (Fig 1B).
A decrease in indolepropionate, a neuroprotective derivative of tryptophan, is also observed in
the bloodstream of humans with CM and may further contribute to neurological dysregulation
[11]. Elevated production of kynurenine from tryptophan is not, however, specific to neuro-
logical diseases like CM, and similar perturbations have been observed in non-CM malaria
[9,20,28]. Elevated kynurenine also indicates elevated indoleamine 2,3-dioxygenase (IDO)
enzymatic activity and the initiation of the host’s immunotolerant responses. While trypto-
phan catabolites may have a neurotoxic role, the catabolism of tryptophan is likely driven by
the host’s acute response to malaria, which includes both pro-inflammatory and anti-inflam-
matory tolerogenic programs [31].

Bloodstream lipid and fatty acid perturbations in malaria

Acute falciparum and vivax malaria infections in humans coincide with a reduction in mono-
unsaturated fatty acid—containing phospholipids, a reduction of lysophosphotidylcholines
(LPCs), and an elevation in fatty acyl carnitines [9,10,32]. This pattern suggests an increase in
beta oxidation of fatty acids in mitochondria as a means of energy production. Phospholipase
A, (PLA,) is a host hydrolytic enzyme that acts on phospholipids to release lysophospholipids
and free fatty acids. In humans with falciparum malaria, PLA, activity has been associated
with an enrichment of a particular downstream product, arachidonic acid (AA), which modu-
lates inflammation [11]. Prior metabolomic studies correlated brain volume with downstream
PLA, products, suggesting that this pathway may play a key role in the pathogenesis of CM
[12].

LPCs are reduced in humans with acute malaria (Fig 1C) [9,11,32], which may result in
part from host metabolic processes that are altered during acute infection states. The parasite
may also play a role in depleting host plasma LPC, as parasites take up lipids and fatty acids
from their environment to build their own membranes. Regardless, low levels of certain gly-
cerophospholipids, such as LPC, in plasma may promote conversion to Plasmodium gameto-
cyte stages, which are required for malaria transmission [33,34]. This metabolic perturbation
may therefore play a critical role in perpetuating the life cycle of the parasite.

Red blood cell-related alterations in malaria metabolome

Malaria is associated with a vast loss of RBCs due, in part, to parasite-mediated lysis, with
hemoglobin and free heme being released in the process. Heme containing iron induces oxida-
tive stress on RBCs [35] and likely contributes to further lysis of the host’s uninfected RBCs
during malaria infection (e.g., “bystander effect”) [36]. Metabolic processes are subsequently
mounted by the host in an attempt to detoxify heme. Free heme converts to bilirubin in the
liver, spleen, and bone marrow using biliverdin as an intermediate, or in the intestine, using
urobilinogen as an intermediate. Multiple reports document elevated biliverdin, bilirubin, L-
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urobilin, and I-urobilinogen in the plasma of human malaria and its animal models [9-11],
presumably resulting from the host’s response to free heme during malaria infection (Fig 1D).

Metabolic changes during mild or asymptomatic malaria

Although mild or asymptomatic malaria is generally tolerable compared to its severe form,
low-level chronic parasite carriage is still associated with changes in host metabolism. Studies
of low parasitemia in human falciparum malaria and its nonhuman primate model include
altered energy metabolism pathways and reductions in multiple lipids, including sphingomye-
lins [9]. Sphingolipid metabolism has been thought to play a role in signaling related to
immune responses and vascular integrity and possibly aid in controlling the infection [37].
Aside from bloodstream changes, enriched levels of certain VOCs have also been detected in
the skin odor of humans with asymptomatic P. falciparum malaria, including ethylbenzene,
which has been shown to be a mosquito attractant [8,38].

Comparable metabolic dysregulation in other blood diseases

Some alterations in host bloodstream metabolite levels during malaria are also common
among hosts with other diseases. For instance, decreased arginine levels has received much
attention in malaria, but this amino acid is also markedly decreased in hemolytic anemia and
sepsis, pointing to similar host responses among these conditions [39]. Additionally, altered
levels of kynurenine [40], PLA, [41], and LPC [42] have also been reported in sepsis, highlight-
ing the possibility of common host-mediated metabolic responses across acute bloodstream
infections.

