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Background. Global changes in amino acid levels have been described in severe malaria (SM), but the relationship between
amino acids and long-term outcomes in SM has not been evaluated.

Methods. 'We measured enrollment plasma concentrations of 20 amino acids using high-performance liquid chromatography
in 500 Ugandan children aged 18 months to 12 years, including 122 community children and 378 children with SM. The Kidney
Disease: Improving Global Outcomes criteria were used to define acute kidney injury (AKI) at enrollment and chronic kidney
disease (CKD) at 1-year follow-up. Cognition was assessed over 2 years of follow-up.

Results. Compared to laboratory-defined, age-specific reference ranges, there were deficiencies in sulfur-containing amino
acids (methionine, cysteine) in both community children and children with SM. Among children with SM, global changes in
amino acid concentrations were observed in the context of metabolic complications including acidosis and AKI. Increases in
threonine, leucine, and valine were associated with in-hospital mortality, while increases in methionine, tyrosine, lysine, and
phenylalanine were associated with postdischarge mortality and CKD. Increases in glycine and asparagine were associated with

worse attention in children <5 years of age.
Conclusions.
Keywords.

Among children with SM, unique amino acid profiles are associated with mortality, CKD, and worse attention.
acute kidney injury; amino acids; cerebral malaria; chronic kidney disease; cognition.

Severe malaria (SM) remains an important cause of child mor-
bidity and mortality [1]. SM is a multisystem disease associated
with neurocognitive and behavioral problems in survivors as
well as chronic kidney disease (CKD) [2-9]. Children with se-
vere anemia have high postdischarge morbidity and mortality
(2, 10, 11].

The pathogenesis of SM centers on the cytoadherence of
parasitized erythrocytes to the microvasculature. Metabolic
abnormalities are common in SM, with hypoglycemia and
hyperlactatemia among the most well-recognized metabolic
changes. Acute kidney injury (AKI) is gaining broader recogni-
tion as a clinical complication in SM associated with metabolic
abnormalities, mortality, and cognitive deficits [12, 13].
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Amino acids perform a myriad of functions acting as key me-
tabolites for gene expression, cell signaling, vascular function,
and neurotransmission (reviewed in [14]) in addition to pro-
tein synthesis. Free amino acids in the plasma (ie, the amino
acid pool) reflect a fraction of the total free amino acid pool,
and can be affected by dietary input, protein turnover, protein
biosynthesis, interorgan exchange of amino acids, transamina-
tion reactions, and oxidation [15]. Free amino acids are taken
up and exchanged by multiple organ systems, with the intes-
tine, liver, muscles, and kidney playing substantial roles in ami-
no acid metabolism [16]. Amino acids are dynamically
regulated through tightly controlled processes [15] affected in
physiologic states of stress and infection [17, 18]. Most studies
evaluating amino acid changes in SM focused on populations
with neurologic complications [19-24], with phenylalanine
consistently elevated in SM [20, 25, 26]. Differences in global
patterns of plasma amino acid concentrations have been re-
ported in adults [26] and children [19] with SM, but it is unclear
whether this reflects limitations in sample size, study design, or
age-related differences in SM pathogenesis.

The objective of this study was to evaluate amino acid con-
centrations in relation to clinical complications during hospi-

talization, mortality, and long-term neurologic and kidney
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function over follow-up. To this end, we quantified plasma
amino acids at the time of hospital admission in a large cohort
of children presenting with either cerebral malaria (CM) or se-
vere malarial anemia (SMA).

METHODS

Study Participants

The study was performed in Kampala, Uganda from 2008 to
2015, enrolling children 18 months to 12 years of age [2]. All
children with SM had Plasmodium falciparum on blood smear.
Children with CM had a Blantyre Coma Score <3 or a Glasgow
Coma Score <8 in children aged >5 years with no other iden-
tifiable cause: ruling out meningitis, a prolonged postictal state,
or hypoglycemia-associated coma reversed by a glucose infu-
sion. Children with SMA had a hemoglobin level <5 g/dL.
Community children (CC) within 1 year of age of a recently en-
rolled child with SM were recruited from the nuclear family, ex-
tended family, or neighborhood households of children with
SM. Exclusion criteria included prior coma, head trauma, hos-
pitalization for malnutrition, cerebral palsy, or known chronic
illness requiring medical care or causing developmental delay.
Children were managed as described previously [27].

