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Abstract

The high morbidity and mortality of neuroinflammatory diseases
drives significant interest in understanding the underlying
mechanisms involved in the innate and adaptive immune response
of the central nervous system (CNS). Diagnostic biomarkers are
important to define treatable neuroinflammation. Metabolomics is
a rapidly evolving research area offering novel insights into
metabolic pathways, and elucidation of reliable metabolites as
biomarkers for diseases. This review focuses on the emerging
literature regarding the detection of neuroinflammation using
cerebrospinal fluid (CSF) metabolomics in human cohort studies.
Studies of classic neuroinflammatory disorders such as encephalitis,
CNS infection and multiple sclerosis confirm the utility of CSF
metabolomics. Additionally, studies in neurodegeneration and
neuropsychiatry support the emerging potential of CSF
metabolomics to detect neuroinflammation in common CNS
diseases such as Alzheimer’s disease and depression. We
demonstrate metabolites in the tryptophan–kynurenine pathway,
nitric oxide pathway, neopterin and major lipid species show
moderately consistent ability to differentiate patients with
neuroinflammation from controls. Integration of CSF
metabolomics into clinical practice is warranted to improve
recognition and treatment of neuroinflammation.

Keywords: cerebrospinal fluid, metabolomics, neopterin,
neuroinflammation, nitric oxide pathway, tryptophan–kynurenine

INTRODUCTION

Neuroinflammation is inflammation of the central
nervous system (CNS) initiated in response to
either infection, autoimmunity, traumatic brain

injury, toxic metabolites or degeneration. In the
case of acquired inflammation or infection, the
inflammatory response is driven by invading
immune cells such as infiltrating lymphocytes or
monocytes. In addition, inflammation can be
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mediated by resident immune cells of the brain
such as microglia, which can contribute to
neuronal damage or repair.

Encephalitis is inflammation of the brain as a
result of viral infection or an autoimmunity.
Meningitis is another dangerous inflammatory
condition of the meninges surrounding the brain
and is caused by invasive viruses and bacteria.1

The significant mortality and morbidity of
encephalitis and meningitis has directed great
attention to explore the pathophysiologic
mechanisms, and biomarkers for identification.2,3

In addition, there is increasing evidence that
inflammation occurs in common
neurodevelopmental diseases such as autism,
common neuropsychiatric diseases such as
depression, and common neurodegenerative
diseases such as Alzheimer’s disease. As
inflammation is potentially modifiable, novel
methods to define brain inflammation are
needed.

CEREBROSPINAL FLUID AS A BIOFLUID
OF DIAGNOSTIC UTILITY FOR
METABOLOMICS

Cerebrospinal fluid (CSF) is the most useful
biofluid for analysing brain metabolism and
provides a valuable opportunity to detect
neuroinflammation in human CNS diseases.4 The
information derived from CSF metabolomics can
offer insight into cellular processes, which can
further provide deeper understanding of
molecular mechanisms of diseases.5,6 CSF is the
closest biological biofluid to the brain and directly
reflects the pathophysiological alterations of the
CNS.5 CSF is a colourless filtrated product of blood
plasma located in the subarachnoid spaces and
ventricles of the brain. The production of CSF
occurs mainly in the choroid plexus at a rate of
400–600 mL per day.7 This is driven by a
combination of processes including active
transport and diffusion. CSF is mainly composed
of water and contains enzymes, metal ions or
salts, micronutrients, neurotransmitters, amino
acids, glucose, carbohydrates, short-chain fatty
acids, alcohols, peptides and low protein content.8

CSF is circulated within the cranial and spinal
arachnoid villus sites and absorbed through the
arachnoid villi and into the venous outflow
system. The analysis of CSF metabolites,
interpretation of metabolite data and subsequent
biochemical changes are fundamental to

understand neuroinflammatory mechanisms,
identify biomarkers, enable prognosis of disease
developments and provide treatment strategies.