Plasmodium-derived metabolites identified using metabolomics

During its intraerythrocytic development, Plasmodium derives most amino acids from hemo-
globin degradation. In the process, Plasmodium produces various by-products including pipe-
colic acid, a catabolite of lysine (Fig 1E). Pipecolic acid is detected in in vitro P. falciparum
cultures, murine malaria models, and humans with P. falciparum, but not in uninfected RBC
cultures or in humans without malaria infection [43-45]. Other metabolites potentially gener-
ated by the parasite include VOCs pinene and limonene, which may derive from Plasmodium’s
isoprenoid biosynthetic pathways and are detected in P. falciparum cultures and breath of
humans with falciparum malaria [46]. Metabolites in the alpha-linolenic acid pathway, com-
monly found in plants, have also been found in both P. falciparum cultures and plasma from
infected patients [47].

Additional metabolite signatures have been identified through untargeted metabolomics
approaches of P. falciparum in vitro culture, including 3-methylindole, succinylacetone, S-
methyl-L-thiocitrulline, and O-arachidonoyl glycidol [48]. While about half of the detectable
metabolic features measured through this untargeted approach could be mapped to KEGG
metabolic pathways for human and Plasmodium, over 500 metabolic features detected in Plas-
modium culture could not be matched to these databases, and many of these metabolite identi-
ties are yet to be determined. These may represent interesting candidates for future research.

Host gut microbe impact on the metabolome during malaria infection

Plasma metabolomics applied to humans experiencing metabolic acidosis during falciparum
malaria has revealed the presence of organic acids potentially of bacterial origin, including dia-
minopimelic acid, a component of gram-negative bacterial cell wall. Elevated diaminopimelic
acid was observed concomitant with a depletion in L-citrulline [17], which plays a role in
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maintaining intestinal barrier function [49]. Gut barrier integrity can be lost during malaria,
enabling gut microbes to translocate into the bloodstream. As levels of bacteria-associated
metabolites in plasma were associated with elevated disease severity [17], this suggests a poten-
tial link between the presence of these metabolites in the bloodstream and pathological pro-
cesses involving gut bacteria.

Metabolic biomarkers provide potential for novel malaria diagnostic tests

Implementation of point-of-care diagnostics guided by metabolome findings could aid in the
diagnosis and appropriate treatment of malaria and help to differentiate it from non-malarial
febrile illnesses. A current rapid diagnostic test (RDT) for malaria includes detection of histi-
dine-rich protein 2 and 3 (hrp2/3), which unfortunately has failed to detect hrp2/3 gene dele-
tion strains of Plasmodium, which may be rising in prevalence [50]. Furthermore, current tests
do not indicate disease severity which, if incorporated, could provide prognostic benefit to cur-
rent RDTs and allow for prompt treatment and better resource allocation for those likely to
develop severe disease [51]. Studies comparing the metabolome of malaria with non-malarial
febrile illnesses have identified both common and distinct features of malaria [9,52]. RDTs
that include both Plasmodium infection markers (e.g., elevated pipecolic acid [45] and pinene
[46]) and disease severity markers (e.g., depleted arginine [16], glutamine [29], and citrulline
[17]) could have diagnostic and prognostic benefit.

Conclusion

Dynamic perturbations in host metabolites occur in individuals infected with Plasmodium.
Some of these metabolic signatures overlap with other acute infectious and inflammatory
responses, such as sepsis, which is characterized by catabolic distress involving a breakdown of
carbohydrates, lipids, and protein stores. Overall, a notable dysregulation of amino acids and
lipids occurs during Plasmodium infection, likely resulting from catabolic and anabolic pro-
cesses for immune cells and parasites alike. Although there have been significant metabolic
findings to elucidate host and pathogen interactions during malaria as highlighted in this
review, there are still many areas to investigate to further understand metabolic roles during
infection.

Acknowledgments

The authors would like to thank Mary R. Galinski, Charles E. McCall, and Karl B. Seydel for
their feedback on this manuscript.