Laboratory Assessments

Ethylenediaminetetraacetic acid-anticoagulated plasma was
collected at admission and stored at —80°C until testing.
Plasma P. falciparum histidine-rich protein 2 (PfHRP2) levels
were measured to assess parasite biomass (Cellabs, Australia)
[28]. Amino acids were measured in plasma samples by high-
performance liquid chromatography (HPLC) using a Hitachi
Amino Acid Analyzer at Fairview Diagnostic Laboratories
(Minneapolis, Minnesota). The amino acid analyzer is
equipped with a refrigerated autosampler, lithium buffer sys-
tem, an ion exchange column, a reaction coil for postcolumn
derivatization with ninhydrin, and a data collection system.
Samples were deproteinized, acidified, and injected into an
HPLC system. Amino acids were eluted based on their pKa
and cation exchange resin, and multiple buffer and tempera-
ture gradients were used to resolve the different compounds.
The column effluent was reacted at high temperature with nin-
hydrin and the wavelength absorbance monitored. Each amino
acid was quantitated relative to standards of known concentra-
tions. Age-appropriate reference ranges for children in the
United States were provided by the performing laboratory.

Cognitive Qutcomes

Cognitive assessments were performed on enrolled children by
neuropsychology testers who were blinded to the study group 1
week postdischarge for children with SM or at enrollment for
the CC and then 6, 12, and 24 months after enrollment. All tests
were adapted for use in Uganda [3, 29]. In children <5 years of

age, the Mullen Scales of Early Learning [30], Color Object
Association Test [31], and Early Childhood Vigilance Test
[32] were used to assess cognition, associative memory, and at-
tention, respectively, as previously described [2]. In children >5
years of age, the Kaufman Assessment Battery for Children (sec-
ond edition) was used to measure overall cognitive ability and
working memory [33] while the Test of Variables of Attention
was used to assess attention [34]. Age-adjusted z-scores were
created using the scores of the CC. Age-adjusted z-scores
were created using the scores of the CC and generated separately
for children stratified by age (<5 or >5 years for cognition,
attention, memory) [35]. Additional sensitivity analyses were
conducted to evaluate the impact of age at SM exposure on cog-
nitive outcomes. Cognitive deficit was defined as a z-score < —2
in any of the 3 primary cognitive domains of overall cognition,
attention, and memory.

Statistical Analyses

Analyses were done using Stata version 17.0 (StataCorp, 2021)
and GraphPad Prism version 9.0 software. Differences in con-
tinuous variables between study groups were assessed using
Student t test or Wilcoxon rank-sum test, as appropriate.
Differences in proportions were compared using Pearson xz
or Fisher exact test. To evaluate the global change in patterns
of amino acids, we standardized amino acids to have a mean
of zero and a standard deviation of 1 in the population. To ex-
amine the effect of admission amino acid levels (logio-
-transformed) on longitudinal changes in cognitive z-scores
in children with SM, linear mixed-effects (LME) models were
fit where observations within subject were correlated using a
subject-specific intercept and time points were treated as cate-
gorical variables. The LME models were analyzed according to
the following age groups: (1) children who were <5 years of age
at time of malaria episode and received the preschool tests, (2)
children who were <5 years of age at time of malaria episode
but turned 5 during study follow-up and received school-age
tests, and (3) children who were >5 years of age at time of ma-
laria episode and received school-age tests. All models adjusted
for age, sex, baseline weight-for-age z-score, socioeconomic
status, child education, home z-score, maternal and paternal
education, number of seizures during hospitalization, AKI,
and disease group. To adjust for 20 amino acids measured,
we used a fixed a of .0025.