The workflow for CSF metabolomics analysis
involves three major steps: pre-analytical work,
analytical work and data processing.9 The pre-
analytical stages require careful handling in the
collection, preprocessing and storage steps of CSF
to ensure the integrity of the samples before
chemical analysis. In the analytical stage, there are
multiple steps involved in CSF metabolite
extractions and data acquisition using analytical
technologies. The data processing stage in
metabolomics is composed of (i) feature
detection, (ii) retention time correction, (iii)
chemical shift (or chromatogram) alignment, (iv)
metabolite feature annotation and grouping and
(v) metabolite identification. Following data
processing, the data quality assessment, including
the signal intensity drift correction (within and
between batches) and data normalisation, is
required prior to statistical analysis. Multivariate
statistical methods (such as principal component
analysis and partial least squares discriminant
analysis) identify relationships between
metabolite features and allow sample
discrimination or classification. Univariate
statistical methods (such as analysis of variance
and the Student’s t-test and the Kruskal–Wallis
test) assess the metabolite feature independently.

Standardised CSF sample handling procedures
are imperative in the search for reliable
biomarkers. It has been reported that delayed
storage and blood contamination of CSF result in
changes in prostaglandin D-synthase peptides,
amino acids and metabolites.10 CSF samples are
recommended to be centrifuged immediately after
collection and stored at �80°C. The common
extraction methods for CSF metabolites such as
organic solvent-based precipitation, ultrafiltration,
dilution and solid-phase extraction have been
extensively reviewed elsewhere.11–14 The
physicochemical diversity of the CSF metabolome
requires the use of multiple instrumental analytical
methods and complementary data acquisition
modes in order to maximise the metabolome
coverage, facilitate metabolite identification and
overcome bias from individual techniques. Nuclear
magnetic resonance (NMR) 15–17 and mass
spectrometry-based methods (such as liquid
chromatography and gas chromatography)18–22 are
principal technological platforms employed for
metabolomics. The unique strengths in NMR and
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mass spectrometry technologies have contributed
to the rapid growth of metabolomics and shown to
be highly complementary. The importance of
combining the analytical techniques for
metabolomics has been demonstrated in several
studies.23–25

The advancement of analytical technologies has
led to the demand of different data analysis tools
required in the process of extracting relevant
information. Data preprocessing software
packages, metabolite databases and libraries
available for NMR and mass spectrometry (MS)
metabolomics research have expanded, with
increased dependence on the usage of
metabolome repositories and querying
platforms.26 The strategies involved in molecular
feature extractions and metabolite annotations
have been previously reviewed.27–30 Advanced
statistical tools such as chemometrics have become
an essential tool for the extraction of valuable
metabolic signature information. Chemometrics
has developed into a well-established statistical
tool in areas such as multivariate calibration,
pattern recognition, multivariate statistical process
control and quantitative structure modelling.31–34

CEREBROSPINAL FLUID
METABOLOMICS: BIOMARKERS OF
NEUROINFLAMMATION

The identification of biomarkers is clinically useful
for an accurate diagnosis, prognosis and disease
management.35 CSF metabolomics applications
that focus on biomarker discovery offer the
promise of earlier detection and improved
outcomes. In this review, we discuss three main
metabolic pathways reported in human studies of
CNS inflammation, specifically tryptophan–
kynurenine, nitric oxide, neopterin and
sphingolipid–ceramide. However, there are a
number of other metabolites and pathways
associated with inflammatory processes, including
biogenic amines, amino acids, neurotransmitters,
carbohydrates and lipids. The research in these
areas is on a smaller scale, is less consistent and
has broader variation of metabolic network
coverage across independent studies, which are
not discussed in this review.

Tryptophan–Kynurenine pathway

The tryptophan–kynurenine metabolic pathway
commences with the conversion of tryptophan

into kynurenine (Figure 1), stimulated by
indoleamine 2,3-dioxygenase 1 (IDO-1), IDO-2 or
a relatively newly discovered IDO-related
enzyme.36 Kynurenine is further metabolised
by three main enzymes, kynurenine
aminotransferase, kynurenine 3-monooxygenase
and kynureninase dividing into three arms
generating its metabolites, kynurenic acid (KA),
3-hydroxykynurenine (3-HK) and anthranilic acid
(AA), respectively. 3-HK and AA can be converted
to 3-hydroxyanthranilic acid (3-HAA) and
afterwards interacted with 3-hydroxyanthranilic
acid oxygenase to produce quinolinic acid (QA)
and picolinic acid (PIC).