References

1.  WHO Gilobal Team. World malaria report 2019. 2019 p. 232. Available from: https://www.who.int/
publications-detail/world-malaria-report-2019

2. Ghosh S, Pathak S, Sonawat HM, Sharma S, Sengupta A. Metabolomic changes in vertebrate host dur-
ing malaria disease progression. Cytokine. 2018; 112:32—43. https://doi.org/10.1016/j.cyt0.2018.07.
022 PMID: 30057363

3. Salinas JL, Kissinger JC, Jones DP, Galinski MR. Metabolomics in the fight against malaria. Memorias
do Instituto Oswaldo Cruz. 2014; 109:589-597. hitps://doi.org/10.1590/0074-0276140043 PMID:
25185001

4. Ginsburg H, Abdel-Haleem AM. Malaria Parasite Metabolic Pathways (MPMP) Upgraded with Targeted
Chemical Compounds. Trends Parasitol. 2016; 32:7-9. https://doi.org/10.1016/.pt.2015.10.003 PMID:
26530861

5. Kanehisa M. KEGG: Kyoto Encyclopedia of Genes and Genomes. Nucleic Acids Res. 2000; 28:27-30.
https://doi.org/10.1093/nar/28.1.27 PMID: 10592173

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1008930 November 12, 2020 5/8


https://www.who.int/publications-detail/world-malaria-report-2019
https://www.who.int/publications-detail/world-malaria-report-2019
https://doi.org/10.1016/j.cyto.2018.07.022
https://doi.org/10.1016/j.cyto.2018.07.022
http://www.ncbi.nlm.nih.gov/pubmed/30057363
https://doi.org/10.1590/0074-0276140043
http://www.ncbi.nlm.nih.gov/pubmed/25185001
https://doi.org/10.1016/j.pt.2015.10.003
http://www.ncbi.nlm.nih.gov/pubmed/26530861
https://doi.org/10.1093/nar/28.1.27
http://www.ncbi.nlm.nih.gov/pubmed/10592173
https://doi.org/10.1371/journal.ppat.1008930

PLOS PATHOGENS

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

Lakshmanan V, Rhee KY, Daily JP. Metabolomics and malaria biology. Mol Biochem Parasitol. 2011;
175:104—111. https://doi.org/10.1016/j.molbiopara.2010.09.008 PMID: 20970461

Kafsack BFC, Llinas M. Eating at the table of another: metabolomics of host-parasite interactions. Cell
Host Microbe. 2010; 7:90-99. https://doi.org/10.1016/j.chom.2010.01.008 PMID: 20159614

Joice CR. Mining the Human Host Metabolome Toward an Improved Understanding of Malaria Trans-
mission. Front Microbiol. 2020; 11:164. https://doi.org/10.3389/fmicb.2020.00164 PMID: 32117175

Cordy RJ, Patrapuvich R, Lili LN, Cabrera-Mora M, Chien J-T, Tharp GK, et al. Distinct amino acid and
lipid perturbations characterize acute versus chronic malaria. JCI Insight. 2019;4. https://doi.org/10.
1172/jci.insight.125156 PMID: 31045574

Gardinassi LG, Cordy RJ, Lacerda MVG, Salinas JL, Monteiro WM, Melo GC, et al. Metabolome-wide
association study of peripheral parasitemia in Plasmodium vivax malaria. Int J Med Microbiol. 2017;
307:533-541. https://doi.org/10.1016/j.ijmm.2017.09.002 PMID: 28927849

Gupta S, Seydel K, Miranda-Roman MA, Feintuch CM, Saidi A, Kim RS, et al. Extensive alterations of
blood metabolites in pediatric cerebral malaria. Motta A, editor. PLoS One. 2017; 12: e0175686. https:/
doi.org/10.1371/journal.pone.0175686 PMID: 28426698

Pappa V, Seydel K, Gupta S, Feintuch CM, Potchen MJ, Kampondeni S, et al. Lipid metabolites of the
phospholipase A2 pathway and inflammatory cytokines are associated with brain volume in paediatric
cerebral malaria. Malar J. 2015; 14:513. https://doi.org/10.1186/s12936-015-1036-1 PMID: 26691993

Surowiec |, Orikiiriza J, Karlsson E, Nelson M, Bonde M, Kyamanwa P, et al. Metabolic Signature Profil-
ing as a Diagnostic and Prognostic Tool in Pediatric Plasmodium falciparum Malaria. Open Forum Infect
Dis. 2015; 2:0fv062. https://doi.org/10.1093/ofid/ofv062 PMID: 26110164