Ethics Approval and Consent to Participate

Written informed consent was obtained from parents/guard-
ians of study participants. Ethical approval was granted by
the institutional review boards at Makerere University School
of Medicine and the University of Minnesota, and additional
regulatory approval was obtained by the Uganda National
Council for Science and Technology.
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RESULTS

We assessed plasma amino acid profiles in 378 Ugandan chil-
dren with SM (172 children with SMA, 206 children with
CM) and 122 CC (Figure 1). The mean age of the study popu-
lation was 3.9 years (standard deviation, 1.9 years) and 221 of
500 (44.2%) were female. The demographic characteristics of
study participants are presented in Table 1. Children with SM
were younger than the CC and had lower height-for-age,
weight-for-height, and weight-for-age z-scores compared to
the CC (Table 1).

Cysteine and Methionine Concentrations Are Low in Community Children
Compared to Reference Ranges

To understand amino acid concentrations in the study popula-
tion, we evaluated the frequency of children with amino acid
concentrations outside pediatric reference ranges (Figure 2).
Among the CC, all amino acid concentrations were within
the expected concentrations except for the sulfur-containing
amino acids cysteine and methionine, where 84% and 12% of
CC, respectively, had levels below the reference standard.
Among children with SM (SMA or CM), cysteine and methio-
nine remained deficient in a significant proportion of children
(>19% methionine, >64% cysteine). Elevations or reductions
in amino acid concentrations were generally similar in children
with SMA and children with CM. Among children with SM
(SMA or CM), levels of histidine, isoleucine, and glycine
were below the reference range in >5% of children whereas
phenylalanine and tyrosine were elevated in >50% and >20%
of children with SM, respectively (Figure 2A). Proline was ele-
vated in 11% of children with SMA and leucine was elevated in
11% of children with CM. As there were striking elevations in
phenylalanine, we evaluated whether there was evidence of re-
duced phenylalanine metabolism to tyrosine through phenylal-
anine hydroxylase. Among the CC, the median phenylalanine:
tyrosine ratio was 1 and increased in children with SMA and
CM (Figure 2B). Abnormal phenylalanine metabolism (phe-
nylalanine:tyrosine ratio >3) was only observed in children
with severe malaria and occurred in 8% of children with
SMA and 18% of children with CM.

Amino Acid Concentrations Differ in Children With SM Compared to
Community Children

To further understand how amino acids changed in malaria rel-
ative to the CC, and to facilitate comparisons of amino acid
profiles previously described in adults with SM [26], we calcu-
lated the mean fold change in log, amino acid concentrations
relative to the median reference level in a radar plot
(Figure 3). Among the 20 amino acids measured in the study
population, there were differences in 15 amino acids in children
with SM relative to the CC, with increases in 6 amino acids (ly-
sine, leucine, cysteine, tyrosine, phenylalanine, and valine) and

decreases in 9 amino acids (aspartate, serine, glycine, alanine,
proline, ornithine, glutamine, citrulline, and arginine).

Amino Acid Concentrations Differ in Complications of SM

While children were selected for participation in the study ac-
cording to selected SM criteria—severe anemia and coma—
multiorgan dysfunction and metabolic complications were
common. To understand how host and parasite factors impact-
ed global expression patterns of plasma amino acid concentra-
tions, we compared differences in standardized amino acid
concentrations across clinical complications (Figure 4). While
severe anemia and coma were selection criteria for enrollment
and were associated with changes in the profiles of amino acids,
differences in children with coma were less pronounced than in
other complications, despite CM being one of the most severe
manifestations of malaria. When examining patterns in amino
acid levels and several clinical and metabolic complications, the
most notable changes were observed in children with metabolic
complications, with widespread changes in amino acids in chil-
dren with lactic acidosis, AKI, and elevated blood urea nitrogen
(BUN). While there were reduced levels of sulfur-containing
amino acids in the population (methionine, cysteine) and
some amino acids in SM (isoleucine, glycine, histidine)
(Figure 2), the mean standardized amino acid concentration in-
creased—without exception—in the context of metabolic
complications.

