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Abstract 

Inflammation of the brain is increasingly recognised as important in encephalitis. The 

high mortality and morbidity rates of acute neuroinflammatory diseases has directed 

significant interest in the investigation of biomarkers to define neuroinflammation 

and explore mechanisms involved in the regulation of central nervous system 

immune responses. Metabolomics is a rapidly emerging research field increasingly 

recognised as a powerful approach for addressing the gaps in knowledge underlying 

the pathophysiologic mechanisms involved in neuroinflammation and accurate 

diagnostic biomarkers.  

 

The advancements in analytical platforms followed by subsequent chemometrics 

tools have revolutionised untargeted metabolomics analyses. With liquid 

chromatography coupled to high resolution mass spectrometry moving to the 

forefront, an untargeted metabolomics analysis method was developed and 

optimised to identify multi-class metabolites in human cerebrospinal fluids.  The 

detection of cerebrospinal fluid metabolites were determined based on a simple and 

rapid methanol precipitation sample preparation method. The chromatographic 

separation was achieved within a twenty minute gradient elution using hydrophilic 

interaction chromatography. The method exhibited good reproducibility, high 

efficiency chromatographic separation and strong mass resolving mass spectrometry 

analysis. The practicality and robustness of the developed method on a pilot study 

further demonstrated the potential of the untargeted metabolomics strategy to 

identify biomarkers and understand the biochemical pathways involved in 

neuroinflammation.  

 

With metabolites as the downstream products of cellular function, the application of 

metabolomics data is to understand the pathogenesis of neuroinflammatory 

mechanisms involved in encephalitis. Preliminary evidence showed statistically 
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discriminative metabolites in the tryptophan-kynurenine pathway, nitric oxide 

pathway and elevation of neopterin. The use of the adjacent ratios such as 

kynurenine/tryptophan, anthranilic acid/3-hydroxyanthranilic acid and 

ADMA/arginine in combination with neopterin can serve as a potential cerebrospinal 

fluid biomarker panel to predict neuroinflammation, particularly when routine tests 

and neuroimaging return a negative result in encephalitis patients.  The emergence of 

cerebrospinal metabolomics holds significant promise incorporating omics research 

into a clinical diagnostic service. 
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Chapter 1: Introduction 

Summary 

This chapter examines the diagnostic utility of cerebrospinal fluid with focus on the 

translational opportunities of detecting human diseases with neuroinflammatory 

mechanisms using cerebrospinal fluid metabolomics.  

 

The chapter will first provide an overview of metabolomics, cerebrospinal fluid 

sample preparation and analysis, followed by an in depth literature investigation on 

the use of cerebrospinal fluid metabolomics to identify biomarkers for a broad 

spectrum of human diseases that have proven neuroinflammation and central 

nervous system diseases with emerging evidence of the role of neuroinflammation. 

 

The bulk of this chapter is from a critical review that was submitted for publication to 

Clinical and Translational Immunology and under review.   
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1.1 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 and reversible neuroinflammation. 

Metabolomics is a rapidly evolving research area offering novel insights into 

metabolic pathways, and elucidation of reliable metabolites as biomarkers for 

diseases. We first review the technology surrounding metabolomics including the use 

of cerebrospinal fluid (CSF) as a biofluid and analytical methodology. We then focus 

on the emerging literature regarding the detection of neuroinflammation using 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 defining neuroinflammatory pathways in common 

CNS diseases such as Alzheimer’s disease and depression. We demonstrate 

metabolites in the tryptophan-kynurenine pathway, nitric oxide pathway and 

neopterin show moderately consistent ability to differentiate patients with 

neuroinflammation from controls. We discuss the importance of methodological 

standardisation in the translation of CSF metabolomics into clinical practise.  

 

Keywords: Cerebrospinal fluid, metabolomics, neuroinflammation, tryptophan-

kynurenine, nitric oxide pathway, neopterin 
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1.2 Introduction 

Neuroinflammation is inflammation of the 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. 

Alternatively, cellular and biochemical responses mediated by resident immune cells 

of the brain (such as microglia) contribute to repair or neuronal damage, and the 

disease expression of neurodevelopmental disorders, neurodegeneration and toxic 

injuries [1, 2].  

The negative impact of neuroinflammation has directed research to identify the 

pathophysiological processes [3]. Encephalitis is inflammation of the brain commonly 

found in children as a result of viral infection or an autoimmune response. Meningitis 

is another dangerous inflammatory condition of the meninges surrounding the brain 

and is caused by invasive viruses and bacteria. The significant mortality and morbidity 

of encephalitis and meningitis have directed great attention to explore the 

pathophysiologic mechanisms and biomarkers for identification [4, 5]. Due to the lack 

of knowledge underlying the pathophysiological processes that contribute to the 

progression of human diseases with neuroinflammatory mechanisms, and the lack of 

accurate diagnostic markers and limited effective therapies, there is a great demand 

for novel approaches.   

Metabolomics is a rapidly emerging discipline and increasingly involved in 

characterising neurological diseases. The key function of metabolomics is to describe 

the entire metabolome within a biological sample and correlate these metabolomic 

profiles with known physiological or pathological states [6]. CSF is mainly produced by 

the choroid plexus in the lateral and third ventricles, playing an important role in the 

maintenance of homeostasis, protection and nourishment of the brain. CSF is a useful 

biofluid for analysing brain metabolism, and provides an enhanced representation of 

neurochemical states and greater metabolite sources for neuroinflammation in 

human CNS diseases [7]. The information from CSF metabolomics can offer insights 
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into the correlations between the metabolomes and cellular processes, which can 

further provide a deeper understanding of the molecular disease mechanisms [8, 9]. 

This chapter will explore the diagnostic utility and developments in CSF metabolomics 

with focus on the use of metabolomics to identify biomarkers for a broad spectrum of 

conditions that have inflammation as a component of the disease including proven 

neuroinflammatory disorders such as encephalitis, meningitis, and multiple sclerosis. 

Moreover, CNS diseases with emerging evidence of the role of neuroinflammation 

such as common neurodegenerative and neuropsychiatric conditions [10, 11].  A 

background to neuroinflammation, metabolomics, CSF sample preparation and 

analysis methods will be provided first followed by highlighting potential metabolite 

biomarkers in the tryptophan-kynurenine pathway, nitric oxide pathway and 

neopterin for a range of studies detecting neuroinflammation in human diseases. 

 

1.3 Neuroinflammation 

Neuroinflammation is an inflammatory response of the brain or spinal cord initiated 

as a result of infection, traumatic brain injury, toxic metabolites, or autoimmunity. 

Inflammatory responses are coordinated through the interaction and movement of 

various signalling molecules and cells releasing mediators such as cytokines, 

chemokines, secondary messengers and reactive nitrogen and oxygen species. The 

production of inflammatory mediators is formed from peripherally derived immune 

cells, CNS glia and endothelial cells. 

Peripheral inflammation initiates a neuroinflammatory response involving the blood-

brain barrier (BBB), glia and neurons. The BBB is a highly specialised form of 

endothelial layer regarded as a key to the understanding of prolonged 

neuroinflammation due to peripheral injuries. As an active transport mechanism, BBB 

is not only permeable to pro-inflammatory mediators but can also facilitate the 

release and mobilisation of interleukin cytokines into the brain [12]. Microglial cells 

are resident macrophages of the CNS and are responsible for the release of pro-
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inflammatory mediators in the neuroinflammation process [13]. In the state of 

chronic neuroinflammation microglia are activated for extended periods resulting in 

large quantities of neurotoxic molecules. Putative CSF microglial activation 

biomarkers have been identified, however, to date their capability of reflecting 

disease activity and progression cannot be determined. Astrocytes play an important 

role in synaptic regulation and stimulation of inflammatory molecules in the cortex 

and mid-brain [14].  Cytokines are signalling proteins that mediate the process of 

neuroinflammation such as tumour necrosis factor and interleukin are integral in the 

pathology of inflammation and acceleration of diseases. Chemokines are small 

cytokines with extremely low physiological concentrations in the CNS and take part in 

the chemotaxis and upregulation of microglia and astrocytes, causing damages in 

neuronal function [15].  

Acute brain inflammation is a severe inflammatory disease and stands as an 

important global public health issue. The significant mortality and morbidity rates in 

both children and adults is estimated to affect approximately 5-10 per 100,000 

individuals per year [16]. There are over 100 causes of acute brain inflammation as a 

sequelae of direct infection, post-infection or autoimmune process. Over the past 

decade, advances and improved understanding of neuroinflammatory mechanisms 

have uncovered new infectious and autoimmune causes of acute brain inflammation 

diseases [16]. However, 37 to 63% of acute brain inflammation cases remain without 

a known etiology [17, 18].  