Uppal K, Salinas JL, Monteiro WM, Val F, Cordy RJ, Liu K, et al. Plasma metabolomics reveals mem-
brane lipids, aspartate/asparagine and nucleotide metabolism pathway differences associated with
chloroquine resistance in Plasmodium vivax malaria. Hirayama K, editor. PLoS One. 2017; 12:
e€0182819. https://doi.org/10.1371/journal.pone.0182819 PMID: 28813452

Lopansri BK, Anstey NM, Stoddard GJ, Mwaikambo ED, Boutlis CS, Tjitra E, et al. Elevated Plasma
Phenylalanine in Severe Malaria and Implications for Pathophysiology of Neurological Complications.
Infect Immun. 2006; 74:3355-3359. https://doi.org/10.1128/IA1.02106-05 PMID: 16714564

Lopansri BK, Anstey NM, Weinberg JB, Stoddard GJ, Hobbs MR, Levesque MC, et al. Low plasma argi-
nine concentrations in children with cerebral malaria and decreased nitric oxide production. Lancet.
20083; 361:676—678. https://doi.org/10.1016/S0140-6736(03)12564-0 PMID: 12606182

Leopold SJ, Ghose A, Allman EL, Kingston HWF, Hossain A, Dutta AK, et al. Identifying the Compo-
nents of Acidosis in Patients With Severe Plasmodium falciparum Malaria Using Metabolomics. J Infect
Dis. 2019; 219:1766—-1776. https://doi.org/10.1093/infdis/jiy727 PMID: 30566600

Alkaitis MS, Wang H, Ikeda AK, Rowley CA, MacCormick IJC, Chertow JH, et al. Decreased Rate of
Plasma Arginine Appearance in Murine Malaria May Explain Hypoargininemia in Children With Cerebral
Malaria. J Infect Dis. 2016; 214:1840-1849. https://doi.org/10.1093/infdis/jiw452 PMID: 27923948

Olszewski KL, Morrisey JM, Wilinski D, Burns JM, Vaidya AB, Rabinowitz JD, et al. Host-Parasite Inter-
actions Revealed by Plasmodium falciparum Metabolomics. Cell Host Microbe. 2009; 5:191-199.
https://doi.org/10.1016/j.chom.2009.01.004 PMID: 19218089

Leopold SJ, Apinan S, Ghose A, Kingston HW, Plewes KA, Hossain A, et al. Amino acid derangements
in adults with severe falciparum malaria. Sci Rep. 2019;9. https://doi.org/10.1038/s41598-018-36956-2
PMID: 30626887

Rubach MP, Zhang H, Florence SM, Mukemba JP, Kalingonji AR, Anstey NM, et al. Kinetic and Cross-
Sectional Studies on the Genesis of Hypoargininemia in Severe Pediatric Plasmodium falciparum
Malaria. Adams JH, editor. Infect Immun. 2019; 87: e00655—18, /iai/87/4/|1A1.00655-18.atom. https://doi.
org/10.1128/IA1.00655-18 PMID: 30718287

Cowan G, Planche T, Agbenyega T, Bedu-Addo G, Owusu-Ofori A, Adebe-Appiah J, et al. Plasma glu-
tamine levels and falciparum malaria. Trans R Soc Trop Med Hyg. 1999; 93:616—-618. https://doi.org/
10.1016/s0035-9203(99)90070-6 PMID: 10717748

MacRae JI, Dixon MW, Dearnley MK, Chua HH, Chambers JM, Kenny S, et al. Mitochondrial metabo-
lism of sexual and asexual blood stages of the malaria parasite Plasmodium falciparum. BMC Biol.
2013; 11:67. hitps://doi.org/10.1186/1741-7007-11-67 PMID: 23763941

Leopold SJ, Ghose A, Allman EL, Kingston HWF, Hossain A, Dutta AK, et al. Identifying the Compo-
nents of Acidosis in Patients With Severe Plasmodium falciparum Malaria Using Metabolomics. J Infect
Dis. 2019; 219:1766—-1776. https://doi.org/10.1093/infdis/jiy727 PMID: 30566600

