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ABSTRACT

P. falciparum parasites manipulate host metabolic processes during malaria to ensure their
survival and progression, causing the host and parasite metabolic pathways to become
intertwined. We analyzed metabolites to evaluate their potential as biomarkers for cerebral
malaria (CM). Our analysis of CM (with coma) and CM-like (without coma) patients identified 835
metabolites, including lipids, amino acids, xenobiotics, peptides, nucleotides, carbohydrates,
cofactors, and vitamins. Principal component analysis revealed clear segregation between CM-
like and CM patients. Metabolite-by-metabolite analysis identified 103 differentially abundant
metabolites, 26 of which were significantly lower in CM-like patients (primarily lipids), while 71%
of those higher in CM patients were amino acids and xenobiotics. The results revealed significant
differences in circulating levels of long chain free fatty acids and catecholamine metabolism and
identified steroid biosynthesis as the most enriched lipid metabolism pathway, with eight
endogenous steroids showing significantly higher levels in CM patients compared to CM-like
patients (FC > 2, B-H FDR-adjusted P < 0.05). These steroids include pregnenolone sulfate,
pregnenediol sulfate, pregnenetriol sulfate, androsterone monosulfate, 16a-OH-DHEA-S, DHEA-
S, cortisol, and cortisone. High levels of pregnenolone and its downstream metabolic derivatives
were significantly associated with coma in CM patients. Our findings suggest that monitoring
circulating neurosteroid levels in patients could aid in the early identification of those at risk of

coma, and may important implications for the clinical management of CM patients.
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INTRODUCTION

Plasmodium falciparum infection is a major global health concern, with an estimated 247
million clinical cases and 619,000 deaths in 2021. Cerebral Malaria (CM) is a severe complication
of falciparum malaria consisting of an acute encephalopathy characterized by coma and a
mortality rate up to 25%2°. The etiology of encephalopathy is not well understood but likely to be
multifactorial. Coma is a state of prolonged unconsciousness in which a person does not respond
to stimuli. It can be caused by a variety of factors, including traumatic brain injury (TBI), stroke,
drug overdose, and infections. The pathophysiology of coma is not fully understood, but it is
thought to involve alterations in neuronal excitability and synaptic transmission®. Treatment for
coma typically involves addressing the underlying cause and providing supportive care, such as
oxygen therapy, intravenous fluids, and nutrition®.

There have been limited investigations aimed at gaining a deeper understanding of the
cause of coma in CM. An autopsy study in Viethnamese adults with CM demonstrated that edema,
plasma protein leakage, and vascular endothelial growth factor signaling did not correlate with
pre-mortem coma®. More recently, an abnormal elevation of the neuro-modulatory amino acid
pipecolic acid (PA) was reported in the plasma of Malawian children with CM, and parasite-
derived PA was linked to neurological impairment in the murine experimental model of CM,
suggesting a role in the development of coma’. Our group used Apparent Diffusion Coefficient
(ADC), a measure of the magnitude of diffusion of water molecules within tissues and commonly
clinically calculated using magnetic resonance imaging (MRI) with diffusion-weighted imaging, to
investigate the cause of death in adult CM®. We showed that reversible, hypoxia-induced
cytotoxic edema identified by decreased ADC signal occurred predominantly in the basal ganglia
of adults with non-fatal CM°. Remarkably, we also found that ~20% of patients with severe, non-
cerebral malaria (SNCM) presented similar brain alterations despite the absence of deep coma®.

Here we investigate metabolic changes associated with coma in an Indian cohort®®. To
achieve this goal, we conducted global untargeted metabolomic profiling of plasma samples from
a subset of patients with CM (coma and decreased ADC signal in the basal ganglia) and CM-like
(SNCM without coma, decreased ADC signal in the basal ganglia) to identify metabolites and

metabolic processes specifically linked to a deep state of unconsciousness.

METHODS
Sample collection
Samples were collected as part of a parent study®®. Patients with P. falciparum malaria were

admitted to Ispat General Hospital in Rourkela, India, from October 2013 to November 2019. CM
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and SNCM adult patients were selected for this analysis using the modified World Health
Organization (WHO) criteria®, and the Glasgow Coma Score (GCS) was used to assess levels of
consciousness. CM patients (n=6) were defined by a GCS <11 out of 15 after correction of
hypoglycemia (<2.2 mmol/l), presented asexual forms of P. falciparum in a peripheral blood
smear.