The development and diagnosis of acute brain inflammation remains a challenge to 

clinicians in its early stages given the non-specific and heterogeneity of clinical 

presentations. There are limited accurate diagnostic biomarkers to demonstrate and 

monitor inflammation and a lack of knowledge on the neuroinflammatory 

mechanisms underlying acute brain inflammation. Hence, there is a great demand for 

novel approaches to offer new insights into the pathophysiological processes, 

monitor neuroinflammation and responses to treatment.  
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1.4 Principle of Metabolomics 

Metabolomics is an emerging field and increasingly used as a characteristic 

fingerprint in clinical sciences.  Metabolomics depicts the systematic analysis of 

metabolism and metabolite responses to physiological stimuli including disease states 

or therapeutic interventions [19]. Metabolites are crucial for cellular functions 

whereby biological disturbances can cause a series of metabolic changes in the body. 

Small molecule metabolites such as amines, amino acids, neurotransmitters, fatty 

acids and products of cellular activities are a result of biological and environmental 

factors which hold potential in reflecting the metabolic functions and bridging 

knowledge of genotype and phenotype.  

This novel technique is used to derive unique information on the downstream effects 

caused by diverse metabolite activity and regulations with different physical and 

chemical properties [6]. The strength of metabolomics is the discovery of correlations 

between the metabolome and cellular processes which identifies changes in 

metabolite profiles that are distinctive specific disease states. This aims to generate 

biomarkers for early diagnosis and monitoring patient responses to treatments [20].   

The diversity of the CSF metabolome requires advanced analytical tools to identify 

changes and fluxes in the concentrations of endogenous metabolites [21].  The 

advancements in nuclear magnetic resonance (NMR), mass spectrometry (MS) based 

methods and chromatography has enabled new opportunities and enhanced 

metabolic profiling for biological fluids [22]. Advanced statistical tools such as 

chemometrics have become a dedicated and essential tool for the extraction of 

valuable metabolic signature information. Chemometrics can unravel information of 

significant metabolites for comparisons between disease patients and controls [23].  
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1.5 Cerebrospinal Fluid as a biofluid of diagnostic 

utility 

Blood has been the most commonly used biological fluid for the diagnosis of clinical 

chemistry [24] due to its rich metabolome, less invasive nature (compared to CSF and 

brain biopsy) and ability to reflect metabolic states. CSF is a less commonly used 

biofluid compared to blood [24]. However, CSF is the closest biological matrix to the 

brain and directly reflects the pathophysiological alterations of the CNS [8]. 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 four hundred to six hundred millilitres per day [25].  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, neurotransmitters, 

carbohydrates and short chain fatty acids [26]. CSF is circulated within the cranial and 

spinal arachnoid villi sites and absorbed through the arachnoid villi and into the 

venous outflow system. CSF is reabsorbed into the blood through arachnoid 

granulations. 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 

treatment strategies. 

The workflow for CSF metabolomics analysis involves three major steps, pre-

analytical work, analytical work and data processing [27]. The pre-analytical stages 

requires careful handling in the collection, pre-processing 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 can comprise of feature 

extractions, metabolite identification and statistical analysis.  

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 of prostaglandin D-synthase peptides, amino 
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acids and metabolites [28]. CSF samples are recommended to be centrifuged 

immediately after collection and stored at −80 °C. 

 

1.5.1 Sample Preparation and Metabolite Extraction 

Sample preparation and metabolite extraction plays an important role in exploring 

the cellular metabolome. The development of efficient sample preparation 

procedures for CSF is further challenged by the limited sample volumes available for 

analysis. The common extraction methods (such as organic solvent based 

precipitation, ultrafiltration, dilution, solid phase extraction) for CSF metabolites have 

been extensively reviewed [29-32]. Deproteinisation is a requirement for sample pre-

treatment in all methods. The presence of proteins is deemed to reduce accuracy, 

precision and instrument lifetime [33]. CSF samples are generally analysed with 

minimal sample preparation to maintain a wide coverage in metabolites. For this 

reason, non-selective sample preparation methods such as dilute-and-shoot or 

solvent-protein precipitation are more commonly used [34, 35]. 

In metabolomic studies the most frequently used extraction methods involve organic 

solvent based protein precipitation, and subsequently ultrafiltration or centrifugation 

[36]. Organic solvent-based protein precipitation can extract hydrophobic and 

hydrophilic compounds whereby the extent of metabolite recovery is dependent 

upon the nature of solvents used. For example, Bruce et al. reported acetonitrile 

enhances protein removal but methanol, methanol/ethanol or methanol/acetonitrile 

provides better metabolic coverage in human plasma [37]. In larger cohort 

experiments, automated solvent based protein precipitation with 96-well plate 

formats have become recently available [38]. This extraction approach was 

successfully demonstrated in a study conducted by Fuertig et al [39]. The researchers 

introduced the use of 96-well plates to perform single-step ultrafiltration for CSF, 

plasma and brain tissue samples. This significantly reduced the time and cost of 

sample preparation and allowed direct injection of the filtrate into LC-MS/MS 

systems. Turbulent flow chromatography is an alternate automated online procedure 
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used for removing proteins. The technique enables the crude biological sample to be 

directly injected into a turbo flow column at a high flow rate [40].  

 

1.5.2 Analytical Tools for Metabolomics 

The diversity of chemical and physical properties in the CSF metabolome requires 

advanced analytical tools to ensure the accuracy of metabolite identification and 

improve the coverage of metabolites. NMR [41-43] and mass spectrometry based 

methods (such as liquid chromatography and gas chromatography) [44-48] are 

principal technological platforms employed for metabolomics. The behaviour of small 

molecules is exploited on the 1H NMR system through a magnetic field which 

distinguishes different nuclei based on their resonant frequency. In comparison, mass 

spectrometry identifies the composition of ions through the mass-to-charge ratio in 

charged molecules. The data generated by both analytical approaches are powerful 

means of understanding biochemical consequences of diseases whereby the 

spectrum of peaks establishes associations between cellular responses and the levels 

of metabolites.  

1.5.2.1 Nuclear Magnetic Resonance Spectroscopy 

NMR spectroscopy has significantly contributed to the field of metabolomics holding 

advantages in the scope of metabolite quantification, metabolite identification, good 

experimental reproducibility and non-destructive nature[41]. The capacity of NMR to 

resolve thousands of peaks in complex biological mixtures and unambiguous 

structural identification of new metabolites led to the initial choice of development in 

the field of metabolomics [49]. As a powerful approach for identification the main 

advantages of using NMR over MS analysis is its great reproducibility and highly 

quantitative nature where metabolite peaks are assigned an integral value which is 

directly in proportion to the concentration of the metabolite [50, 51]. NMR is capable 

of detecting uncharged and polar compounds including amines, sugars and volatile 

substances that are often undetectable by GC or LC-MS based methods. NMR offers 
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capabilities to identify active metabolic pathways, measure enzyme activities and 

metabolite fluxes by tracing nuclei flow using 1H, 13C and 15N[52].  

The large number of metabolites in biological samples requires the development of 

enhanced methods. With numerous types of NMR available, 1H NMR spectroscopy 

has evolved as the standard technique for most NMR-based metabolomics research 

[53].  The data collection process is characterised as reproducible, simple, rapid and 

readily yields spectra of peaks. A major advantage of 1H-NMR is the non-destructive 

nature and limited sample preparation which is beneficial for the CSF specimens. 

However, a major challenge in 1H techniques is the reliable quantification of 

metabolites due to the generation of overlapping signals in the spectra. The overlap 

of signals is caused by limited spectral dispersion of proton chemical shifts leading to 

uncertainties in the assignment of metabolites.  

1.5.2.2 Mass Spectrometry 

With high demands on the development of analytical methods to manage and 

diagnose numerous human diseases, MS has undertaken significant advancements in 

experimental designs, software, instrumentations and databases [50]. Over the last 

decade, MS-based methods for metabolite analysis has been extensively used for 

clinical diagnoses [54, 55]. The high sensitivity, good mass accuracy, wide dynamic 

range of metabolite coverage and minimal sample volume required are extremely 

beneficial for the analysis of CSF metabolites.  

The accuracy and sensitivity of MS detection relies on a number of experimental and 

instrumental conditions such as separation, ionisation and detection methods. The 

complex nature of biological samples often requires desired metabolites separated 

prior to the acquisition of MS. As a result, MS hyphenated with different 

chromatographic techniques such as liquid chromatography (LC) and gas 

chromatography (GC) play increased roles in metabolomics studies[45]. GC-MS is a 

versatile platform with a long-standing history of established protocols for analysing 

metabolites [48, 56]. GC-MS offers better separation of metabolites and its gaseous 
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phase avoids ion suppression. However, GC is mainly disadvantaged by the 

requirement of a chemical derivatisation for metabolic species prior to instrumental 

analysis [57]. LC-MS has undertaken tremendous growth in the last decade and 

greater interest due to its capability of detecting a larger pool of metabolites without 

the need of chemical modifications [58]. Conventional reverse phase chromatography 

is employed to separate non-polar to slightly polar metabolites. The advancements in 

hydrophilic interaction liquid chromatography are becoming increasingly popular for 

the analysis of polar metabolites [59]. 

One of the most crucial steps in MS detection and measurement of metabolites is 

ionisation [60]. Electron ionisation is commonly employed in GC-MS studies for high 

chromatographic resolution and rich fragmentation patterns of low molecular weight 

and volatile compounds. Electrospray ionisation is a soft ionisation technique more 

commonly used in LC-MS studies with the ability to adequately ionise small and large 

molecules. 