Na J, Khan A, Kim JK, Wadood A, Choe YL. Walker DI, et al. Discovery of metabolic alterations in the
serum of patients infected with Plasmodium spp by high-resolution metabolomics. Metabolomics. 2019;
16:9. https://doi.org/10.1007/s11306-019-1630-2 PMID: 31872321

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1008930 November 12, 2020 6/8


https://doi.org/10.1016/j.molbiopara.2010.09.008
http://www.ncbi.nlm.nih.gov/pubmed/20970461
https://doi.org/10.1016/j.chom.2010.01.008
http://www.ncbi.nlm.nih.gov/pubmed/20159614
https://doi.org/10.3389/fmicb.2020.00164
http://www.ncbi.nlm.nih.gov/pubmed/32117175
https://doi.org/10.1172/jci.insight.125156
https://doi.org/10.1172/jci.insight.125156
http://www.ncbi.nlm.nih.gov/pubmed/31045574
https://doi.org/10.1016/j.ijmm.2017.09.002
http://www.ncbi.nlm.nih.gov/pubmed/28927849
https://doi.org/10.1371/journal.pone.0175686
https://doi.org/10.1371/journal.pone.0175686
http://www.ncbi.nlm.nih.gov/pubmed/28426698
https://doi.org/10.1186/s12936-015-1036-1
http://www.ncbi.nlm.nih.gov/pubmed/26691993
https://doi.org/10.1093/ofid/ofv062
http://www.ncbi.nlm.nih.gov/pubmed/26110164
https://doi.org/10.1371/journal.pone.0182819
http://www.ncbi.nlm.nih.gov/pubmed/28813452
https://doi.org/10.1128/IAI.02106-05
http://www.ncbi.nlm.nih.gov/pubmed/16714564
https://doi.org/10.1016/S0140-6736%2803%2912564-0
http://www.ncbi.nlm.nih.gov/pubmed/12606182
https://doi.org/10.1093/infdis/jiy727
http://www.ncbi.nlm.nih.gov/pubmed/30566600
https://doi.org/10.1093/infdis/jiw452
http://www.ncbi.nlm.nih.gov/pubmed/27923948
https://doi.org/10.1016/j.chom.2009.01.004
http://www.ncbi.nlm.nih.gov/pubmed/19218089
https://doi.org/10.1038/s41598-018-36956-2
http://www.ncbi.nlm.nih.gov/pubmed/30626887
https://doi.org/10.1128/IAI.00655-18
https://doi.org/10.1128/IAI.00655-18
http://www.ncbi.nlm.nih.gov/pubmed/30718287
https://doi.org/10.1016/s0035-9203%2899%2990070-6
https://doi.org/10.1016/s0035-9203%2899%2990070-6
http://www.ncbi.nlm.nih.gov/pubmed/10717748
https://doi.org/10.1186/1741-7007-11-67
http://www.ncbi.nlm.nih.gov/pubmed/23763941
https://doi.org/10.1093/infdis/jiy727
http://www.ncbi.nlm.nih.gov/pubmed/30566600
https://doi.org/10.1007/s11306-019-1630-2
http://www.ncbi.nlm.nih.gov/pubmed/31872321
https://doi.org/10.1371/journal.ppat.1008930

PLOS PATHOGENS

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42,

43.

44.

O’Neill LAJ, Kishton RJ, Rathmell J. A guide to immunometabolism for immunologists. Nat Rev Immu-
nol. 2016; 16:553-565. https://doi.org/10.1038/nri.2016.70 PMID: 27396447

Vijay R, Guthmiller JJ, Sturtz AJ, Surette FA, Rogers KJ, Sompallae RR, et al. Infection-induced plas-
mablasts are a nutrient sink that impairs humoral immunity to malaria. Nat Immunol. 2020 [cited 2020
May 20]. https://doi.org/10.1038/s41590-020-0678-5 PMID: 32424361

Gardinassi LG, Arévalo-Herrera M, Herrera S, Cordy RJ, Tran V, Smith MR, et al. Integrative metabolo-
mics and transcriptomics signatures of clinical tolerance to Plasmodium vivax reveal activation of innate
cell immunity and T cell signaling. Redox Biol. 2018; 17:158-170. https://doi.org/10.1016/j.redox.2018.
04.011 PMID: 29698924