CM-like patients (n=4) were defined by a GCS 11-15 with one or more complications including
severe malarial anemia (Hb <7 g/dL, n=0/4), jaundice (bilirubin >3 mg/dL, n=3/4), acute kidney
injury (serum creatinine >3 mg/dL, n=3/4), and hyperlactatemia (lactate >5 mmol/L, n=0/4); they
were selected from a larger group of SNCM patients due to their CM-like MRI pattern®. (Fig. 1a).
Patient characteristics are presented in Table 1; they were all treated according to Indian national
guidelines®. Exclusion criteria included other plasmodial species co-infection, meningitis, or other
causes of encephalopathy, as well as bacterial infection, as detailed elsewhere''. We used
consecutive sampling for this study, a non-probability sampling technique that seeks to include
all accessible subjects as part of the sample. Because Ispat General Hospital is the only referral
health facility for severe falciparum malaria in Rourkela and its adjoining districts, this approach
ensured that the sampling during the 6 years of enrolment was highly representative of the clinical
cases in this locality. Ethical approval was obtained from the Indian Council of Medical Research
(TDR589/2010/ECDII), as well as from the institutional review boards from New York University
School of Medicine (S12-03016), the London School of Hygiene and Tropical Medicine, and Ispat
General Hospital. A signed informed consent was obtained from all participants and/or their legal
guardians. In accordance with the Health Insurance Portability and Accountability Act, patient

details were kept confidential using unique study numbers.

Global untargeted metabolomic profiling

Blood samples were collected and plasma isolated using standard protocols. A volume of 100 ul
of plasma from the 6 CM and 4 CM-like patients were shipped in dry ice from India to Metabolon
for global untargeted metabolomic profiling. Following receipt, samples were inventoried and
immediately stored at -80C. Samples were prepared using the automated MicroLab STAR®
system (Hamilton) for metabolite profiling. Several recovery standards were added prior to the
first step in the extraction process for quality control purposes. To remove protein, dissociate
small molecules bound to protein or trapped in the precipitated protein matrix, and to recover
chemically diverse metabolites, proteins were precipitated with methanol under vigorous shaking
for 2 min (Glen Mills GenoGrinder 2000) followed by centrifugation. The resulting extract was

divided into five fractions. Two of these fractions were subjected to analysis using two distinct
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reverse phase (RP)UPLC-MS/MS methods, both utilizing positive ion mode electrospray
ionization (ESI). Additionally, one fraction was analyzed through RP/UPLC-MS/MS with negative
ion mode ESI, another through HILIC/UPLC-MS/MS with negative ion mode ESI, and a final
fraction was set aside as a backup. Samples were placed briefly on a TurboVap® (Zymark) to
remove the organic solvent. The sample extracts were stored overnight under nitrogen before

preparation for analysis described elsewhere.

Metabolomic data curation

The raw data was extracted and analyzed to identify signature chromatographic peaks and
relative ion concentrations for each detected metabolite in the plasma samples. To identify and
quantify individual components, we used the Quantify Individual Components in a Sample
(QUICS) method' to analyze the spectrometry data. The QUICS method groups ions for any
given metabolite from LC-MS/MS or GC-MS data based on retention time, mass, ion intensity,
and covariance of the ion data across the overall set of samples'?. To perform metabolite
identification, each metabolite aggregate was matched to a thoroughly annotated reference
chemical library comprising over 4000 metabolites with well-defined chemical profiles, including
the retention time/index (RI), mass-to-charge ratio (m/z), and chromatographic data, including
MS/MS spectral data''*. Chromatographic peaks were quantified using the area-under-the-
curve method, and the normalized values of each metabolite for all participants are provided in
Supplementary Table 1. Data normalization was performed to remove variation resulting from
instrument inter-run tuning differences, where each compound was corrected in run blocks by
registering the medians to equal one (1.00) and normalizing each data point proportionately. Next,

we imputed missing values with the observed minimum after normalization.