Specific Amino Acid Concentrations Correlate With Total Parasite
Biomass but Not Circulating Parasite Density

Amino acids are metabolized by both host and parasite. There
were no differences in amino acid levels in the context of hyper-
parasitemia. However, as there were reductions in isoleucine in
children with SM but not CC, and isoleucine is an essential
amino acid for malaria parasite growth [36], we further evalu-
ated changes in amino acid levels by parasite biomass, to ac-
count for sequestered mature-stage parasites with higher
metabolic demands. Several amino acids were positively corre-
lated with sequestered, but not circulating, parasite biomass
(phenylalanine, tyrosine, threonine, histidine, lysine, leucine,
and valine) (Table 2).

Unique Amino Acid Profiles Correlate With Acute Mortality and Long-term
Outcomes

While there were widespread changes in amino acids in chil-
dren with metabolic complications, 3 essential amino acids
were higher among children who died in-hospital—threonine,
leucine, and valine (Figure 4). Children who died over follow-
up had higher levels of citrulline, ornithine, glutamine,
isoleucine, methionine, tyrosine, lysine, and phenylalanine on
hospital admission (adjusted P <.05; Figure 4). At 12 months
of follow-up, kidney function was assessed in survivors and
CKD, defined as an estimated glomerular filtration rate
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Screening

4097 screened

Excluded (n=3379)
Malaria negative (n=1411)
Exclusion criteria for SMA or CM (n=1144)
Outside age range (n=537)
Others (n=276)
Declined consent (n=11)

Enrollment

718 enrolled

216 Community children
(CO)

233 children with severe
malarial anemia (SMA)

269 children with
cerebral malaria (CM)

Amino acids assessed in
122

Amino acids assessed in
172

Amino acids assessed in
206

Severe malaria

[
"
v

v
Assess changes in disease, relationship with clinical complications,
and outcomes (mortality, chronic kidney disease, cognition)

Assess population norms
relative to reference range

Outflow

Oxidation
Synthesis of nitrogenous compounds
Protein turnover

Free amino
acid pool ———  Measure plasma amino acids
Inflow
Dietary protein
Amino acid biosynthesis
Breakdown of tissue protein
Whole body
amino acid pool

Figure 1.
outflow of amino acids related to the plasma amino acid pool. Abbreviations: CM

Flowchart of the study population. A flow diagram depicting the study population in which amino acids were measured (top) and a description of the inflow and
, cerebral malaria; SMA, severe malarial anemia.

<90 mL/minute/1.73 m*>. Children with CKD at 12-month
follow-up had increases in methionine, tyrosine, threonine, ly-
sine, phenylalanine, and valine (adjusted P <.05).

Finally, we evaluated whether acute perturbations in amino
acids during SM were associated with cognitive differences
over 2 years of follow-up. As cognitive assessment tools differ
based on child age, results are presented stratified based on
age at SM exposure and age at testing. Population characteris-
tics based on age at enrollment are presented in Supplementary
Table 1. Using longitudinal modeling, increases in several ami-
no acids were associated with cognitive, attention, or memory
outcomes in children <5 years of age (Figure 5). However, after

adjustment for multiple comparisons, only glycine or aspara-
gine at enrollment was associated with reduced attention in
children <5 years of age at SM exposure and cognitive evalua-
tion. This relationship was consistent in CM and SMA
(Supplementary Figure 1). There were no differences in amino
acid levels and cognition in children >5 years of age.