The kynurenine pathway is involved in
neuroinflammation because of activation of IDO
and related enzymes. The activation of IDO,
mainly by dendritic cells and macrophages, causes
the depletion of tryptophan and an imbalanced
formation of neuroprotective and neurotoxic
metabolites (Figure 1). The IDO gene expression is
regulated and responsive to interferons, which
accounts for the increased activity of IDO upon
neuroinflammation.

Tryptophan plays a key role in the regulation of
protein biosynthesis, immune tolerance, cell
growth and proliferation. The depletion of
tryptophan causes disruption to systemic
homeostasis and psychoneuroimmunological
consequences and is observed in a range of CNS
diseases with neuroinflammatory mechanisms.
Moreover, accelerated breakdown of tryptophan
will affect serotonin levels and consequently
create vulnerability to neuropsychiatric and
neuropsychological diseases.

Human cohort studies (with controls) of the
tryptophan–kynurenine pathway as a biomarker
of inflammation in CSF are shown in Table 1. As
shown, the studies vary in the size of patient and
control cohorts (Table 1). The disease states are
separated into CNS infections such as encephalitis,
meningitis or other infections known to affect the
CNS (e.g. hepatitis C, HIV and malaria).
Subsequently, studies on MS, a recognised
neuroinflammatory disorder of proposed
autoimmune aetiology, are reported.
Furthermore, Table 1 shows studies of diseases
where inflammation is increasingly described, such
as in neurodegeneration and mental health,
followed by other entities with possible
inflammatory associations. As seen in Table 1,
there are general trends that inflammation results
in decreased tryptophan, elevated kynurenine or
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kynurenic acid, with elevated kynurenine/
tryptophan ratio (or decreased tryptophan/
kynurenine ratio). Quinolinic acid was almost
universally elevated, and picolinic acid was
generally reduced when measured. The analysis of
CSF metabolites in the tryptophan–kynurenine
pathway therefore holds promises as
inflammatory biomarkers in the early diagnosis
and prognosis of neurological pathologies and
provides insights into their pathophysiology. As
recently reviewed, it should be highlighted that
inflammation induced by activation of IDO and
tryptophan 2,3-dioxygenase (TDO) is often
inferred as a result of changes in metabolite
ratios, rather than actual measurement of
the IDO/TDO enzyme protein or activation
status.37,38

The development of inflammatory-mediated
neuropathology is associated with the changes of

quinolinic acid levels.39 Quinolinic acid is an
important metabolite inducing immunosuppression
and has been hypothesised to induce toxicity in
brain cells40 and interaction with glutamate
neurotoxicity.41 Further studies in common
neurological diseases with possible inflammatory
mechanisms such as neurodegeneration,
neuropsychiatry and neurodevelopmental disorders
are therefore warranted.

Nitric oxide pathway

The conversion of arginine to nitric oxide and
citrulline is stimulated by nitric oxide synthase
(NOS). In the body, there are three isoforms of
NOS, whereby inducible NOS (iNOS) is extensively
involved in the pathophysiology of inflammation
and responsible for the production of nitric
oxide.42,43 iNOS is expressed in microglia cells,

Figure 1. Major pathways involved in neurological diseases with confirmed or suspected neuroinflammation – tryptophan–kynurenine pathway

(right above), nitric oxide pathway (left bottom), neopterin (right bottom) and sphingolipid–ceramide pathway (left above). Trends are highlighted

in red (representing statistically elevated in patients with neuroinflammation compared with controls) and blue (representing statistically decreased

in patients with neuroinflammation compared with controls). Neopterin is the most valuable inflammatory metabolite in the GTP–

tetrahydrobiopterin metabolism; therefore, the full pathway is not shown. 3-HAO, 3-hydroxyanthranilic acid oxygenase; ADMA, asymmetric

dimethylarginine; CerS, ceramide synthase; DEGS, dihydroceramide desaturase; GTPCH I, guanosine triphosphate cyclohydrolase I; IDO,

indoleamine 2,3-dioxygenase; IFN-c, interferon-gamma; KAT, kynurenine aminotransferase; KMO, kynurenine monooxygenase; KSR,

ketosphinganine reductase; KYNU, kynureninase; NO, nitric oxide; NOS, nitric oxide synthase; SMases, sphingomyelinases; SPT, serine

palmitoyltransferase; TDO, tryptophan 2,3-dioxygenase.
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astrocytes, neurons in CNS, macrophages,
endothelial cells at BBB, dendritic cells and
neutrophils. The inhibition of iNOS occurs by the
endogenous production of asymmetric
dimethylarginine. Nitric oxide is further
metabolised to reactive nitrogen species,
including nitrate and nitrite. Citrulline is recycled
to form arginine by argininosuccinate and
argininosuccinate lyase, known as the citrulline–
nitric oxide cycle. Conversely, arginine can be
hydrolysed to produce orthinine via arginase and
subsequently converted to citrulline by ornithine
transcarbamylase.