Statistical analyses

Differences in age, ADC, parasitemia count, parasite biomass by HRP2 and endothelial
dysfunction biomarker such as angiopoietin between CM-like and CM patients were evaluated by
performing two-tailed unpaired Mann—-Whitney tests using GraphPad Prism v8.0. The curated
data for each detected metabolite were log-transformed, and interquartile (IQR) normalized using
SAS/JMP Genomics version 8.0 (SAS Institute Inc., Cary, NC) to eliminate potential technical
artifacts and outliers. Unsupervised statistical analyses, including principal component analysis
(PCA) was conducted to investigate the correlation structure in the data and global influences on
the metabolome across the two groups. All supervised statistical analyses were performed using
SAS/JMP Genomics version 8.0 (SAS Institute). Analysis of covariance (ANCOVA) was utilized
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to identify differentially abundant metabolites that were statistically significant between the two
groups. A false discovery rate threshold of 0.05 (Benjamini-Hochberg FDR) was used to

determine statistical significance.

Quantitative pathway enrichment analysis

The Human Metabolome Database (HMDB, www.hmdb.ca)'® was used to query the mass of each
detected metabolite. The differentially abundant metabolites annotated by the HMDB database
and identified by supervised statistical analyses'® the Kyoto Encyclopedia of Genes and Genomes
(KEGG) and subjected to quantitative enrichment analysis (QEA) using the online software
MetaboAnalyst 5.0 (http://www.metaboanalyst.ca/)'®. Pathway enrichment analysis was
performed using the globaltest package'’, which employs a generalized linear model to estimate
a Q-statistic for each metabolite set, reflecting the correlation between compound concentration
profiles and clinical outcomes. The Q-statistic for a metabolite set is the average of the Q-statistics
for each metabolite in the set. Significantly enriched metabolic pathways were defined as those
with FDR-adjusted p-values < 0.05.

RESULTS AND DISCUSSION

Characteristics of the study participants

The levels of consciousness of participating patients were assessed using the GCS. CM patients
(with coma, n=6) were defined as having a GCS score of less than 11 out of 15 after correction
of hypoglycemia, with the presence of asexual forms of P. falciparum in a peripheral blood smear.
CM-like patients (without coma, n=4) were defined as having a GCS score of 11-15 and one or
more complications, such as severe malarial anemia, jaundice, acute kidney injury, and
hyperlactatemia (Fig. 1a). Importantly, both groups were matched for age and levels of
parasitemia. Additionally, no significant difference was observed between the two groups in

average parasitic biomass, ADC or levels of angiopoietin-2 (Fig. 2).

Global untargeted metabolomic profiling

Stringent quality control of the global metabolomic data led to the retention of 835 annotated
metabolites for downstream analysis. Most detected metabolites were lipids (n = 285) and amino
acids (n = 214). The third most represented subgroup consisted of xenobiotics (n = 176, Fig. 1b).
The maijority of the xenobiotics detected were involved in benzoate and xanthine metabolism,

exogenous food/plant components, or were components of generic analgesics and antibiotics. In
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addition, the metabolites detected included 27 peptides, 39 nucleotides, 26 carbohydrates, 37
cofactors and vitamins, 10 energy metabolites, and 21 partially characterized molecules (Fig. 1b).
PCA of the full dataset revealed a clear segregation of CM-like and CM patients, with the first two
principal components explaining 42.8% of the variation in the dataset (Fig. 3a). Next, metabolite-
by-metabolite analysis (Fig. 3b) revealed 103 differentially abundant metabolites (FC = |1.5], B-
H FDR < 0.05, Fig. 3c), 26 of which showed significantly lower levels in CM-like patients relative
to CM patients. Remarkably, 85% of these metabolites were lipids, 14 of which were long-chain
fatty acids and eight steroids (Fig. 3c and Supplementary Table 2). In contrast, 71% of the
metabolites that showed significantly higher levels in CM patients relative to CM-like patients were
amino acids (n = 42) and xenobiotics (n =13) (Fig. 3c and Supplementary Table 2). Together,

these results show that CM-like and CM patients have distinct metabolic signatures.