Kempaiah P, Dokladny K, Karim Z, Raballah E, Ong’echa JM, Moseley PL, et al. Reduced Hsp70 and
Glutamine in Pediatric Severe Malaria Anemia: Role of hemozoin in Suppressing Hsp70 and NF-«kB
Activation. Mol Med. 2016; 22:570-584. https://doi.org/10.2119/molmed.2016.00130 PMID: 27579474

Gordon EB, Hart GT, Tran TM, Waisberg M, Akkaya M, Kim AS, et al. Targeting glutamine metabolism
rescues mice from late-stage cerebral malaria. Proc Natl Acad Sci. 2015; 112:13075—13080. https://
doi.org/10.1073/pnas.1516544112 PMID: 26438846

dos Santos RO, da Cruz MGS, Lopes SCP, Oliveira LB, Nogueira PA, Lima ES, et al. A First Plasmo-
dium vivax Natural Infection Induces Increased Activity of the Interferon Gamma-Driven Tryptophan
Catabolism Pathway. Front Microbiol. 2020; 11:400. https://doi.org/10.3389/fmicb.2020.00400 PMID:
32256470

Orikiiriza J, Surowiec |, Lindquist E, Bonde M, Magambo J, Muhinda C, et al. Lipid response patterns in
acute phase paediatric Plasmodium falciparum malaria. Metabolomics. 2017;13. https://doi.org/10.
1007/s11306-017-1307-7 PMID: 29249917

Brancucci NMB, Gerdt JP, Wang C, De Niz M, Philip N, Adapa SR, et al. Lysophosphatidylcholine Reg-
ulates Sexual Stage Differentiation in the Human Malaria Parasite Plasmodium falciparum. Cell. 2017;
171:1532-1544.e15. https://doi.org/10.1016/j.cell.2017.10.020 PMID: 29129376

Tanaka TQ, Tokuoka SM, Nakatani D, Hamano F, Kawazu S-I, Wellems TE, et al. Polyunsaturated
fatty acids promote Plasmodium falciparum gametocytogenesis. Biol Open. 2019;8. https://doi.org/10.
1242/bi0.042259 PMID: 31221627

Mohanty JG, Nagababu E, Rifkind JM, Kaestner L, Bogdanova A. Red blood cell oxidative stress
impairs oxygen delivery and induces red blood cell aging. 2014. https://doi.org/10.3389/fphys.2014.
00084 PMID: 24616707

Fonseca LL, Alezi HS, Moreno A, Barnwell JW, Galinski MR, Voit EO. Quantifying the removal of red
blood cells in Macaca mulatta during a Plasmodium coatneyi infection. Malar J. 2016; 15:410. https://
doi.org/10.1186/s12936-016-1465-5 PMID: 27520455

Finney CA, Hawkes CA, Kain DC, Dhabangi A, Musoke C, Cserti-Gazdewich C, et al. S1P is associated
with protection in human and experimental cerebral malaria. Mol Med. 2011; 17:717-725. https://doi.
org/10.2119/molmed.2010.00214 PMID: 21556483

De Moraes CM, Wanjiku C, Stanczyk NM, Pulido H, Sims JW, Betz HS, et al. Volatile biomarkers of
symptomatic and asymptomatic malaria infection in humans. Proc Natl Acad Sci. 2018; 115:5780—
5785. https://doi.org/10.1073/pnas.1801512115 PMID: 29760095

Morris CR, Hamilton-Reeves J, Martindale RG, Sarav M, Ochoa Gautier JB. Acquired Amino Acid Defi-
ciencies: A Focus on Arginine and Glutamine. Nutr Clin Pract. 2017; 32:30S—47S. https://doi.org/10.
1177/0884533617691250 PMID: 28388380

Ferrario M, Cambiaghi A, Brunelli L, Giordano S, Caironi P, Guatteri L, et al. Mortality prediction in
patients with severe septic shock: a pilot study using a target metabolomics approach. Sci Rep. 2016;
6:20391. https://doi.org/10.1038/srep20391 PMID: 26847922