DISCUSSION

In the present study we show widespread changes in amino acid
concentrations in children with SM (CM or SMA) compared to
CC. Among children with SM, unique amino acid profiles were
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Table 1. Characteristics of Study Participants

Characteristic CC (n=122) SMA (n=172) CM (n=206) P Value
Age, y 3.7 (2.8-4.9) 2.9 (2.1-4.5) 3.5 (2.6-5.1) .0001
Female sex, No. (%) 69 (56.6) 68 (39.5) 84 (40.8) .007
Weight-for-age z-score -0.7 (-1.2t0 -0.1), n=118 -1.3(-1.9t0 -0.5), n=170 -1.0 (=1.7 to —=0.4), n=204 .0001
Height-for-age z-score -1.3(-1.7 to -0.4) —-1.4(-2.3t0-0.5), n=171 -1.0(-1.81t0 -0.2) .02
Weight-for-height z-score -0.1(-0.81t00.5), n=97 -0.6 (-1.7t0 0.4), n=147 -0.7 (-1.6 10 0.0), n=155 .001
Socioeconomic status score® 9(8-11) 9 (7-11) 9(8-11) 775
Home environment z-score® —0.02 (0.59 to 0.85) —0.06 (—-0.66 to 0.70) —0.06 (-0.72 to 0.70) 516
n=165 n=178

HIV positive, no./No. (%) 2(1.6) 4/170 (2.4) 5/192 (2.6) 929
No. of seizures during hospitalization 0 (0-0) 1(0-2) .0001
AKI, no./No. (%) 36/161 (22.4) 81/199 (40.7) <.0001
Mother’s highest education level®, no./No. (%)

Primary 6 or lower 38(31.2) 65/166 (39.2) 68/178 (38.2) .305

Primary 7 27 (22.1) 35/166 (21.1) 39/178 (21.9)

Secondary or higher 51 (41.8) 65/166 (39.2) 66/178 (37.1)

Unknown or missing 6 (4.9) 1/166 (0.60) 5/178 (2.8)
Father's highest education level®, no./No. (%)

Primary 6 or lower 18(14.8) 37/166 (22.3) 34/178 (19.1) 410

Primary 7 23 (18.9) 24/166 (14.5) 30/178 (16.9)

Secondary or higher 63 (51.6) 77/166 (46.4) 76/178 (42.7)

Unknown or missing 18(14.8) 28/166 (16.9) 38/178 (21.4)
Child has preschool education?, no./No. (%) 58 (47.5) 43/164 (26.2) 69/177 (39.0) .001
Neurologic deficit at discharge, no./No. (%) 67/179 (37.4)
Cognitive deficits®, preschool tests, no./No. (%)

1-wk follow-up 4/94 (4.3) 28/134 (20.9) 36/133 (27.1) <.0001

24-mo follow-up 1/35 (2.9) 24/76 (31.6) 17/56 (30.4) .001
Cognitive deficits®, school-age tests, no./No. (%)

1-wk follow-up 1/28 (3.6) 8/32 (25.0) 16/47 (34.0) .005

24-mo follow-up 4/82 (4.9) 16/79 (20.3) 38/116 (32.8) <.0001
Completed 24-mo cognitive testing 117 155 172

Data are presented as median (interquartile range) unless otherwise indicated. Data were analyzed using Pearson xz or Fisher exact test for categorical measures and Kruskal-Wallis test for

continuous measures. Total number is shown if fewer than column number.

Abbreviations: AKI, acute kidney injury; CC, community children; CM, cerebral malaria; HIV, human immunodeficiency virus; SMA, severe malarial anemia.

#Assessed in severe malaria survivors during home visit (SMA, n=164-166; CM, n=177-178).

“Defined as the presence of a deficit (age-adjusted z-score < —2) in any of the primary cognitive domains of cognition, attention, memory).

associated with in-hospital mortality, postdischarge mortality,
and CKD over follow-up, and worsened long-term attention.
On a population level, children had a high frequency of defi-
ciencies in the sulfur-containing amino acids methionine and
cysteine. Together these findings provide evidence that meta-
bolic complications associated with amino acid derangements
on admission portend adverse clinical outcomes.