Metabolic pathway enrichment analysis

Quantitative enrichment analysis (QEA) of the 103 differentially abundant metabolites using
MetaboAnalyst 5.0 revealed 21 significantly enriched metabolic KEGG pathways that exhibited
distinct differences between CM-like and CM patients (Fig. 3d and Supplementary Table 3).
Among the enriched pathways, the top three most significantly enriched pathways were pentose
and glucuronate interconversions, amino and nucleotide sugar metabolism, and ascorbate and
aldarate metabolism. These pathways are involved in the use and interconversion of common
metabolites such as glucose, glucuronate, galacturonate, xylose, glucosamine, galactosamine,
and nucleotide sugars (B-H FDR-adjusted P < 4.54e-05; Fig. 3d). Notably, the plasma levels of
gulonic acid, L-arabitol, and N-acetylneuraminic acid (NeuAc) implicated in these pathways were
significantly elevated in CM-like patients (FC = |1.5|, B-H FDR-adjusted P <0.05, Supplementary
Table 2 and 3). NeuAc is an indispensable part of the important functional sugars, sialic acids,
which play a critical role in maintaining and improving brain health. The plasma levels of NeuAc
have been found to correlate with brain wet weight and brain ganglioside and glycoprotein

NeuAc™.

Of the enriched pathways, amino acid and lipid metabolism pathways, specifically steroid
biosynthesis and fatty acid metabolism, were the most represented. The most significantly
enriched amino acid metabolism pathway was tyrosine metabolism (B-H FDR-adjusted P =5.18e-
4), followed by histidine metabolism (B-H FDR-adjusted P = 1.16e-3), and valine, leucine, and
isoleucine degradation and biosynthesis (B-H FDR-adjusted P = 1.16e-3). The most significantly
enriched lipid metabolism pathway was steroid biosynthesis (B-H FDR-adjusted P = 2.70e-4), and


https://doi.org/10.1101/2023.05.01.538900
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.05.01.538900; this version posted May 2, 2023. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

fatty acid metabolism pathways were also represented (e.g., biosynthesis of unsaturated fatty
acids (B-H FDR-adjusted P = 5.18.e-4)) (Fig. 3d). Supplementary Table 3 provides a full list of
the enriched metabolic pathways. The results of the QEA analysis demonstrate that the metabolic
signatures of CM-like and CM patients differ significantly in various metabolic pathways,

implicating processes and metabolites that are critical for brain health.

Differential circulating levels of free fatty acids and acylcarnitines

QEA analysis revealed a significant over-representation of multiple fatty acid metabolic pathways,
including biosynthesis of unsaturated fatty acids, fatty acid biosynthesis, fatty acid elongation,
fatty acid degradation, and arachidonic acid metabolism (Fig. 3d). Our results show that CM
patients have significantly lower plasma levels of branched, hydroxyl, and dicarboxyl short- and
medium-chain acylcarnitines (3-hydroxysuberate, 2-methylmalonylcarnitine (C4-DC), 3-
hydroxyoctanoylcarnitine, suberoylcarnitine (C8-DC), and pimeloylcarnitine/3-
methyladipoylcarnitine (C7-DC)) (FC < -1.5; B-H FDR-adjusted P < 0.05, Fig. 4a). Acylcarnitines
are formed through the esterification of fatty acids (i.e., acyl groups) and L-carnitine, which is
essential for shuttling fatty acids between the cytosol and mitochondria where they are used in 3
oxidation for energy production®. Carnitine shuttle is also used to transfer dicarboxylic fatty acids,
which are the preferential fatty acids for peroxisomal fatty acid B oxidation'®. The higher levels of
dicarboxylic medium-chain acylcarnitines such as suberoylcarnitine (C8-DC) and 3-
methyladipoylcarnitine (C7-DC) in CM-like patients are indicative of increased a- and w-oxidation

of omega-3 polyunsaturated fatty acids, as well as peroxisomal FA B oxidation?.