Nitric oxide is a critical gaseous molecule
involved in neurotransmission, defence
mechanisms, and acute and chronic
inflammation.42 The nitric oxide pathway plays a
critical role in the regulation of immunoprotective
activities defending the body against infectious
organisms. However, failure of immune regulation
and overactivation of inflammatory pathways can
result in disease states. The altered concentrations
of CSF metabolites in the nitric oxide pathway
have been implicated in a wide range of human
diseases associated with inflammation as
summarised in Table 2. A variation of analytical
platforms, untargeted or targeted approaches and
study cohorts have been used (Table 2), and the
cohort studies are subgrouped in the same way as
Table 1. As shown in Table 2, asymmetric
dimethylarginine, orthinine, nitrite and nitrate
levels in CSF are generally increased in diseases
with confirmed or suspected CNS inflammation.
However, it should be noted that the studies
differ in methodology and differ in the measured
or reported metabolites. Figure 1 depicts the
metabolites that are generally elevated or
decreased. As is the case for the tryptophan–
kynurenine pathway, the activation of iNOS is
generally inferred by measuring the pre- and
post-metabolites, rather than actually measuring
iNOS.

Neopterin

Neopterin is regarded as a valuable early
biochemical marker of the cellular immune
response during inflammation44 and is sometimes
used in clinical settings.45 Guanosine triphosphate
(GTP) is converted to 7,8-dihydroneopterin
triphosphate via the actions of GTP cyclohydrolase
I (Figure 1). The activation of T cells induces the
enzymatic activity of GTP cyclohydrolase I via

pro-inflammatory cytokines such as c-interferon,
leading to the production of neopterin by
macrophages and dendritic cells. Neopterin is a
direct product generated in the immune
activation of c-interferon able to be detected at
low concentrations and practical for clinical
assays.46

The reported human cohort studies of CSF
neopterin as a biomarker of inflammation are
outlined in Table 3. The disease states have been
classified into CNS infections including HIV,
encephalitis, meningitis or other infections
affecting the brain (e.g. HTLV-1, HAT). Moreover,
studies investigated in MS, neurodegeneration,
CNS tumors and autism are reported. CSF
neopterin was found to be predominantly
elevated in neurological diseases with
inflammatory mechanisms. A strong correlation
between elevated neopterin and the kynurenine/
tryptophan ratio has also been reported.47,48

Therefore, CSF neopterin serves as a strong
inflammatory biomarker for practitioners.

Lipids

Lipids are present in high concentrations in the
CNS and play important roles in the cellular
structure, cell signalling and energy storage.
Sphingomyelin, ceramide, phosphatidylcholine,
cholesterol and sulphatides are the most
abundant lipid classes in the CNS.49 Sphingolipids
are crucial in the regulation of cellular processes
including cell proliferation, apoptosis, autophagy
and inflammatory responses. Ceramide is involved
in oxidative stress, stimulation of apoptosis and
inflammatory processes. Phosphatidylcholines
ensure the balance between cell proliferation and
death and are key substrates to modulate
inflammation and release fatty acids such as
linoleic acid and arachidonic acid.

The de novo synthesis of the sphingolipid–
ceramide pathway commences with the
condensation of serine and palmitoyl-CoA by
serine palmitoyltransferase and further reduced
by ketosphinganine reductase to form
sphinganine (Figure 1). Sphinganine is acetylated
by ceramide synthase to form dihydroceramide
and subsequently converted to ceramide through
dihydroceramide desaturase. Alternatively,
sphingomyelin is hydrolysed by sphingomyelinases
to form ceramide.