Changes in amino acid concentrations are widely recognized
in SM, with high phenylalanine levels well described in adults
and children with SM [20, 26]. As phenylalanine is associated
with the biosynthesis of neurotransmitters, several studies
have evaluated whether phenylalanine is related to coma and
neurologic complications in SM [19, 20, 26]. This study includ-
ed a large group of children with coma, and neither phenylala-
nine nor tyrosine, the immediate byproduct of phenylalanine
metabolism, were elevated in children with coma. Rather, phe-
nylalanine and tyrosine were elevated in children with metabol-
ic complications, suggesting global changes in amino acid

metabolism in SM. In the present study, a significant propor-
tion of children had phenylalanine and tyrosine levels outside
the reference range, with children with SM having an elevated
phenylalanine:tyrosine ratio suggestive of impaired phenylala-
nine hydroxylase activity, which is expressed in the liver and
kidney. While levels of phenylalanine and tyrosine were not as-
sociated with in-hospital mortality, they were higher in chil-
dren who died during follow-up or had CKD at 1-year
follow-up.

The kidney is instrumental in the interorgan exchange of
amino acids and nitrogen excretion. As this process is sensitive
to pH [16], it may be disturbed in the context of acidosis [16].
In patients with kidney disease, kidney uptake of phenylalanine
is reduced [37], which may explain, in part, increases in phenyl-
alanine in SM in association with AKI, but not severe anemia or
coma. The kidney is responsible for amino acid metabolism in-
cluding the uptake of glutamine, proline, citrulline, and phenyl-
alanine and release of serine, arginine, taurine, threonine,
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Figure 2. Plasma amino acid concentrations in study population with reference ranges. A, Graphs depicting the median and interquartile range (IQR) for amino acids by

study group (left, community children; center, severe malarial anemia; right, cerebral malaria) with the laboratory reference ranges shaded in gray. In instances where the
frequency of abnormal levels was >10%, the amino acid is colored in blue for decreased levels or red for increased levels. The frequency of amino acid concentrations outside
the reference range for flagged amino acids is indicated to the left (decreased) or right (increased) of the amino acid symbol. Amino acids were classified according to whether
they were essential (open circle), nonessential (closed circle), or conditionally essential (closed square). B, Dot plot depicting median (IQR) for the phenylalanine/tyrosine
concentration ratio and scatterplots between tyrosine (y-axis) and phenylalanine (x-axis) in each disease group. The percentages above each group represent % with a phe-
nylalanine/tyrosine ratio >3. ***P< .001, Dunn test with Bonferroni correction for multiple comparisons. Created with BioRender.com. Abbreviations: CC, community chil-

dren; CM, cerebral malaria; SMA, severe malarial anemia.

tyrosine, ornithine, and lysine [37]. Over the past decade, ure-
mia and AKI have been recognized as important clinical com-
plications in children with SM [12, 38-40]. While elevations in
BUN occur in the context of AKI, elevated BUN and AKI rep-
resent independent risk factors for mortality in pediatric SM.
Altered amino acid metabolism in SM, and its relationship
with acidosis, AKI, and elevated BUN, highlight for additional
studies to understand the interplay of multiorgan dysfunction

on amino acid levels in the short-term and long-term differenc-
es that may relate to persistent organ injury including CKD.
In the present study, elevated levels of glycine and asparagine
were associated with worse attention at 2 years of follow-up in
children <5 years of age adjusting for child age, sex, nutritional
status, socioeconomic status, enrichment in the home environ-
ment, education status, and disease severity at admission. These
findings remained significant following adjustment for
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multiple comparisons and was seen in both CM and SMA
(Supplementary Figure 1). Both asparagine and glycine have
roles in neurotransmission and are reportedly upregulated in
the cerebrospinal fluid (CSF) of children with tuberculous
meningitis alongside proline, alanine, and lysine [41]. While
proline, alanine, and lysine did not remain significantly associ-
ated with attention following adjustment for multiple compar-
isons, they showed similar trends as glycine and asparagine.
Asparagine and glycine are metabolized in the kidney, and in
the present study asparagine was selectively elevated in children
with AKI and elevated BUN, suggestive of uremia. AKI was
identified as a risk factor for neurocognitive deficits and behav-
ioral problems in SM survivors [9, 42] and is implicated in sys-
endothelial
impairment [9, 43] as well as markers of neuronal injury in
both the CSF and plasma [44, 45]. Given the strong relationship
between plasma amino acid changes, AKI, and metabolic

temic activation and blood-brain-barrier

changes in this study, additional metabolomic investigations
of the CSF are needed to understand the relationship between
brain and plasma amino acid levels and long-term neurocogni-
tive function.