Green J-A, Smith GM, Buchta R, Lee R, Ho KY, Rajkovic IA, et al. Circulating phospholipase A2 activity
associated with sepsis and septic shock is indistinguishable from that associated with rheumatoid arthri-
tis. Inflammation. 1991; 15:355-367. https://doi.org/10.1007/BF00917352 PMID: 1757123

Drobnik W, Liebisch G, Audebert F-X, Frohlich D, Glick T, Vogel P, et al. Plasma ceramide and lyso-
phosphatidylcholine inversely correlate with mortality in sepsis patients. J Lipid Res. 2003; 44:754—761.
https://doi.org/10.1194/jlr. M200401-JLR200 PMID: 12562829

Beri D, Ramdani G, Balan B, Gadara D, Poojary M, Momeux L, et al. Insights into physiological roles of
unique metabolites released from Plasmodium-infected RBCs and their potential as clinical biomarkers
for malaria. Sci Rep. 2019;9. https://doi.org/10.1038/s41598-018-36956-2 PMID: 30626887

Tewari SG, Swift RP, Reifman J, Prigge ST, Wallgvist A. Metabolic alterations in the erythrocyte during
blood-stage development of the malaria parasite. Malar J. 2020; 19:94. https://doi.org/10.1186/s12936-
020-03174-z PMID: 32103749

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1008930 November 12, 2020 7/8


https://doi.org/10.1038/nri.2016.70
http://www.ncbi.nlm.nih.gov/pubmed/27396447
https://doi.org/10.1038/s41590-020-0678-5
http://www.ncbi.nlm.nih.gov/pubmed/32424361
https://doi.org/10.1016/j.redox.2018.04.011
https://doi.org/10.1016/j.redox.2018.04.011
http://www.ncbi.nlm.nih.gov/pubmed/29698924
https://doi.org/10.2119/molmed.2016.00130
http://www.ncbi.nlm.nih.gov/pubmed/27579474
https://doi.org/10.1073/pnas.1516544112
https://doi.org/10.1073/pnas.1516544112
http://www.ncbi.nlm.nih.gov/pubmed/26438846
https://doi.org/10.3389/fmicb.2020.00400
http://www.ncbi.nlm.nih.gov/pubmed/32256470
https://doi.org/10.1007/s11306-017-1307-7
https://doi.org/10.1007/s11306-017-1307-7
http://www.ncbi.nlm.nih.gov/pubmed/29249917
https://doi.org/10.1016/j.cell.2017.10.020
http://www.ncbi.nlm.nih.gov/pubmed/29129376
https://doi.org/10.1242/bio.042259
https://doi.org/10.1242/bio.042259
http://www.ncbi.nlm.nih.gov/pubmed/31221627
https://doi.org/10.3389/fphys.2014.00084
https://doi.org/10.3389/fphys.2014.00084
http://www.ncbi.nlm.nih.gov/pubmed/24616707
https://doi.org/10.1186/s12936-016-1465-5
https://doi.org/10.1186/s12936-016-1465-5
http://www.ncbi.nlm.nih.gov/pubmed/27520455
https://doi.org/10.2119/molmed.2010.00214
https://doi.org/10.2119/molmed.2010.00214
http://www.ncbi.nlm.nih.gov/pubmed/21556483
https://doi.org/10.1073/pnas.1801512115
http://www.ncbi.nlm.nih.gov/pubmed/29760095
https://doi.org/10.1177/0884533617691250
https://doi.org/10.1177/0884533617691250
http://www.ncbi.nlm.nih.gov/pubmed/28388380
https://doi.org/10.1038/srep20391
http://www.ncbi.nlm.nih.gov/pubmed/26847922
https://doi.org/10.1007/BF00917352
http://www.ncbi.nlm.nih.gov/pubmed/1757123
https://doi.org/10.1194/jlr.M200401-JLR200
http://www.ncbi.nlm.nih.gov/pubmed/12562829
https://doi.org/10.1038/s41598-018-36956-2
http://www.ncbi.nlm.nih.gov/pubmed/30626887
https://doi.org/10.1186/s12936-020-03174-z
https://doi.org/10.1186/s12936-020-03174-z
http://www.ncbi.nlm.nih.gov/pubmed/32103749
https://doi.org/10.1371/journal.ppat.1008930

PLOS PATHOGENS

45.

46.

47.

48.

49.

50.