Metabolite detection approaches acquiring high sensitivity and resolution are of great 

interest. The challenge remains for the achievement of both goals in any single MS 

detection as higher resolution leads to reduced sensitivity and vice versa. Global 

metabolomic profiling is predominantly conducted using high resolution mass 

spectrometry such as quadrupole-time-of-flight, orbitrap and fourier transform ion 

cyclotron resonance instrumentations due to their higher mass resolving power [60].  

For targeted studies, triple-quadrupole ion trap and triple quadrupole mass analysers 

are deemed more suitable.  

Given the diversity and size of the CSF metabolome there is no single platform able to 

identify and quantify all the metabolites. The unique strengths in NMR and mass 

spectrometry technologies have undoubtedly contributed to the rapid growth of 

metabolomics and shown to be highly complementary. There is increased recognition 

on the importance of combining both NMR and MS metabolomics and are 

demonstrated in several studies [61-63]. 
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1.5.3 Statistics and Metabolite Annotation 

The advancement of analytical technologies has led to the demand of different data-

analysis tools required in the process of extracting relevant 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 [23, 64-66]. The diverse disciplines of 

chemometrics offer reliable data measurement, enabling researchers to model data 

and generate visual representations. The most commonly used chemometrics 

methods are principal component analysis (PCA) and partial least squares – 

discriminant analysis (PLS-DA) [67].  

As an unsupervised method, PCA explores the overall structure of a dataset in an 

unbiased view by discovering grouping and trends within a dataset. The objective of 

PCA is to preserve as much variance in the lower dimensionality output at a linear 

transformation [68]. The main benefit of PCA is due to the simple nature of the non-

parametric method; it can project MS and NMR into lower dimensional space, 

providing characteristic data structure and reduced dimensional representation of 

the original data [69]. Despite the widespread use of PCA in metabolomics, there are 

limitations in this approach. First of all, PCA has no associated probabilistic model 

exhibiting difficulties in the assessment of the PCA fit to the data. This limits the 

potential of extending the scope and application of PCA. Secondly, PCA can fail to 

display underlying groups of subjects in a set of data resulting in false interpretations.  

Supervised methods support prior known structures of data to recognise patterns and 

rules for the prediction of new data. Partial least squares – discriminant analysis is the 

most frequently employed supervised method for classification [70]. Discriminant 

analysis aims to search for a linear function to maximise the ratio of between-class 

variance and minimise the ratio of within class variance. Discriminant analysis is a 

rapid and powerful tool where the optimisation of parameters is not required. PLS-DA 

possesses the ability to provide great insights into the cause of discrimination and 
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handling highly collinear data.  The advantages of PLS-DA reflect its usefulness for 

biomarker discovery [66].  

The human metabolome database (http://www.hmdb.ca) is currently the most 

comprehensive and largest database supporting the interpretation of metabolomics 

data[71]. The CSF Metabolome data (https://www.csfmetabolome.ca), METLIN 

(http://metlin.scripps.edu), ChemSpider (http://www.chemspider.com), NIST 

(http://chemdata.nist.gov) mass spectral library and mzCloud 

(https://www.mzcloud.org) are also popular avenues to perform metabolite 

identifications. Over the last decade, data pre-processing softwares, metabolite 

databases and libraries available for NMR and MS metabolomics research have 

significantly expanded [72-75]  with increased dependence on the usage of 

metabolome repositories and querying platforms [76]. 

 

1.6 Cerebrospinal Fluid Metabolomics: Biomarkers of 

Neuroinflammation 

The identification of biomarkers is clinically useful for an accurate diagnosis, 

prognosis and disease management [77].  CSF metabolomics applications which focus 

on biomarker discovery offer the promise of earlier detection and improved 

outcomes. Current biochemical and neuroimaging techniques are a priori, and 

restricted to a small set of metabolites for metabolic profiling [78]. Neuroimaging is 

limited due to its insensitive and low specificity nature for early diagnosis. There has 

been increasing focus using the metabolomics approach to explore the processes 

underlying neuroinflammation to identify unique metabolite biomarkers and disease 

associated metabolic networks. There are three main metabolic pathways involved in 

human studies of CNS inflammation that we now discuss in detail, specifically 

tryptophan-kynurenine, nitric oxide and neopterin (Figure 1-1). However, there are a 

number of other metabolites and pathways associated with inflammatory processes, 

including biogenic amines, amino acids, neurotransmitters, carbohydrates and lipids. 

http://www.hmdb.ca/
https://www.csfmetabolome.ca/
http://metlin.scripps.edu/
http://www.chemspider.com/
http://chemdata.nist.gov/
https://www.mzcloud.org/
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The research in these areas are on a smaller scale, are less consistent, and have 

broader variation of metabolic network coverage across independent studies, and 

these are not discussed in this review.  

 

 

Figure 1-1 Major pathways involved in neurological diseases with confirmed or 

suspected neuroinflammation – tryptophan-kynurenine pathway (right), nitric oxide 

pathway (left bottom) and neopterin (left above). Trends are highlighted in red 

(representing statistically elevated in patients with neuroinflammation compared to 

controls) and blue (representing statistically decreased in patients with 

neuroinflammation compared to controls). Neopterin is the most valuable 

inflammatory metabolite in the GTP- tetrahydrobiopterin metabolism and therefore 

the full pathway isn’t shown. 
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1.6.1 Tryptophan-Kynurenine Pathway 

The tryptophan-kynurenine metabolic pathway commences with the conversion of 

tryptophan into kynurenine (Figure 1-1), stimulated by indoleamine 2,3-

dioxygenase 1 (IDO-1) [79]. Kynurenine is further metabolised by three main 

enzymes, kynurenine aminotransferase, kynurenine 3-monooxygenase and 

kynurenase dividing into three arms generating its metabolites, kynurenic acid 

(KA), 3-hydoxykynurenine (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 due to activation of IDO 

and related enzymes, causing depletion of tryptophan and imbalanced formation of 

neuroprotective and neurotoxic metabolites (Figure 1-1).  Table 1-1 summarises 

human cohort studies (with controls) of the tryptophan/kynurenine pathway as a 

biomarker of inflammation in CSF. As shown, the studies vary in the size of patient 

and control cohorts (Table 1-1). The disease states are separated into CNS infection 

such as encephalitis, meningitis or other infections known to affect the CNS (hepatitis 

C, HIV, malaria etc). Subsequently, studies on multiple sclerosis, a recognised 

neuroinflammatory disorder of proposed autoimmune aetiology, are reported. 

Furthermore, Table 1-1 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 1-1, there are 

general trends that inflammation results in decreased tryptophan, elevated 

kynurenine or 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 
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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 due to changes in metabolite ratios, rather 

than actual measurement of the IDO/TDO enzyme protein or activation status [80, 

81]. The development of inflammatory mediated neuropathology is associated with 

the changes of quinolinic acid levels [82]. Quinolinic acid is an important metabolite 

inducing immunosuppression, and has been hypothesised to induce toxicity in brain 

cells [83] and associated with glutamate neurotoxicity [84]. Further studies in 

common neurological diseases with possible inflammatory mechanisms such as 

neurodegeneration, neuropsychiatry and neurodevelopmental disorders are 

therefore warranted.  

 

Table 1-1 CSF metabolomics studies reporting tryptophan-kynurenine pathway 

findings in neurological diseases with confirmed or suspected neuroinflammation. 

Cohorts separated into subgroups (e.g. encephalitis etc). ↑represents statistically 

elevated metabolite in patients compared to controls, ↓ represents statistically 

decreased metabolite in patients compared to controls, ↔ reports no statistical 

difference between groups, and blank represents ‘not reported or not measured’. 

Ratios are represented by x/y (e.g. KYN/TRP). 