Compared to CC, children with SM had decreases in isoleu-
cine, glycine, and histidine. Isoleucine is an essential amino
acid for parasite metabolism, and 12%-14% of children with
SM had isoleucine levels below the reference range. However,
there was no relationship between isoleucine and parasite bio-
mass. There was a positive relationship between sequestered bi-
omass and concentrations of several amino acids (tyrosine,
threonine, lysine, histidine, phenylalanine, leucine, valine),
which may reflect byproducts of parasite metabolism from late-

stage sequestered trophozoites, red blood cell release of amino
acids associated with hemolysis (tyrosine), or severe disease.
Three amino acids associated with sequestered parasite bio-
mass were also elevated in fatal malaria (threonine, leucine,
and valine). Leucine and valine are essential amino acids that
bypass hepatic clearance and are taken up by peripheral tissues.
Our results are consistent with elevated valine in fatal cases of
malaria, but not sepsis, in adults from Bangladesh [26]. We
speculate that peripheral tissue uptake of essential amino acids
may be impaired in children with more sequestered biomass re-
flecting a malaria-specific process, rather than a stress respons-
es associated with severe infection.

A notable finding was the high prevalence of cysteine and
methionine deficiencies in CC and children with SM.
Cysteine and methionine are sulfur-containing amino acids
with important roles in mitigating oxidative stress through glu-
tathione synthesis as well as homeostatic control of micronutri-
ent metabolism including zinc, Vitamin E and C, and other
antioxidants involved in the antioxidant cascade [46].
Population deficiencies in sulfur-containing amino acids are
associated with severe malnutrition [47] and may lead to re-
duced capacity to handle oxidative stress. Methionine is an es-
sential amino acid that can only be obtained from the diet, with
the richest food sources being animal-sourced proteins. The
Ugandan diet is relatively low in protein and dominated by
plant-based proteins, which may be insufficient to sustain nor-
mal levels of methionine. Reduced glutathione from dietary de-
ficiencies of sulfur-containing amino acids may exacerbate the
body’s capacity to handle oxidative stress, particularly in chil-
dren with depleted glutathione from repeated infections, or
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Figure 4. Heatmap of amino acid concentrations by severe malaria complication and outcome. Amino acid concentrations were standardized for the cohort to have a mean
of zero and standard deviation of 1 so the relative differences in amino acids could be compared. Within each complication (A) and outcome (B), relationships significant by
Student ttest with a P< .0025 are indicated with *** in the column where the complication or outcome is present. The presence of a complication or outcome is indicated as
— or + with the numbers in each group indicated. Amino acid levels lower than the population mean are indicated in blue and amino acid levels higher than the mean are
represented in red. Abbreviations: AKI, acute kidney injury; BUN, blood urea nitrogen; CKD, chronic kidney disease.

G6PD deficiency, which occurs in 15%-30% of African chil-
dren [48]. In the present study, sulfur-containing amino acids
were depleted on a population level but elevated in children
with metabolic complications and in children who died postdi-
scharge. We speculate this may reflect a transient reduction in
renal excretion of sulfate associated with AKI. In the context of
sulfur-containing amino acid deficiencies, the body preferen-
tially diverts sulfur to the synthesis of cysteine to support vital
metabolic processes [46]. The brain is one of the first organs