The dysregulation of sphingolipids, ceramide,
phospholipids and oxylipins has been reported in
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a broad spectrum of human CNS diseases with
neuroinflammatory mechanisms as described in
Table 4. Wide variations of patient and control
cohorts have been used for CNS infections, MS,
Alzheimer’s disease, neurodegeneration and
autoimmune disease states. As shown in Table 4,
ceramide is generally elevated, whereas
sphingomyelins are generally decreased, resulting
in an increased ceramide/sphingomyelin
ratio. Phosphatidylcholines were found to be
elevated in CNS infections including
encephalitis or meningitis, but conversely
generally decreased in neurodegeneration. In
addition, an increase in oxylipins (such as
prostaglandin E2, 15-(S)-hydroxyeicosatetraenoic
acid, 9-hydroxyoctadecadienoic acid, 9-
hydroxyoctadecadienoic acid and dihomo-c-
linolenic acid) is evident during inflammation.

Metabolomics has demonstrated to be a
powerful tool in the discrimination of metabolite
features between different patient groups and
responses to therapeutic interventions. From
Tables 1–4, the hypothesis-generating and data-
mining-driven approach has shown success in the
search of biomarkers for diagnosis, prognosis and
monitoring of neuroinflammation in human
diseases. To date, most of the studies compare
single diseases with controls, and there have been
very few studies comparing differences in CSF
metabolites between different neuroinflammatory
diseases. Such studies are required to determine
whether CSF metabolomics can help separate
different neuroinflammatory conditions and
therefore aid in the differential diagnosis. Whilst
at present an ideal biomarker is unknown, a
combination of metabolites from the tryptophan–
kynurenine pathway, nitric oxide pathway,
neopterin and major lipid species may exhibit
greater potential for discriminating between
different causes of inflammation. More
importantly, the metabolite changes identified
and quantified as primary indicators in patient
cohorts will form a crucial part in clinical
translational practice.

CHALLENGES AND FUTURE
DIRECTIONS IN CSF METABOLOMICS

Despite the discriminative power of the CSF
biofluid, there are many challenges involved in
the accessibility of samples from a control
population and limited sample volumes. This is
because of the invasive nature of the matrix andT
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the ethical issues concerning the collection of CSF
from ‘healthy’ individuals. Furthermore, variation
in sample collection, preparation, analytical
instrumentation and data processing can
influence the set of observed metabolic changes
within a study.50 The optimisation of the
experimental design for metabolomics studies is
key to ensure standardisation and improve
reproducibility of CSF metabolic biomarkers across
studies. Data acquisition is a core area of
metabolomics experiments, and analytical
instrumentations are constantly undergoing
advancements for improved detection consistency,
sensitivity of metabolite detections at lower levels
and simplified data analysis tools. However,
challenges lie in the scanning speed and
sensitivity of detection, resulting in limited high
quality and quantity of metabolomics data for
validation of potential metabolite biomarker
identities. Preliminary metabolomics studies
predominantly used untargeted approaches and
produced semi-quantitative data generally using
an internal standard for normalisation, but to
successfully translate the research data, there is a
growing demand for quantitative metabolomics-
driven methods. The current lack of quantitative
metabolomics data poses challenges in defining
reference ranges and determining abnormal
values that are important for the translation to a
clinical setting.

The ultimate method for developing
metabolomics analysis would be to explore the
metabolome with minimal platforms; however, to
date there is no single platform able to cover the
full metabolome.51 Further challenges in global
metabolomics lie in the identification of
metabolites and biological variation in human
biofluids.52 A bottleneck in metabolomics studies
is accurate metabolite annotation to perform
biological interpretations.53,54 Over the last
decade, metabolite databases and libraries
available for metabolomics research have
significantly expanded. The human metabolome
database (http://www.hmdb.ca) and CSF
metabolome database (https://www.csfmetab
olome.ca) are currently the most comprehensive
databases consisting of chemical, clinical,
molecular biology and biochemistry data to
support the interpretation of metabolomics
data.55 Chemical and spectral data repositories
such as METLIN (http://metlin.scripps.edu),
ChemSpider (http://www.chemspider.com), NIST
mass spectral library (http://chemdata.nist.gov)T
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and mzCloud (https://www.mzcloud.org) are
popular avenues used as the benchmark for
metabolite identification (Table 5). However,
owing to the size of the metabolome, the
spectral information stored in databases is limited
by the availability of pure standards. Moreover,
from a bioinformatics point of view, the
evaluation for the similarity of spectra matches
cannot be fully automated; therefore, visual
inspection is mandatory and should not rely on
scores only.