Conversely, we show that CM patients have significantly higher levels of 13 circulating long chain
free fatty acids (FFAs) relative to CM-like patients (FC > 1.5, B-H FDR-adjusted P < 0.05) (Fig.
4b). These long-chain fatty acids include polyunsaturated (arachidonate (20:4n6),
docosapentaenoate (n6 DPA; 22:5n6), dihomo-linoleate (20:2n6), dihomo-linolenate (20:3n3 or
n6), and adrenate (22:4n6)); monounsaturated (10-heptadecenoate (17:1n7), 10-nonadecenoate
(19:1n9), oleate/vaccenate (18:1), and eicosenoate (20:1)); and saturated (myristate (14:0) and
palmitate (16:0)) fatty acids (Fig. 4b and Supplementary Table 2). FFAs in the bloodstream
primarily originate from the lipolysis of triacylglycerol, which is stored as lipid droplets by the
activity of classic lipases?'. During periods of high energy demands, such as acute cold exposure,
exercise, and hypoglycemia resulting from fasting or an increase in adrenergic stimulation, FFAs
are mobilized and utilized in B-oxidation for energy production?. Our findings suggest that CM

patients experience increased lipolysis relative to CM-like patients, however, it also hints to
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decreased mobilization and uptake of FFAs. Patients with B-oxidation defects may experience
coma and brain edema as toxic intermediates accumulate®. In addition, blood-brain barrier

dysfunction may also contribute to coma and brain edema in these patients?.

Catecholamine degradation and tyrosine metabolism

QEA analysis also identified the tyrosine metabolic pathway as the most significantly enriched
amino acid metabolic pathway (Fig. 3d). This finding is of particular interest given the direct
involvement of tyrosine in the synthesis of thyroid hormones and catecholamines and their link to
fatty acid metabolism and brain function. Tyrosine is the main precursor for endocrine thyroid
hormones, thyroxine (T4) and triiodothyronine (T3), which are synthesized through the iodination
and coupling of tyrosine residues in thyroglobulin of the thyroid gland?*. Both hormones play an
important role in regulating different biological functions from metabolic rate to cerebral
maturation. Tyrosine is also the primary precursor for the synthesis of catecholamines (e.g.,
dopamine, norepinephrine, and epinephrine), neuromodulatory hormones that play critical role in
determining the general level of metabolic activity??. Tyrosine is converted to L-Dopa and then to
dopamine through the actions of the enzymes tyrosine hydroxylase (TH) and aromatic amino acid
decarboxylase (AADC), respectively?®. Dopamine is then converted to norepinephrine and

epinephrine®.

Our data show that CM patients have significantly higher levels of thyroxine relative to CM-like
patients (FC = 2.2, B-H FDR-adjusted P = 4.55e-2) (Fig. 4c). Hyperthyroidism can result in a
thyroid hormone-mediated increase in lipolysis, circulating free fatty acids (FFAs) concentration,
and mitochondrial B-oxidation of fatty acids®®%’. Thyroid hormones stimulate lipolysis from fat
stores in white adipose tissue and from dietary fat sources to generate FFAs?®, Thyroid hormones
also regulate the activity of the two main cytosolic lipases, hepatic lipase and adipose triglyceride
lipase (ATGL), and transcriptionally stimulate carnitine O- palmitoyltransferase 1 (CPT1-La), the

rate-limiting enzyme for mitochondrial B-oxidation?.

Furthermore, CM patients have significantly lower levels of major catecholamine degradation
metabolites, homovanillate (HVA) sulfate (FC = 10.9, B-H FDR-adjusted P = 7.63e-3) and
vanilylmandelate (VMA) (FC = 2.2, B-H FDR-adjusted P = 8.17e-3) and vanillactate (VLA) (FC =
3.0, B-H FDR-adjusted P = 1.86e-4), compared to CM-like patients (Fig. 4c). HVA is the end-
product of dopamine degradation while VMA is the end-product of epinephrine and
norepinephrine degradation. They are synthesized through the actions of monoamine oxidase

and catechol-O-methyltransferase on dopamine and norepinephrine, respectively® (Fig. 4c).
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HVA and VMA are associated with catecholamine levels in the brain®*, and their low levels
suggest an impairment in catecholamine synthesis in CM patients. Catecholamines regulate
membrane transport of long chain fatty acids in isolated adipocytes through beta-receptor
interaction and cAMP??. The involvement of cAMP-dependent protein kinase suggests that the
catecholamine-mediated transport process is a regulatory step in fatty acid mobilization?, and
perturbations in catecholamine metabolism may lead dysfunctional mobilization often results in
greater circulating FFA plasma concentrations®'. The low levels of catecholamines metabolites
(HVA and VMA) and high levels of thyroxine are consistent with having increased levels of
circulating long chain FFAs, which suggests dysfunctional mobilization of FFAs for mitochondrial
FAO in CM patients relative to CM-like patients.