Disease Cohort Description 

of control 

group 

Analytical 

Platform 

Findings   

Ref TRP KYN KA QA Other  

Encephalitis, meningitis and infection 

Encephalitis (infectious, 

autoimmune, unknown, 

n=10); 

acute aseptic meningitis 

(n=25); 

acute bacterial meningitis 

(n=6) 

NIND (n=42)   

 

LC-MS/MS  

targeted  

↓ ↑ ↑ ↑ ↑ PIC;          

↑ AA;         

↑ 3-HK;      

↑ KYN/TRP;  

↓ KA/(3HK 

+QA) 

[85] 
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Neuroborreliosis (n=34); 

Bacterial meningitis (n=32); 

Multiple sclerosis (n=17); 

VZV meningoencephalitis 

(n=15); 

Enterovirus meningitis 

(n=10); 

HSV encephalitis (n=9); 

Anti-NMDA-R encephalitis 

(n=8) 

NIND (n=66) LC-MS/MS  

targeted  

↓ ↑   ↑ KYN/TRP  

 

[86] 

Enterovirus Meningitis 

(n=10) 

NIND (n=19)  LC-MS/MS  

untargeted  

 ↑    [87] 

Tuberculosis meningitis 

survivors (n=15); 

Tuberculosis meningitis 

non-survivors (n=17) 

Controls 

with no 

infection 

(n=22) 

LC-MS/MS  

untargeted  

↓  ↑ ↑ ↑ AA [88] 

Cerebral malaria (n=69) Controls 

with no 

infection 

(n=8)  

HPLC-UV  

targeted  

 ↑ ↑   [89] 

Subacute sclerosing  

panencephalitis (n=32) 

Epileptic and 

other 

encephalopa

thy controls 

(n=43)  

GC-MS 

targeted  

   ↑  [90] 

Hepatitis C treated with IFN-

α/ribavirin (n=16) 

 

Hepatitis C -

no 

treatment 

(n=20) 

HPLC-FD, 

HPLC-UV 

targeted  

↔ ↑ ↑ ↑  

 

 

[91] 

Bacterial meningitis (n=13)  

Aseptic meningitis (n=7) 

Controls no 

infection 

(n=8)   

HPLC-UV 

targeted  

↔ ↑ ↑  ↑ AA;         

↑ KYN/TRP  

[92] 

Inflammatory neurological   

disease (n=92) 

NIND 

(n=201) 

HPLC 

targeted  

↓ ↑ ↑ ↑ ↑QA/KA  

 

[93] 

Tick‐borne encephalitis 

(n=108) 

Controls no 

infection 

(n=52) 

   ↑   [94] 

P. falciparum malaria 

(n=261) 

Controls no 

infection 

(n=20)  

HPLC-FD 

targeted 

  ↔ ↑ ↑ PIC;          

↑ QA/KA 

[95] 
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Herpes Simplex Virus 1 

Encephalitis (n=25) 

Controls no 

infection 

(n=25) 

HPLC 

targeted  

  ↑   [96] 

HIV positive with virologic 

control on cART (n=43) 

HIV-negative 

(n=23) 

UHPLC & 

GC-MS 

targeted  

↓ ↔  ↑ ↑ KYN/TRP; 

↓ PIC  

[97] 

HIV positive (n=134)  HIV-negative 

controls 

(n=79) 

HPLC 

targeted  

    ↑ KYN/TRP [98] 

HIV positive with 

Depression and Cognitive 

Impairment (n=91)  

HIV-negative 

(n=66) 

HPLC 

targeted  

↓ ↔   ↑NEO;    

↔ KYN/TRP  

[99] 

HIV-1 positive (n = 22) Healthy 

controls 

(n=22) 

HPLC 

targeted  

  ↑   [100] 

Multiple Sclerosis (MS) 

MS (n=37) NIND (n=22)  LC-MS/MS  

targeted  

↓ ↑ ↔ ↑  [101] 

Relapsing Remitting MS 

(n=30), secondary 

progressive MS (n=16) 

NIND (n=10) LC-HRMS 

untargeted  

 ↑ ↑ 

 

  [102] 

Relapsing–Remitting  

MS (n=20) 

NIND (n=14) UHPLC-MS 

targeted  

  ↓ ↑ ↑ QA/KA; 

↓PIC;        

↓ PIC/QA;  

↓ KA/KYN; 

[103] 

Untreated MS (n = 38); 

RRMS (n=48) 

NIND (n=20); 

Other 

inflammator

y neurology 

(n=13) 

LC-MS/MS  

targeted  

 

↓ ↔ ↔ ↑ ↑ QA/KA; 

↑ KYN/TRP; 

↔ KA/KYN 

[104] 

MS (n=26);                         

CNS infectious disease 

(n=16) 

 

NIND (n=23) HPLC-FD 

targeted  

 

  ↓  KA lower in 

MS 

compared 

to CNS 

infection 

[105] 

Neurodegeneration 
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AD (n=20) Controls 

without AD 

(n=18) 

UHPLC, 

HPLC and 

GC/MS 

targeted  

↓ ↔ ↑ ↓ ↑ KYN/TRP; 

↑ 3-

HK/KYN; 

↓ QA/KA; 

↓ 3-HAA 

[106] 

AD (n=40) Controls 

without AD 

(n=34)  

LC-MS/MS  

untargeted  

↓  ↑ ↑  [107] 

Probable mild AD (n=41); AD 

mild (n=24); Moderate-

severe AD (n=20); 

Frontotemporal dementia 

(n=8); Amyotrophic lateral 

sclerosis (n=8); Progressive 

supranuclear palsy (n=8) 

Controls 

non-

demented 

(n=23)  

 

ELISA kit 

targeted  

↔  ↑  ↑ KA/TRP  

 

[108] 

Amyotrophic lateral 

sclerosis (n=140) 

Suspected 

meningitis 

(n=35) 

HPLC-UV, 

GC-MS 

targeted  

↑ ↑  ↑ ↓ PIC 

 

[109] 

Mental Health/Neuropsychiatry 

Bipolar disorder (n=163) Healthy 

controls 

(n=114) 

HPLC-UV  

targeted  

  ↑   [110] 

Depression and suicidality 

(n=64) 

Healthy 

controls 

(n=35)  

HPLC-UV, 

GC-MS 

targeted  

   ↑ ↑ KYN/TRP; 

↓ PIC; 

↓ PIC/QUIN  

[111] 

Schizophrenia (n=22) 

 

Controls 

(n=26) 

LC-MS/MS  

targeted  

 ↑ ↑ ↔ ↓ QA/KA  [112] 

Schizophrenia on olanzapine 

treatment (n = 16)  

Controls 

(n=29) 

HPLC-UV 

targeted  

↔ ↑ ↑   [113] 

Chronic Schizophrenia 

(n=23) 

Controls 

(n=37) 

 

HPLC 

targeted  

↔ ↑ ↑  ↓ TRP/KYN; 

↓ 

TRP/KYNA  

[114] 

Other 

Trisomy 21 (Down 

syndrome, n=50) 

Controls 

(n=50) 

UHPLC-

HRMS 

untargeted  

 ↑  ↑ ↑ formyl-

kynurenine;

↑ KYN/TRP  

[115] 
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Severe traumatic brain 

injury (n=28) 

 

Controls 

(n=11) 

HPLC and 

GC-MS 

targeted  

↔ ↑ ↑ ↑ ↑ QA/KYN; 

↑ QA/KA ;  

↔ AA;     

↔ 3HAA 

[116] 

Abbreviations: kynurenine (KYN), tryptophan (TRP), kynurenic acid (KA), quinolinic 

acid (QA), picolinic acid (PIC), anthranilic acid (AA), 3-hydroxyanthranilic acid (3-

HAA), 3-ydroxykynurenine (3-HK), Non-inflammatory neurology disease (NIND), 

Human Immunodeficiency virus (HIV), Alzheimer's disease (AD), Multiple Sclerosis 

(MS), combination antiretroviral therapy (cART). 

 

1.6.2 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 [117, 118]. The inhibition of iNOS occurs by the 

endogenous production of asymmetric dimethylarginine (ADMA). 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, acute and chronic inflammation [117]. 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 over-

activation 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 

1-2. A variation of analytical platforms, untargeted or targeted approaches and study 

cohorts have been used (Table 1-2). The cohort studies are sub-grouped in the same 
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way as Table 1-1. As shown in Table 1-2, 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 1-1 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. 

 

Table 1-2 CSF metabolomics studies reporting nitric oxide pathway findings in 

neurological diseases with confirmed or suspected inflammation. ↑represents 

statistically elevated in patients compared to controls, ↓ represents statistically 

decreased in patients compared to controls, ↔ represents no statistical difference 

between groups, and blank represents ‘not reported or not measured’. Ratios are 

represented by x/y (e.g. arginine/citrulline). 

Disease Cohort Description of 

control group 

Analytical 

Platform 

Findings Ref 

ADMA NO2
−
 NO3

−
 Other 

Encephalitis, meningitis and infection 

Segmental zoster (n=14); 

Facial nerve zoster 

(n=16); 

VZV meningitis/ 

encephalitis (n=15) 

Controls no 

infection 

(n=36)  

LC-MS/MS  

targeted  

   ↓ ARG  [119] 

Tuberculosis meningitis 

(n=31) 

Controls no 

infection 

(n=20) 

ELISA 

targeted  

   ↑ NO 

 

[120] 

Streptococcus 

pneumonia (n=14); 

Neisseria (n=22); 

Haemophilus influenza 

(n=9) meningitis 

Control no 

infection (n=7) 

Colorimetric 

assay 

targeted  

 ↑ ↑  [121] 

HIV-infected patients 

with syphilis infection 

(n=33) 

HIV-negative 

and no 

infection (n=7) 

colorimetric 

assay 

targeted  

 ↑   [122] 

Multiple Sclerosis (MS) 
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Secondary progressive  

MS (n=12) 

Healthy 

controls 

(n = 12) 

LC-HRMS 

targeted  

↑    [123] 

MS (n=14); 

Neuromyelitis optica 

(n=9); Other 

neurological 

disease(n=26)  

Healthy 

controls 

(n=11) 

GC–MS/MS 

targeted 

↑   ↔hArg/AD

MA;           

↔ SDMA 

[124] 