Table 2. Amino Acid Correlations With Parasite Measures

Spearman Correlation

Total Sequestered Circulating
Amino Acid Biomass Biomass Biomass
Glycine —0.0604 -0.0577 -0.0817
Serine —0.0651 -0.0510 -0.1186
Citrulline —0.0304 —0.0545 0.0443
Ornithine —0.0640 -0.0458 -0.0734
Glutamine —-0.0246 -0.0190 -0.0717
Alanine 0.1527 0.1211 0.1094
Arginine 0.1712 0.1688 -0.0106
Asparagine 0.0126 0.0082 -0.0024
Proline 0.1484 0.1275 0.1145
Isoleucine -0.1190 -0.1083 -0.0262
Methionine 0.0872 0.0818 —0.0504
Tyrosine 0.22012 0.2080° 0.0226
Threonine 0.2729% 0.2673° —-0.0350
Lysine 0.2134° 0.2173° —0.0460
Taurine —0.0666 —-0.0857 0.0722
Histidine 0.41722 0.3935° 0.0459
Phenylalanine 0.3161? 0.2751° 0.1516
Cysteine 0.1796 0.1712 0.0661
Leucine 0.4453% 0.4161° 0.1008
Valine 0.4459° 0.4098° 0.1122

aSignificant following adjustment for 60 comparisons.

affected by cysteine deficiencies, resulting in reduced glutathi-
one in the brain [46]. In models of sulfur-containing amino
acid deficiencies, brain glutathione is depleted and there is re-
duced capacity to cope with an insult to the brain [49].
Additional studies are needed to understand how chronic defi-
ciencies in sulfur-containing amino acids may impact antioxi-
dant capacity and long-term health and neurodevelopment.

Overall, the findings of this study confirm findings of altered
amino acid concentrations in a focused metabolomic study in a
cohort of Malawian children with CM [19], and Tanzanian
children and Indonesian adults with SM, and provide novel
data on postdischarge outcomes. Limitations of the present
study include a single snapshot of the plasma pool of amino ac-
ids on enrollment. Although the evaluation of amino acids is
costly, evaluation of amino acids at multiple time points would
provide valuable additional information to understand dynam-
ic changes in the plasma amino acid pool in response to cellular
stress, organ dysfunction, and treatment. Strengths of the study
include the large sample size, which included CC to assess nor-
mal amino acid levels in the population, the evaluation of AKI
at enrollment and CKD at follow-up, and detailed neurocogni-
tive evaluations over 2 years of follow-up. This enabled us to ex-
tend previous studies that assessed relationships with plasma
amino acids during acute illness and their relationship with
clinical complications and mortality and to evaluate whether
the acute perturbations related to long-term outcomes.
Amino acid levels at presentation predicted postdischarge mor-
tality and CKD with increased levels of phenylalanine, tyrosine,
lysine, and methionine shared in participants with CKD and
those who died over follow-up. This is the first investigation
to identify risk factors for CKD in the context of SM.

In summary, we identified specific amino acid profiles in SM
associated with acute mortality, postdischarge mortality, CKD,
and cognitive impairment. Additional studies are needed to
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Figure 5.

Relationship between admission amino acid levels and cognitive outcomes over 24-months of follow-up in children with severe malaria. Beta coefficients and

95% confidence intervals (Cls) are from linear mixed-effects models with estimates in gray (circles) representing unadjusted models and adjusted models in black or red
(squares) adjusting for age, sex, weight-for-age z-score at baseline, socioeconomic status, child education, home z-score, maternal and paternal education, number of sei-
zures during hospitalization, acute kidney injury at baseline, and disease group. The number of observations and participants for each estimate are presented in
Supplementary Tables 2—4. * indicates significant following adjustment for 20 comparisons.

understand the relationship between altered amino acid metab-
olism and the broader metabolic milieu in SM and validate
whether there are specific patterns of amino acid derangements
that may point to supplementation as a strategy to improve re-
covery and survival in children following hospital discharge.

Supplementary Data

Supplementary materials are available at The Journal of
Infectious Diseases online. Consisting of data provided by the
authors to benefit the reader, the posted materials are not copy-
edited and are the sole responsibility of the authors, so ques-
tions or comments should be addressed to the corresponding
author.
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