Association of steroidogenesis with coma in CM

The most significantly enriched lipid metabolism pathway in comatose patients is steroid
biosynthesis (Fig. 3d). Notably, eight different endogenous steroids showed significantly higher
levels in CM patients compared to CM-like patients (FC > 2.0, B-H FDR-adjusted P < 0.05). These
steroids include three extracellular pregnenolone steroids (pregnenolone sulfate, pregnenediol
sulfate, and pregnenetriol sulfate), three androgen steroids (16a-hydroxy DHEA 3-sulfate, andro
steroid monosulfate C19H2806S, and dehydroepiandrosterone sulfate (DHEA-S)), and two

corticosteroids (cortisol and cortisone) (Fig. 4d).

Pregnenolone (PREG) is an immediate precursor for steroidogenesis where it is converted to
dehydroandrosterone and subsequently to other androgenic steroids and corticosteroids®*%,
These endogenous steroids are neurosteroids that are synthesized by the brain as well as the

adrenal gland, gonads and T cells®~%¢

, which makes their elevation in the plasma of CM patients
relative to CM-like patients of significant interest. PREG levels positively correlated with edema
formation and decreased neurological score in a mouse model of TBI, further supporting the
contribution of some neuroactive steroids to the alterations in brain function®’. Remarkably, the
levels of multiple steroid molecules including multiple sulfated forms of PREG and its derivatives
have been shown to be both elevated upon P. falciparum infection and positively correlated with
parasitic load®. These steroid molecules have strong anti-inflammatory properties and impact the
host immune response through inhibition of T cell proliferation and B cell immunoglobulin class

switching®*3.
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Steroids also have neuromodulatory functions and play important roles in cognitive and emotional
processes, as they can act as signaling molecules and regulate various aspects of neuronal
function and communication®#°. Our results show a consistent and significant elevation of
multiple endogenous steroid molecules in CM patients with coma (Fig. 4d), indicating their
implication in the pathophysiology of the disease. We highlight in particular the significant
association between high levels of the circulating steroid hormone precursor pregnenolone sulfate
(PREGS) and coma. PREGS is an endogenous neurosteroid synthesized from PREG by glial
cells and neurons*', with cognitive and memory-enhancing, as well as antidepressant effects*?.
However, the PREGS-mediated increase in neuronal excitability, specifically through the N-
methyl-D-aspartate (NMDA) and y-aminobutyric acid A (GABA-A) receptors may become
detrimental under particular conditions, leading to excitotoxic stress or convulsions*. Reports
support a role for PREGS in coma pathogenesis, with increased levels of the neurosteroid and its
neuroactive metabolite allopregnanolone in the autopsied brain tissue of cirrhotic patients who

died in hepatic coma**. Our findings also suggest a role in the development of coma during CM.

CONCLUDING REMARKS

Changes in plasma neurosteroid levels have been associated with neurological and psychiatric
disorders*®. However, this is the first report of a similar imbalance between comatose and non-
comatose patients with severe falciparum malaria and identical brain changes on MRI. Overall,
our findings demonstrate an increase of PREG levels and its downstream derivatives in comatose
patients with CM, but causality remains to be established. Remarkably, PREG can modulate
myelination, neuroinflammation, neurotransmission, and neuroplasticity in the brain, with potential
important beneficial effects on cognition, aging, and addiction. In addition, it promotes the
degradation of key proteins in the innate immune signaling to suppress inflammation*. High levels
of PREG in comatose patients could therefore be linked to a neuroprotective feedback loop
triggered by the central nervous system to dampen neuroinflammation, a key mechanism of brain
injury in CM*. Monitoring PREG levels in patients could help clinicians identify patients at risk of
coma and develop more targeted treatment strategies. Our study has several limitations, including
the small number of patients in each group, and a large spectrum of disease in the SNCM
category, involving different organ involvement. However, this is the first study of its kin that
leverages neuroimaging data to investigate the origin of coma in CM through metabolomic
profiling. Further investigations are warranted to better understand the role of steroid hormones
in the pathogenesis of coma in CM, with a specific focus on neuromodulation and

neuroinflammation. This is particularly relevant to the current context of malaria elimination, with
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the global reduction in malaria transmission potentially leading to an increase in CM, as recently

reported in Mozambique®.
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Table 1: Characteristics of Indian patients with CM and CM-like malaria recruited from

October 2013 to November 2019. Values are expressed in mediant interquartile range.