MS exacerbation (n=24); 

MS remission (n=17); 

MS progression (n=20) 

Controls with 

tension 

headache 

(n=19) 

CE 

targeted  

 ↑ ↑  [125] 

Relapsing remitting MS 

(n=15) 

Healthy 

controls 

(n=15) 

absorption 

spectro-

photometry  

targeted  

 ↑ ↑ ↑ 

Peroxynitrite 

[126] 

Neurodegeneration 

Amyotrophic lateral 

sclerosis (n=52) 

Controls 

(n=21) 

LC-MS/MS 

targeted 

↑    [127] 

Amyotrophic lateral 

sclerosis (n=22); 

Parkinson's disease 

(n=22) 

Controls 

without 

neurodegener

ation (n=28) 

NMR 

untargeted  

   ↑ 

dimethylami

ne  

[128] 

Amyotrophic lateral 

sclerosis (n=22); 

Parkinson's disease 

(n=22) 

Controls 

without 

neurodegener

ation  (n=28) 

GC & LC-

MS/MS 

untargeted  

   ↑ ornithine; 

↓ ammonia 

in ALS 

compared to 

PD 

[129] 

Trauma and acute blood 

Traumatic brain injury 

(n=19) 

Control no 

infection (n=5) 

LC-MS/MS  

targeted  

↑    [130] 

Acute hydrocephalus 

due to hypertension 

(n=5);                             

SAH (n= 3) 

Peripheral 

neuropathy, 

ophthalmologi

c disorders & 

inactive 

neurocysticerc

osis (n=7) 

HPLC-FD, 

HPLC-UV 

targeted  

 

  ↔ ↑ citrulline; 

↓ARG/citrul

line;           

↔  ARG; 

↔citrulline/

nitrate  

[131] 

SAH with cerebral SAH no LC-MS/MS ↑   ↑ SDMA  [132] 
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ischemia (n=20 ischemia  

(n=14) 

targeted  

SAH (n=40) Controls no 

infection (n=6) 

GC and LC-

TOFMS 

untargeted  

   ↑ ornithine; 

↔ 

citrulline; 

↔ ARG 

[133] 

Cerebral Vasospasm 

After SAH (n=24) 

Controls with 

hydrocephalus 

(n=6) 

ELISA 

targeted  

↑    [134] 

SAH after traumatic 

brain injury (n=10); SAH 

after a non-traumatic 

injury (n=5) 

Healthy 

controls (n=9) 

LC–MS/MS 

targeted 

 

↔   ↓ 

ARG/ADMA; 

↑SDMA;  

↔ ARG 

[135] 

Other 

Glioblastoma IDH-WT 

(n = 7); 

IDH-mutant (n = 4); 

Metastatic CNS disease 

with lung cancer (n = 7); 

Metastatic CNS disease 

with breast cancer 

(n = 5) 

Controls no 

cancer (n=8) 

LC-MS 

targeted  

   ↑Arginino-

succinic acid 

in metastatic 

lung cancer 

to the CNS; 

↑ ornithine 

in metastatic 

breast 

cancer to 

the CNS 

[136] 

Overt hepatic  

encephalopathy (n=14) 

No 

neurological 

disease (n=27) 

LC-HRMS 

untargeted  

   ↑ ammonia  [137] 

Episodic cluster 

headache (n=14) 

Healthy 

controls 

(n=11) 

CE 

targeted  

 ↑ ↑  [138] 

Ischemic Stroke (n=88) Controls 

(n=24) 

HPLC 

targeted  

↑   ↑ SDMA [139] 

Abbreviations: asymmetric dimethylarginine (ADMA), nitrite (NO2
−), nitrate (NO3

−), 

arginine (ARG), nitric oxide (NO), symmetric dimethylarginine (SDMA), homoarginine 

(hArg), subarachnoid haemorrhage (SAH), Human Immunodeficiency virus (HIV), 

Multiple sclerosis (MS) and isocitrate dehydrogenase (IDH) 
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1.6.3 Neopterin 

Neopterin is regarded as a valuable early biochemical marker of the cellular immune 

response during inflammation [140], and is sometimes used in clinical settings [141]. 

Guanosine triphosphate (GTP) is converted to 7,8-dihydroneopterin triphosphate via 

the actions of GTP cyclohydrolase I (Figure 1-1). The enzymatic activity of GTP 

cyclohydrolase I is activated by pro-inflammatory cytokines such as γ-interferon, 

leading to the conversion of neopterin. Neopterin is a direct product generated in the 

immune activation of γ-interferon able to be detected at low concentrations and 

practical for clinical assays [142].  

The reported human cohort studies of CSF neopterin as a biomarker of inflammation 

are outlined in Table 1-3. The disease states have been classified into CNS infections 

including HIV, encephalitis, meningitis or other infections affecting the brain (HTLV-1, 

HAT etc). Moreover, studies investigated in multiple sclerosis, neurodegeneration, 

CNS tumours and autism are reported. CSF neopterin was found to be predominantly 

elevated in neurological diseases with inflammatory mechanisms. Strong correlations 

of elevated neopterin with the kynurenine/tryptophan ratio have also been reported 

[85, 143]. Therefore CSF neopterin serves as a strong inflammatory biomarker for 

practitioners.  

 

Table 1-3 CSF studies reporting neopterin findings in neurological diseases with 

confirmed or suspected neuroinflammation. ↑ represents statistically elevated in 

patients compared to controls. 

Disease Cohort Description of controls Analytical 

Platform 

Findings Ref 

NEO  

Encephalitis, meningitis and infection 

HIV patients on cART 

neurocognitive impaired (n=70) 

HIV patients on cART 

neurocognitive normal 

(n=29) 

ELISA 

targeted  

↑  [144] 
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HIV-positive patients (n=67) HIV negative no 

neurological disease 

(n=45) 

ELISA 

targeted  

↑  [145] 

Acute HIV Fiebig stage I (n=9); 

Acute HIV Fiebig stage II (n=10); 

Acute HIV Fiebig stage III 

(n=32); 

Chronic HIV (n=53) 

HIV negative (n=18) ELISA 

targeted  

↑  [146] 

Untreated HIV-infected 

(n=382); 

Untreated AIDS with CNS 

infections (n=73);  

Treated HIV patients (n=233) 

HIV-seronegative 

(n=53) 

 

EIA, RIA  

targeted  

 

↑  [147] 

Encephalitis (n=10); 

acute aseptic meningitis (n=25); 

acute bacterial meningitis (n=6) 

Controls with similar 

symptoms without 

pleocytosis (n=42) 

LC-MS/MS  

targeted  

↑ 

 

Strong correlation 

KYN/TRP  

[85] 

CNS Lyme Disease (n=5); 

WNV meningoencephalitis 

(n=5); 

Clinically Isolated Syndrome of 

MS (n = 4); Rabies (n=10); 

Histoplasma meningitis (n=3) 

No encephalopathy or 

encephalitis (n=25) 

NMR 

targeted  

↑ Elevated NEO in 

rabies, Lyme 

disease, and 

other neuro-

infections 

[148] 

Acute encephalitis (n= 30); 

Neurodegeneration (n= 17); 

Febrile seizures  (n= 6) 

NIND (n=105) HPLC-FD 

targeted  

↑  [141] 

Nephropathia epidemica 

caused by acute Puumala 

Hantavirus Infection (n=23) 

Controls (n=19) ELISA 

targeted  

↑  [149] 

Tumours of CNS (n=23); 

Peripheral infections (n=18); 

Meningitis/encephalitis (n=6); 

MS/polyneuropathy (n=9) 

 

NIND (n=8)  

 

RIA 

targeted  

 

↑ Elevated NEO 

order: Meningitis 

or encephalitis > 

tumours of CNS 

>peripheral 

infections  

[150] 

Human African trypanosomiasis 

Stage 1 (n=20);                   

Human African trypanosomiasis 

Stage 2 (n=20) 

No history of HAT 

treatment (n=16) 

LC-MS/MS 

untargeted  

↑  [151] 

Human T-lymphotropic virus 1 

associated myelopathy/tropical 

Human T-lymphotropic 

virus 1 infected 

asymptomatic carriers 

HPLC 

targeted  

↑  [152] 
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spastic paraparesis (n=52) (n=23) 

Multiple Sclerosis (MS) 

MS (n=61);                

Autoimmune encephalitis 

(n=24) 

Healthy controls (n=19) ELISA 

targeted  

↑ NEO elevated 

significantly in 

autoimmune 

encephalitis 

[153] 

MS (n=37) NIND (n=22)  LC-MS/MS  

targeted  

↑  [101] 

Clinically isolated syndrome 

(n=27);                            

Relapsing-remitting MS (n=44); 

Primary progressive MS (n=15) 

NIND (n=39) ELISA 

targeted  

↑ Elevated NEO 

order:  RRMS > 

PPMS > CIS 

[154] 

Neurodegeneration 

Alzheimer's disease (n=20) 

 

Controls without AD 

(n=18) 

HPLC, and 

GC/MS 

targeted  

↑  [106] 