51.

52.

Abdelrazig S, Ortori CA, Davey G, Deressa W, Mulleta D, Barrett DA, et al. A metabolomic analytical
approach permits identification of urinary biomarkers for Plasmodium falciparum infection: a case-con-
trol study. Malar J. 2017; 16:229. https://doi.org/10.1186/s12936-017-1875-z PMID: 28558710

Schaber CL, Katta N, Bollinger LB, Mwale M, Mlotha-Mitole R, Trehan |, et al. Breathprinting Reveals
Malaria-Associated Biomarkers and Mosquito Attractants. J Infect Dis. 2018; 217:1553-1560. https://
doi.org/10.1093/infdis/jiy072 PMID: 29415208

Lakshmanan V, Rhee KY, Wang W, Yu Y, Khafizov K, Fiser A, et al. Metabolomic analysis of patient
plasma yields evidence of plant-like a-linolenic acid metabolism in Plasmodium falciparum. J Infect Dis.
2012; 206:238-248. https://doi.org/10.1093/infdis/jis339 PMID: 22566569

Park YH, Shi YP, Liang B, Medriano CAD, Jeon YH, Torres E, et al. High-resolution metabolomics to
discover potential parasite-specific biomarkers in a Plasmodium falciparum erythrocytic stage culture
system. Malar J. 2015; 14:122. https://doi.org/10.1186/s12936-015-0651-1 PMID: 25889340

Chau JY, Tiffany CM, Nimishakavi S, Lawrence JA, Pakpour N, Mooney JP, et al. Malaria-associated L-
arginine deficiency induces mast cell-associated disruption to intestinal barrier defenses against nonty-

phoidal Salmonella bacteremia. Infect Immun. 2013; 81:3515-3526. https://doi.org/10.1128/IA1.00380-

13 PMID: 23690397

Gamboa D, Ho M-F, Bendezu J, Torres K, Chiodini PL, Barnwell JW, et al. A Large Proportion of P. fal-
ciparum Isolates in the Amazon Region of Peru Lack pfhrp2 and pfhrp3: Implications for Malaria Rapid
Diagnostic Tests. Bjorkman A, editor. PLoS One. 2010; 5: €8091. https://doi.org/10.1371/journal.pone.
0008091 PMID: 20111602

McDonald CR, Weckman A, Richard-Greenblatt M, Leligdowicz A, Kain KC. Integrated fever manage-
ment: disease severity markers to triage children with malaria and non-malarial febrile iliness. Malar J.
2018; 17:353. https://doi.org/10.1186/s12936-018-2488-x PMID: 30305137

Decuypere S, Maltha J, Deborggraeve S, Rattray NJW, Issa G, Bérenger K, et al. Towards Improving
Point-of-Care Diagnosis of Non-malaria Febrile lliness: A Metabolomics Approach. PLoS Negl Trop
Dis. 2016; 10:e0004480. https://doi.org/10.1371/journal.pntd.0004480 PMID: 26943791

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1008930 November 12, 2020 8/8


https://doi.org/10.1186/s12936-017-1875-z
http://www.ncbi.nlm.nih.gov/pubmed/28558710
https://doi.org/10.1093/infdis/jiy072
https://doi.org/10.1093/infdis/jiy072
http://www.ncbi.nlm.nih.gov/pubmed/29415208
https://doi.org/10.1093/infdis/jis339
http://www.ncbi.nlm.nih.gov/pubmed/22566569
https://doi.org/10.1186/s12936-015-0651-1
http://www.ncbi.nlm.nih.gov/pubmed/25889340
https://doi.org/10.1128/IAI.00380-13
https://doi.org/10.1128/IAI.00380-13
http://www.ncbi.nlm.nih.gov/pubmed/23690397
https://doi.org/10.1371/journal.pone.0008091
https://doi.org/10.1371/journal.pone.0008091
http://www.ncbi.nlm.nih.gov/pubmed/20111602
https://doi.org/10.1186/s12936-018-2488-x
http://www.ncbi.nlm.nih.gov/pubmed/30305137
https://doi.org/10.1371/journal.pntd.0004480
http://www.ncbi.nlm.nih.gov/pubmed/26943791
https://doi.org/10.1371/journal.ppat.1008930