CM (n=6) CM-like (n=4)
Age, years 28+14.2 39.5+£34.7
Sex (n)

Male 4 4
Female 2 0
Parasitemia (/uL) 5660+173602.7  14202+647559
Glasgow Coma Score 816.2 14+2.7
#*Hemoglobin (g/dL) 8.3+3.3 8.3+1.2
@Platelet count (x1000 per cu MM) 5242580 2712975
Random blood sugar (mg/dL) 89.5+60.5 74+108.3
Bilirubin (mg/dL) 3.7£3.0 9+12.3
Creatinine (mg/dL) 1.4+2.0 4.6+2.8

CM: cerebral malaria
#No data for 2 sample (CM=1; CM-like=1)
@No data for 1 sample (CM-like=1)
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Fig. 1. Study design and metabolomic profiling of CM patients with and without coma.

a, An illustration showing patient selection criteria. P. falciparum-infected cerebral malaria (CM)
and severe non-cerebral malaria (SNCM) adult patients were selected using the modified World
Health Organization (WHO) criteria, and the specific CM signature of decreased Apparent
Diffusion Coefficient (ADC) in basal ganglia. The Glasgow Coma Score (GCS) was used to
assess levels of consciousness. CM patients (with coma, n = 6) were defined by a GCS <11 out
of 15. CM-like patients (without coma, n = 4) were defined by a GCS 11-15. b, A schematic
showing the study design, sample size, and the outcome of global untargeted metabolomic
profiling of plasma samples collected from CM and CM-like patients. Total number of metabolites
identified using LC/MS? and retained for downstream analysis is shown (n = 835). Each color
represents a metabolite class. The number of metabolites for each class is shown.
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Fig. 2. Study groups patient characteristics comparisons

Scatter dot plots showing differences between the two study groups CM-like (n = 4, black) and
CM (n = 6, red) in average age (years) log2 parasitemia, parasitic biomass (Log2 PfHRP2),
endothelial dysfunction biomarker (Log2 angiopoietin-2 pg/ml) and Apparent Diffusion Coefficient
(ADC). Statistical significance in the comparisons shown was assessed using a paired two-tailed
Student’s t-test (P = ns: non-significant). Bar and whiskers represent mean + SD.
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Fig. 3: Metabolic differences between CM patients with and without coma.

a, PCA of the global metabolome of CM-like (n = 4, black) and CM (n = 6, red) patients. b, Volcano
plot of differential metabolite abundance (n = 835 metabolites). Significant differentially abundant
metabolites between the two study groups (repeated measures ANCOVA, B-H FDR < 0.05, log2
|Fold Change| = 1.5) are shown in red (n = 77) and blue (n = 26). Significantly upregulated (red)
and downregulated (blue) metabolites in CM-like patients relative to CM patients are shown to
the right and left of the volcano plots, respectively. ¢, Classes of differentially abundant
metabolites between CM-like and CM patients are shown (n = 103, B-H FDR < 0.05, log2 |Fold
Change| = 1.5). Metabolites are colored (blue to gray to red) to indicate their fold change from
significantly low to significantly high. a, Metabolite set enrichment analysis. Results of the
enrichment analysis of 103 differentially abundant metabolites using MetaboAnalyst v5.0.
Horizontal bars represent pathways’ fold enrichment and the color gradient indicate statistical
significance from low (yellow) to high (red). Pathways are ranked from top to bottom by
significance (P value).
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Fig. 4: Signature fatty acid, tyrosine and neurosteroids metabolic differences.

Scatter dot plots displaying the difference in normalized relative abundance levels of a, short and
medium-chain acylcarnitines (n = 5) b, long-chain free fatty acids (FFAs) (n = 13) ¢, tyrosine
metabolites (n = 4) between CM-like (n = 4, black) and CM patients (n = 6, red). Bar and whiskers
represent mean + SD. Statistical significance was assessed using repeated measures ANCOVA
(B-H FDR-adjusted p value < 0.05, log2 |Fold Change| = 1.5) (*p <0.05 and **p <0.01).
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