Parkinson's disease (n=22) Healthy controls (n=11) HPLC 

targeted  

↑ Strong correlation 

of neopterin with 

KYN/TRP  

[143] 

Cognitive impairment (n=10); 

Delirium & cognitive 

impairment (n=40); Delirium 

(n=40) 

Controls (n=56) HPLC-FD 

targeted  

↑  [155] 

CNS tumours 

Primary central nervous  

system lymphoma (PCNSL, 

n=21) 

Other brain tumors 

(n=44), 

CNS Inflammatory 

diseases (n=34) 

ELISA 

targeted  

↑ Higher neopterin 

in PCNSL patients 

with multiple 

lesions  

[156] 

Other Brain Tumor Types 

(n=54); 

Pseudotumoral Inflammatory 

Lesions (n=13); PCNSL (n=28) 

Non-tumefactive 

Inflammatory CNS 

Disorders (n=29) 

HPLC-FD 

targeted  

↑ NEO elevated 

significantly in 

PCNSL patients 

[157] 

Other 

Autism (n=12) Other neurologic 

disorders (n=27) 

HPLC 

targeted  

↓ ↑ biopterin [158] 



Chapter 1: Introduction 

 

~ 29 ~ 

Abbreviations: Neopterin (NEO), Human Immunodeficiency virus (HIV), Non-
inflammatory neurology disease (NIND), combination antiretroviral therapy (cART) 

Acute HIV Fiebig stage I: HIV present in blood samples and RNA positive 

Acute HIV Fiebig stage II: positive in RNA and HIV-1 p24 antigen test 

Acute HIV Fiebig stage III: positive in RNA, HIV-1 antigen and EIA 

Human African trypanosomiasis stage 1 is defined by presence of parasites in the 
blood and lymphatics. 

Human African trypanosomiasis stage 2 is defines by parasites located beyond the 
blood-brain barrier in the CSF. 

 

1.7 Challenges in CSF Metabolomics 

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 [38]. Further challenges in global metabolomics lie 

in the identification of metabolites and biological variation in human biofluids [159]. 

A major bottleneck in metabolomics studies is accurate metabolite annotation to 

perform biological interpretations. However, owing to the size of the metabolome, 

metabolite annotations are limited by lack of commercial reference standards 

available, absence of recorded reference mass spectra in databases and unavailability 

of new metabolites in databases. 

Furthermore, variation in sample collection, preparation, analytical instrumentation 

and data processing can influence the set of observed metabolic changes within a 

study [160]. The optimisation of the experimental design for metabolomics studies is 

key to ensure standardisation and improve reproducibility of CSF metabolic 

biomarkers across studies. Despite the discriminative power of the CSF matrix there 

are many challenges involved in the accessibility of samples and limited sample 

volumes due to its invasive nature. In addition, given the invasive nature of CSF, 

garnering age-related normative ranges is not straight forward. Finally, there is a 
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paucity of studies which 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.   

1.8 Aims of the Project 

Metabolomics is an emerging approach increasingly used as a powerful comparative 

tool for the study of global metabolite levels in biological samples. Metabolic profiling 

exhibits strong discriminative power and great potential in the study of disease-

specific metabolites unique to individuals. The application of CSF metabolomics offers 

a novel system for accurate diagnosis, prognosis and prediction of neuroinflammatory 

disease outcomes. There has been minimal literature investigating the small 

metabolic changes in the central nervous system for the accurate diagnosis of acute 

brain inflammation in its early stages. This study intends to address a number of gaps 

in current knowledge regarding the alteration of CSF metabolite profiles following 

acute brain inflammation and identification of a potential panel of CSF biomarkers for 

the opportunity to integrate omics research into a clinical diagnostic service.  

The aim of this project is to develop an untargeted metabolomics analysis method for 

a rapid and high throughput detection of CSF metabolites using high resolution mass 

spectrometry for the application to a clinical cohort study. The specific aims of this 

research project were to:  

1. Optimise sample preparation methods, chromatographic separation, 

spectrometric conditions and data processing steps for the analysis of 

metabolites in human CSF. 

2. Evaluate the feasibility of the developed analysis method on a CSF pilot study. 

3. Apply the untargeted metabolomics approach to an acute brain inflammation 

clinical study to identify a potential panel of CSF metabolic biomarkers.  



Chapter 1: Introduction 

 

~ 31 ~ 

1.9 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. The Metabolomics Standard Initiative and Metabolomics repository avenues 

actively monitor and review recommendations to address the challenges in 

reproducibility across independent studies.  
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Chapter 2: Method Development and 

Optimisation 

 

2.1  Abstract 

Metabolites are crucial for cellular functions whereby biological disturbances can 

cause a series of metabolic changes in the body. Metabolomics is a rapidly growing 

field providing new opportunities in profiling biological matrices to facilitate 

biomarker discovery and unravelling the pathophysiologic mechanisms underlying 

health and diseases. An important goal of untargeted metabolomics is to cover a 

comprehensive spectrum of metabolites as well as achieving reproducibility and 

sensitivity. The great advancements in metabolomics technologies from experimental 

design through to data curation and chemometrics tools have significantly 

contributed to our understanding of the human physiology. The detection of 

cerebrospinal fluid (CSF) metabolites were determined based on a simple and rapid 

methanol precipitation sample preparation method. In this work, three liquid 

chromatography columns and two different liquid chromatography coupled to high 

resolution mass spectrometry (LC-HRMS) systems are thoroughly compared using a 

metabolite standard mixture and pooled CSF samples. The chromatographic 

separation of metabolites was achieved within a twenty minute gradient elution. The 

Waters HSS T3 and Agilent HILIC columns presented reproducibility of retention 

times, highest peak resolution and intensity. A total of 203 metabolites were 

annotated from molecular features detected in pooled human CSF samples. The rapid 

sample preparation, high throughput of the UPLC separation and strong resolving 

power of the orbitrap mass spectrometer holds promise for untargeted 

metabolomics analysis.  
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2.2 Introduction 

Small molecules metabolites such as amines, amino acids, neurotransmitters, fatty 

acids and products of cellular activities reflect metabolic functions in the brain and 

disturbances to basal conditions. The dysregulation of metabolites in the central 

nervous system have been implicated to a range of diseases and gained increasing 

attention over the past decade [1-4].  As the composition of cerebrospinal fluid (CSF) 

is dependent on the rates of metabolite production in the brain, the analysis of CSF 

specimens holds promise in the diagnosis of neurological pathologies and insights 

into their molecular background [5]. 

The emergence of metabolomics is a novel approach which endeavours to provide 

insights into the effects of cellular functions caused by diverse metabolite regulations 

and activities [6]. Metabolomics strategies are generally categorised into targeted 

and untargeted analysis [7]. Targeted analysis is based on the measurement of 

defined metabolite groups. In contrast, untargeted metabolomics focuses on all 

detectable metabolites and chemical unknowns in a sample.  

Untargeted metabolomics is a hypothesis generating comparative analysis of changes 

in detectable metabolites between different phenotypes in a biological system. The 

application of untargeted metabolomics requires rapid and reproducible sample 

preparation methods as well as covering a wide range of molecules. The size and 

diversity of the metabolome requires careful optimisation of various common steps 

such as experimental design, biological sample preparation, instrumentation 

parameters, data processing and statistical data analysis, as these can influence the 

set of metabolites detected [8, 9]. As no single platform can cover the entire 

metabolome, the ultimate purpose for method development is to cover relevant 

pathways and molecules to a great extent with minimal analytical platforms whilst 

maintaining accuracy and precision [10].  
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The advancements of metabolomics methods and continuous development of new 

capabilities in analytical instrumentations has become extremely beneficial in the 

analysis of CSF metabolites and the screening of biomarkers [11, 12]. LC-MS based 

metabolomic technology has moved to the forefront, becoming extensively used for 

clinical research due to its high sensitivity and minimal sample volume required [13, 

14]. The innovation of technologies to investigate the changes in metabolites within 

sample matrices has led to the demand for reliable data mining and statistical tools 

required in the process of extracting relevant information. As large quantities of data 

are generated, the use of chemometrics and multivariate data analysis techniques are 

strategies commonly employed especially in regards to disease diagnosis [15, 16]. 

The aim of this chapter is to develop an untargeted metabolomics analysis method 

exhibiting reproducibility, high resolution and sensitivity for the analysis of 

metabolites in human CSF. A series of optimisations and comparisons were 

conducted for sample preparation, chromatographic, spectrometric and data 

processing steps. 

 

2.3 Materials and method 

2.3.1 Chemicals and Reagents 

A total of twenty-two reference standards were purchased representing metabolites 

of different classes and pathways to optimise the untargeted metabolomics analysis 

method. 