Finally, there is a paucity of studies that
measure multiple metabolites in unison, in order
to see whether there is correlation or key
differences in tryptophan–kynurenine, nitric oxide
and neopterin metabolites in different disease
states. Given the importance of defining
potentially damaging and reversible inflammatory
mechanisms in common disorders such as
neurodegeneration, neuropsychiatry and
neurodevelopment, such large studies are vital to
provide diagnostic biomarkers in vivo.

CONCLUSION

Metabolomics is rapidly moving in an exciting
direction, demonstrating great potential in
diagnostic and treatment knowledge of diseases
affecting the CNS. There is increasing evidence
that the changes in metabolites involved in the
tryptophan–kynurenine pathway, nitric oxide
pathway and neopterin are strongly associated in
a wide range of human CNS diseases with
neuroinflammation mechanisms. Such metabolic
CSF neuroinflammation biomarkers should be
integrated into clinical practice.

ACKNOWLEDGMENTS

This research is supported by an Australian Government
Research Training Program (RTP) Scholarship.

CONFLICT OF INTEREST

The authors declare no conflict of interest.

AUTHOR CONTRIBUTIONS

JIngya Yan: Conceptualization; Resources; Writing-original
draft; Writing-review & editing. Unnikrishnan
Kuzhiumparambil: Conceptualization; Project administration;
Supervision; Writing-review & editing. Sushil Bandodkar:
Supervision; Writing-review & editing. Russell C Dale:
Conceptualization; Funding acquisition; Resources;
Supervision; Writing-review & editing. Shanlin Fu:
Conceptualization; Funding acquisition; Project
administration; Supervision; Writing-review & editing.

REFERENCES

1. DiSabato DJ, Quan N, Godbout JP. Neuroinflammation:
the devil is in the details. J Neurochem 2016; 139(Suppl
2): 136–153.

2. Aksoy F, Yilmaz G, Aydin NN, Kaya S, Karahan SC, Koksal I.
Are new biomarkers useful in the diagnosis of meningitis
in adults?Open Forum Infect Dis 2017; 4: S303.

3. Griffiths MJ, McGill F, Solomon T. Management of
acute meningitis. Clin Med (Lond) 2018; 18: 164–169.

4. Wishart DS, Lewis MJ, Morrissey JA et al. The human
cerebrospinal fluid metabolome. J Chromatogr B
Analyt Technol Biomed Life Sci 2008; 871: 164–173.

5. Dumas ME, Davidovic L. Metabolic profiling and
phenotyping of central nervous system diseases:
metabolites bring insights into brain dysfunctions. J
Neuroimmune Pharmacol 2015; 10: 402–424.

6. Blanchet L, Smolinska A, Attali A et al. Fusion of
metabolomics and proteomics data for biomarkers
discovery: case study on the experimental autoimmune
encephalomyelitis. BMC Bioinformatics 2011; 12: 254.

7. Sakka L, Coll G, Chazal J. Anatomy and physiology of
cerebrospinal fluid. Eur Ann Otorhinolaryngol Head
Neck Dis 2011; 128: 309–316.

8. Di Terlizzi R, Platt S. The function, composition and
analysis of cerebrospinal fluid in companion animals:
part I - function and composition. Vet J 2006; 172:
422–431.

9. Wu Y, Li L. Sample normalization methods in
quantitative metabolomics. J Chromatogr A 2016;
1430: 80–95.

10. Rosenling T, Slim CL, Christin C et al. The effect of
preanalytical factors on stability of the proteome and
selected metabolites in cerebrospinal fluid (CSF). J
Proteome Res 2009; 8: 5511–5522.

11. Albrecht B, Voronina E, Schipke C et al. Pursuing
experimental reproducibility: an efficient protocol for
the preparation of cerebrospinal fluid samples for
NMR-based metabolomics and analysis of sample
degradation. Metabolites 2020; 10: 251.

Table 5. Summary of types of information found in metabolite

databases and libraries used for metabolomics

Database Information found in the database

Human metabolome

database

Chemical data

Clinical data

Molecular biology data

Biochemistry data

Cerebrospinal fluid

metabolome database

Chemical data

Clinical data

Molecular biology data

Biochemistry data

METLIN Spectral data

ChemSpider Chemical data

NIST Spectral data

mzCloud Spectral data

2021 | Vol. 10 | e1318

Page 14

ª 2021 The Authors. Clinical & Translational Immunology published by John Wiley & Sons Australia, Ltd on behalf of

Australian and New Zealand Society for Immunology, Inc.