Anthranilic acid, dopamine hydrochloride, epinephrine hydrochloride, L-glutamic 

acid, GABA, dopamine hydrochloride, metanephrine, kynurenic acid, L-kynurenine, 

and L-tryptophan, quinolinic acid, picolinic acid, 3-hydroxykynurenine, 3-

hydroxyanthranilic acid, xanthurenic acid and ammonium formate were purchased 

as powders from Sigma Aldrich (Sydney, Australia). Homovanillic acid, 3,4-
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dihydroxyphenylacetic acid, 5-hydroxyindoleacetic acid, neopterin, biopterin, 

sepiapterin, histamine and norepinephrine were purchased from Novachem 

(Victoria, Australia). D3-Dopamine and D3-Kynurenic acid were supplied by CDN 

Isotopes (Quebec, Canada). HPLC grade acetonitrile and methanol were purchased 

from Honeywell (Sydney, Australia). Formic acid and were supplied by RCI Labscan 

(Bangkok, Thailand). 

 

2.3.2 Preparation of Standard Solutions 

Standard stock solutions (2 μg/mL) of twenty-two metabolites were individually 

prepared in water and 0.1 % formic acid. A 500 ng/mL mixed standard solution 

containing the analytes was prepared and stored in -20 ⁰C prior to usage.  

Two internal standard solutions (D3-Dopamine and D3-Kynurenic acid) were used to 

monitor the consistency of instrument signals and retention time stability and 

normalisation. The internal standards were used for the optimised sample 

preparation method and quality control assessment. A concentration of 100 ng/mL 

of the internal standard solutions was added to the methanol solution used for the 

deproteinisation step. 

 

2.3.3 Sample preparation methods for cerebrospinal fluid 

samples 

Method 1: An acidified mobile phase was composed of 0.2 % formic acid, 0.05 % 

trifluoroacetic acid and 1:5 acetonitrile in water. 100 μL of the acidified mobile phase 

was added to the 100 μL of pooled CSF. Subsequently 1000 μL of methanol was 

added and allowed to rest for 30 minutes at -20 ⁰C to assist in protein precipitation. 

The sample mixture was centrifuged for 15 minutes at 5 ⁰C and at a velocity of 3000 

g. The supernatant was collected and evaporated to dryness under nitrogen. The 

residue was reconstituted in 100 μL of the acidified mobile phase.  
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Method 2: 100 μL of CSF and 300 μL of the methanol was thoroughly mixed for 3 

minutes on a vortex and ultra-sonicated for 10 minutes. For protein precipitation, the 

mixture was left on ice for 90 minutes and subsequent centrifugation for 15 minutes 

at 5 ⁰C and velocity of 4000 g. The supernatant was collected and evaporated to 

dryness under gentle stream of nitrogen. 100 μL of 40:60 water/acetonitrile was 

added to the residue.  

Method 3: A mixture of 100 μL CSF was divided into two 50 μL portions.  50 μL of CSF 

was treated with 200 μL acidified methanol using formic acid. The other 50 μL of CSF 

was treated with 200 μL of methanol. Both mixtures were vortexed for 90 seconds, 

precipitated at -20 ⁰C for 30 minutes and centrifuged for 10 minutes at 5 ⁰C and 

velocity of 3500 g. 200 μL of the supernatant in both mixtures were transferred into a 

vial and evaporated to dryness under nitrogen. The dried extracts were reconstituted 

in 50 μL of 1:1 mixture of water/acetonitrile. The reconstituted volumes were 

combined into one sample volume for LC-MS/MS analysis.  

Method 4: A mixture of 100 μL of CSF and 250 μL of methanol was vortexed for 5 

minutes. The sample mixture was centrifuged for 10 minutes at 5 ⁰C and velocity of 

3500 g. The supernatant was filtered using Whatman Mini-UniPrep (0.2 μm pore size) 

syringeless filter vials for LC-MS/MS analysis. 

For the final optimised sample preparation method, quality control samples were 

prepared by spiking the mixed standard solution to the pooled CSF. The 

concentrations of low, medium and high quality controls were 50, 350 and 800 

ng/mL. Equal volumes from the three spiked CSF concentrations were obtained to 

form the QC sample.  

 

2.3.4 Liquid Chromatography 

The chromatographic separation of CSF metabolites was assessed on different 

columns (Table 2-1) using the Agilent 1200 Series LC Binary System coupled to an 

Agilent Quadrupole Time-of-Flight (QTOF) Mass Spectrometer (Agilent Technologies, 
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Santa Clara, CA, USA) and Thermo Scientific Vanquish system coupled to a Q Exactive 

HF-X Hybrid Quadrupole Orbitrap Mass Spectrometer (Thermo Fisher Scientific Inc., 

Massachusetts, CA, USA).  

 

Table 2-1 Characteristics of chromatographic columns 

Column Supplier Phase type Dimensions (mm) Particle size (um) 

C18 RP Agilent Reverse  2.1 x 100 2.7 

HILIC Agilent Normal 2.1 x 100  2.7 

HSS T3 Waters Reverse  2.1 x 100  1.8  

 

The column oven temperature of 30 ⁰C, flow rate of 0.3 mL/min and injection volume 

of 10 μL was suitable for all columns. Several experiments were conducted using 

different columns and mobile phase conditions to determine the optimal conditions 

for good peak separations.  

 

2.3.5 Mass Spectrometry 

The initial LC-MS/MS system used for the project was the Agilent Quadrupole Time-

of-Flight (QTOF) Mass Spectrometer fitted with an electrospray (ESI) source in both 

positive and negative ion modes. The ESI source used for both modes included a 

spray voltage of 3500 V, capillary temperature of 300 ⁰C, sheath gas flow of 10 and 

auxiliary gas flow of 40. The full scan acquisition ranged from 50 to 600 m/z.  

The Q Exactive HF-X Hybrid Quadrupole Orbitrap Mass Spectrometer (Thermo Fisher 

Scientific Inc., Massachusetts, CA, USA) was acquired in the all ion fragmentation 

mode. The positive and negative ESI modes were assessed under a high mass 

resolution of 120 000, automatic gain control target at 3e6 and maximum injection 

time of 200 ms. The detection full scan ranged from m/z 50 to 600 in both ionisation 
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modes. The MS was operated with capillary voltage at 4 kV in the positive ionisation 

mode and capillary temperature of 300 ⁰C.  

The software interfaces for the two instruments were Agilent MassHunter and 

Thermo Xcalibur.  Calibration of the mass spectrometer in the positive and negative 

modes was conducted prior to analysis using calibration mixtures provided by the 

manufacturer. A comparison of the two instruments were evaluated using the 

metabolite standard mixture and pooled CSF samples before a final decision was 

made to complete the method development work using HRMS.    

 

2.3.6 Data Processing 

The Agilent MassHunter Qualitative Analysis software package was used to process 

data acquired from the LC-QTOF. An initial screen of the number of molecular 

features detected in the raw data was conducted. The databases employed were the 

Human Metabolome Database, METLIN, UTS in-house CSF metabolite database and 

in-house metabolite personal compound database and library (PCDL). The 

MassHunter Profinder software was subsequently used for rapid batch processing 

feature extractions.  

All MS raw data acquired from the Thermo LC-HRMS were preliminary processed 

using the Xcalibur software. During the initial stages of transferring to the HRMS 

instrument, SIEVE (Thermo Fisher Scientific) was employed for peak alignment and 

framing pooled CSF samples in one batch. This involved the generation of detailed 

information on features detected aligned by retention time, mass-to-charge ratio and 

peak area intensities. A low threshold cut off value was selected and each frame was 

visually inspected to confirm peak shapes. When subscriptions were obtained for the 

Compound Discoverer 3.0 software package, CSF raw data were interpreted using the 

in-built untargeted metabolomics processing workflow. Compound Discoverer 3.0 

was employed for peak alignment and framing pooled CSF sample data in one batch. 

This involved the generation of information on features detected aligned by retention 
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time, mass-to-charge ratio and peak area intensities. Key parameters included a mass 

tolerance of 5 ppm, retention time window shift of 0.2 min, mass fragmentation ion 

species limited to [M+H]+ and [M+NH4]+ and mass spectral features were set to 

consider features present in at least 75% of samples. Compound identification was 

performed using purchased commercial reference standards or putatively annotated 

using literature mass spectra. The databases used included, the Human Metabolome 

Database, ChemSpider, mzCloud and an in-house CSF database. 

Multivariate analysis of quality control samples were analysed using an online 

metabolomics data analysis platform, MetaboAnalyst 4.0 [166].  Data on the 

retention time, molecular weight and peak intensities was scaled for unsupervised 

principal component analysis (PCA) to identify outliers and distinguish differences or 

similarities between sample groups.  

 

2.4 Results and Discussion 

2.4.1 Optimisation of Sample Preparation 

The CSF biofluid has a less complex composition in comparison to plasma and blood 

resulting in a rapid sample preparation protocol [18]. However, concentrations for a 

majority of CSF metabolites are significantly lower. For this reason, highly sensitive 

analytical methods were selected to run the CSF samples. The preparation of samples 

is a critical step in acquiring high quality metabolomics data [19]. A number of 

important key factors were considered before conducting experiments. These 

included (i) rapid and minimal handling to reduce technical and analytical variability; 

(ii) costs of preparing samples for analysis to benefit larger sample sizes and (iii) 

experimental reproducibility. Sample preparation methods one [20]  and two [21]  

were adopted from literature and fitted well with our criteria. Table 2-2 summarises 

the total number of molecular features detected in pooled CSF samples. The highest 

number of molecular features was identified using method 2 followed closely by 
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method 3. CSF samples prepared using methanol precipitation yielded a greater 

recovery of metabolites. In comparison, an acidified precipitation and combination of 

methanol precipitation and filtration approach obtained a lower number of identified 

molecular features.  