CSF metabolomics of human neuroinflammation J Yan et al.

https://www.mzcloud.org


12. Chetwynd AJ, Dunn WB, Rodriguez-Blanco G.
Collection and preparation of clinical samples for
metabolomics. In: Sussulini A ed. Metabolomics: From
Fundamentals to Clinical Applications. Cham: Springer
International Publishing, 2017: 19–44.

13. Trezzi J-P, J€ager C, Galozzi S et al. Metabolic profiling
of body fluids and multivariate data analysis.
MethodsX 2017; 4: 95–103.

14. Vuckovic D. Current trends and challenges in sample
preparation for global metabolomics using liquid
chromatography-mass spectrometry. Anal Bioanal
Chem 2012; 403: 1523–1548.

15. Emwas A-H, Roy R, McKay RT et al. NMR spectroscopy
for metabolomics research. Metabolites 2019; 9: 123.

16. Wishart DS. NMR metabolomics: a look ahead. J Magn
Reson 2019; 306: 155–161.

17. Nagana Gowda GA, Raftery D. Recent advances in
NMR-based metabolomics. Anal Chem 2017; 89: 490–
510.

18. Ren J-L, Zhang A-H, Kong L, Wang X-J. Advances in
mass spectrometry-based metabolomics for
investigation of metabolites. RSC Adv 2018; 8: 22335–
22350.

19. Liu X, Zhou L, Shi X, Xu G. New advances in analytical
methods for mass spectrometry-based large-scale
metabolomics study. Trends Analyt Chem 2019; 121:
115665.

20. Crutchfield CA, Thomas SN, Sokoll LJ, Chan DW.
Advances in mass spectrometry-based clinical
biomarker discovery. Clin Proteomics 2016; 13: 1.

21. Cui L, Lu H, Lee YH. Challenges and emergent
solutions for LC-MS/MS based untargeted
metabolomics in diseases. Mass Spectrom Rev 2018; 37:
772–792.

22. Beale DJ, Pinu FR, Kouremenos KA et al. Review of recent
developments in GC–MS approaches to metabolomics-
based research.Metabolomics 2018; 14: 152.

23. Marshall DD, Powers R. Beyond the paradigm:
combining mass spectrometry and nuclear magnetic
resonance for metabolomics. Prog Nucl Magn Reson
Spectrosc 2017; 100: 1–16.

24. Bhinderwala F, Wase N, DiRusso C, Powers R.
Combining Mass Spectrometry and NMR Improves
Metabolite Detection and Annotation. J Proteome Res
2018; 17: 4017–4022.

25. Bingol K. Recent advances in targeted and untargeted
metabolomics by NMR and MS/NMR methods. High-
throughput 2018; 7: 9.

26. Bingol K, Bruschweiler-Li L, Li D, Zhang B, Xie M,
Br€uschweiler R. Emerging new strategies for successful
metabolite identification in metabolomics. Bioanalysis
2016; 8: 557–573.

27. Chaleckis R, Meister I, Zhang P, Wheelock CE.
Challenges, progress and promises of metabolite
annotation for LC–MS-based metabolomics. Curr Opin
Biotechnol 2019; 55: 44–50.

28. Dona AC, Kyriakides M, Scott F et al. A guide to the
identification of metabolites in NMR-based
metabonomics/metabolomics experiments. Comput
Struct Biotechnol J 2016; 14: 135–153.

29. Garcia-Perez I, Posma JM, Serrano-Contreras JI et al.
Identifying unknown metabolites using NMR-based

metabolic profiling techniques. Nat Protoc 2020; 15:
2538–2567.

30. Nash WJ, Dunn WB. From mass to metabolite in
human untargeted metabolomics: recent advances in
annotation of metabolites applying liquid
chromatography-mass spectrometry data. Trends
Analyt Chem 2019; 120: 115324.

31. Pinto RC. Chemometrics methods and strategies in
metabolomics. Adv Exp Med Biol 2017; 163–190.

32. Madsen R, Lundstedt T, Trygg J. Chemometrics in
metabolomics—a review in human disease diagnosis.
Anal Chim Acta 2010; 659: 23–33.

33. Trygg J, Gullberg J, Johansson AI, Jonsson P, Moritz T.
Chemometrics in metabolomics — an introduction. In:
Saito K, Dixon RA, Willmitzer L eds. Plant
Metabolomics. Berlin, Heidelberg: Springer Berlin
Heidelberg, 2006: 117–128.

34. Yi L, Dong N, Yun Y et al. Chemometric methods in data
processing of mass spectrometry-based metabolomics: a
review. Anal Chim Acta 2016; 914: 17–34.

35. Villoslada P, Baranzini S. Data integration and systems
biology approaches for biomarker discovery:
challenges and opportunities for multiple sclerosis. J
Neuroimmunol 2012; 248: 58–65.

36. Takikawa O. Biochemical and medical aspects of the
indoleamine 2,3-dioxygenase-initiated L-tryptophan
metabolism. Biochem Biophys Res Commun 2005; 338:
12–19.

37. Badawy AAB, Guillemin G. The plasma [kynurenine]/
[tryptophan] ratio and indoleamine 2,3-dioxygenase:
time for appraisal. Int J Tryptophan Res 2019; 12: 1–10.

38. Sorgdrager FJH, Naud�e PJW, Kema IP, Nollen EA, Deyn
PPD. Tryptophan metabolism in inflammaging: from
biomarker to therapeutic target. Front Immunol 2019;
10: 2565.

39. Braidy N, Grant R. Kynurenine pathway metabolism
and neuroinflammatory disease. Neural Regen Res
2017; 12: 39–42.

40. Badawy AAB. Hypothesis kynurenic and quinolinic
acids: the main players of the kynurenine pathway and
opponents in inflammatory disease. Med Hypotheses
2018; 118: 129–138.

41. Lugo-Huitron R, Ugalde Muniz P, Pineda B, Pedraza-
Chaverri J, Rios C, P�erez-de la Cruz V. Quinolinic acid:
an endogenous neurotoxin with multiple targets. Oxid
Med Cell Longev 2013; 2013: 104024.

42. Tripathi P, Tripathi P, Kashyap L, Singh V. The role of
nitric oxide in inflammatory reactions. FEMS Immunol
Med Microbiol 2007; 51: 443–452.

43. Lee J, Ryu H, Ferrante RJ, Morris SM Jr, Ratan RR.
Translational control of inducible nitric oxide synthase
expression by arginine can explain the arginine
paradox. Proc Natl Acad Sci USA 2003; 100: 4843–4848.

44. Pingle SK, Tumane RG, Jawade AA. Neopterin:
biomarker of cell-mediated immunity and potent
usage as biomarker in silicosis and other occupational
diseases. Indian J Occup Environ Med 2008; 12: 107–
111.

45. Dale RC, Brilot F, Fagan E, Earl J. Cerebrospinal fluid
neopterin in paediatric neurology: a marker of active
central nervous system inflammation. Dev Med Child
Neurol 2009; 51: 317–323.

ª 2021 The Authors. Clinical & Translational Immunology published by John Wiley & Sons Australia, Ltd on behalf of

Australian and New Zealand Society for Immunology, Inc.
2021 | Vol. 10 | e1318

Page 15

J Yan et al. CSF metabolomics of human neuroinflammation



46. Krause D, Suh H-S, Tarassishin L et al. The tryptophan
metabolite 3-hydroxyanthranilic acid plays anti-
inflammatory and neuroprotective roles during
inflammation: role of hemeoxygenase-1. Am J Pathol
2011; 179: 1360–1372.

47. Quist-Paulsen E, Aukrust P, Kran A-MB et al. High
neopterin and IP-10 levels in cerebrospinal fluid are
associated with neurotoxic tryptophan metabolites in
acute central nervous system infections. J
Neuroinflammation 2018; 15: 327.

48. Widner B, Leblhuber F, Fuchs D. Increased neopterin
production and tryptophan degradation in advanced
Parkinson’s disease. J Neural Transm 2002; 109: 181–
189.

49. Adibhatla RM, Hatcher JF. Role of lipids in brain injury
and diseases. Future Lipidol 2007; 2: 403–422.
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