Table 2-2 Averaged number of molecular features determined in pooled CSF using 

the four sample preparation methods (n=5) using LC-QTOF/MS 

Sample 
preparation 

method 

No. of molecular features detected 

Agilent RP  Agilent 
HILIC 

Waters HSS 
T3 

1 105 99 112 

2 129 174 135 

3 97 146 119 

4 42 63 71 

 

Further modifications on method 2 were trialled to reduce the time required for 

sample preparation. The duration of protein precipitation on ice was first 

experimented at 30, 45, 60 and 75 minutes. After obtaining a similar number of 

molecular features as ninety minutes, the protein precipitation time length was 

optimised to forty-five minutes. Subsequently, the vortex, ultra-sonication and 

centrifugation times were tested at a reduced time and optimised to 90 seconds, 5 

minutes and 12 minutes respectively. Finally to increase the concentration of CSF 

metabolites in the samples the reconstitution volume was increased by two-fold to 50 

μL which yielded a higher number of molecular features. 

The optimised sample procedure protocol is as follows: 100 μL of CSF samples were 

deproteinised by 300 μL of the methanol mixture in microcentrifuge tubes. The 

samples were vortexed for 90 seconds, sonicated in ice-cold water for 5 minutes and 

precipitated in ice for 45 minutes. This was followed by centrifugations of the samples 

for 12 minutes at a temperature of 5 ⁰C and velocity of 4000 g. The supernatant was 
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collected and evaporated to dryness under nitrogen. Subsequently, 50 μL of 

water/acetonitrile at a ratio of 40/60 was used to reconstitute the CSF residue for LC-

HRMS analyses.  

The reproducibility of the sample preparation method was assessed using QC samples 

(n=5). The PCA plot in Figure 2-1 shows clustering of the QC samples and the absence 

of outliers in the samples. This indicates the reproducibility, robustness and analytical 

stability of the method.  

 

Figure 2-1 PCA 3D score plot of low concentration spiked samples (n=5, green dots), 

medium concentration spiked samples (n=5, dark blue dots), high concentration 

spiked samples (n=5, red dots) and QC samples (n=5, light blue dots). 

 

2.4.2 Optimisation of chromatographic conditions 

A literature search was conducted on publications that studied neuroinflammation 

particularly in the CSF biofluid, noting statistically significant metabolites previously 

reported or metabolites that hold great potential. From publications amino acid 

metabolites, tryptophan-kynurenine pathway metabolites, neopterin, histamine and 

biogenic amines were found to be major players during CNS inflammation. For this 
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reason reference standards of twenty-two metabolites representing different classes 

and pathways were used to optimise the chromatographic conditions of the 

metabolomics analysis method (Table 2-3).  

 

Table 2-3 Metabolite standards used in the optimisation of methods 

Metabolite Formula Expected m/z [M+H]+ 

Dopamine  C8H11NO2 154.0863 

Epinephrine C₉H₁₃NO₃ 184.0968 

Metanephrine C10H15NO3 198.1125 

Norepinephrine C8H11NO3 170.0812 

Homovanillic acid C9H10O4 183.0652 

3,4-Dihydroxyphenylacetic acid C8H8O4 169.0495 

5-Hydroxyindoleacetic acid  C10H9NO3 192.0655 

Sepiapterin  C9H11N5O3 238.0935 

Neopterin  C9H11N5O4 254.0884 

Biopterin C9H11N5O3 238.0935 

Histamine C5H9N3 112.0869 

Glutamic acid C5H9NO4 148.0604 

GABA C4H9NO2 104.0706 

Tryptophan  C11H12N2O2 205.0972 

Kynurenine C10H12N2O3 209.0921 

Kynurenic acid  C10H7NO3 190.0499 

Anthranilic acid C7H7NO2 138.0555 

3-hydroxyanthranilic acid C7H7NO3 154.0499 

3-Hydroxykynurenine C10H12N2O4  225.2133  

Quinolinic acid C7H5NO4 168.0291 
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Picolinic acid C6H5NO2 124.0393 

Xanthurenic acid C10H7NO4 206.0448 

 

Systematic investigations were conducted on the effects of mobile phase 

compositions, buffer systems, pH and temperature using an Agilent 1200 Series LC 

Binary System. Several experiments were performed to obtain a good separation of 

the multi-class endogenous metabolite standards with high resolution and efficiency 

within an acceptable run time. This is of great importance for the identification of 

neuroactive metabolites as authentic CSF samples have low concentrations and 

presence of unknown additional peaks.  

Several mobile phases were assessed for chromatographic separation of multi-class 

metabolites taking into consideration the hydrophilic and physicochemical properties 

of the analytes. A majority of the metabolite standards are mostly polar due to the 

various functional groups (amine, carboxy, hydroxyl). Experiments with different 

mobile phases were tested under acidic conditions using formic acid, ammonium 

formate and ammonium hydroxide buffer systems in water (aqueous mobile phase) 

and acetonitrile or methanol (organic mobile phase).  

The choice of an organic modifier used in the mobile phase can have a strong impact 

on the chromatographic selectivity and in turn is an important tool in the 

development of a method. Methanol and acetonitrile are two commonly selected 

organic modifiers in liquid chromatography [22]. Acetonitrile is an example of a polar 

aprotic solvent with high dipole moment properties whereas methanol is a polar 

protic solvent. A major advantage of both solvents is their compatibility with common 

buffers and miscibility with water. Different organic modifiers can influence and alter 

the mechanism of retention (pressure, elution strength, separation selectivity and 

peak shape). A series of experiments using acetonitrile, methanol and 50:50 (v/v) 

acetonitrile/methanol were conducted on the HSS T3 column on the Agilent LC 

system. Acetonitrile showed greater affinity, better resolution and peak shape 

compared to methanol or combination of both solvents (Figure 2-2). 
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Figure 2-2   Representative total ion chromatograms of pooled CSF samples analysed 

in various organic solvents on the LC-QTOF/MS using the Waters HSS T3 column (from 

top to bottom): (1) acetonitrile, (2) methanol and (3) 50:50 (v/v) of 

acetonitrile/methanol.  

Ammonium salts and formic acid are widely used additives for LC-MS/MS analysis and 

their electrospray ionisation efficacies on biogenic amines and amino acids have been 

preliminarily demonstrated in previous studies [20, 23, 24]. To improve the signals 

and peak separation of metabolite standards formic acid, ammonium formate and 

ammonium hydroxide buffers were tested. Formic acid and ammonium formate were 

found to improve peak shape and mass spectral signal intensity of the metabolite 

standards. The effects of ammonium formate concentrations (5, 10 and 20 mM) in 

the mobile phases were investigated. An improvement in peak shape and peak signal 
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intensity was evident with increasing the concentration of ammonium formate in the 

mobile phases. Hence, pH of the mobile phase serves as an important aspect for the 

retention of analytes.   

Various commercial normal and reversed phase columns from two manufacturers 

(Agilent and Waters) were assessed (Table 2-1). To ensure the same column 

conditions were in place across all the sample runs an initial two minutes of 

equilibration time was applied before sample injections.  The six, twelve and five 

minute re-equilibration time at the end of the gradient was established for RP, HILIC 

and HSS T3 methods respectively to avoid sample carryover. Subsequent analysis of 

blank samples confirmed that there was no carryover of analytes. In addition washing 

procedures of the autosampler prior and after sample injections were programmed. 

The developed method showed good resolution and retention of the metabolite 

standards (Figure 2-3). The column oven temperature of 30 ⁰C, flow rate of 0.3 

mL/min and sample injection volume of 10 μL was deemed suitable for both 

methods. The optimised complementary methods were achieved under the following 

gradient elution conditions: 

(i) The RP method had a run time of 30 minutes. The mobile phases consisted of 0.1% 

formic acid in water (aqueous) and 0.1% formic acid in acetonitrile (organic). The 

gradient program was: 0−3 min (0% B), 3-10 min (50% B), 11-15 min (70% B), 15-16 

min (95% B), 16-21 (95% B), 21-23 (30% B), 23-24 min (0% B) and 24-30 min (0% B).  

(ii)  The HILIC method had a run time of 32 minutes. The mobile phases consisted of 

20 mM ammonium formate in water (aqueous) and 20 mM ammonium formate in 

90% acetonitrile (organic). The gradient program was: 0−1.5 min (90% B), 1.5−12 min 

(90−50% B), 12−16 min (50% B), 16−17 min (50−25% B), 17−20 min (25% B), 20−21 

min (45−90% B) and 21−32 min (90% B).  

(iii)  The HSS T3 method had a run time of 22 minutes. The mobile phases consisted of 

0.1% formic acid in water (aqueous) and 0.1% formic acid in acetonitrile (organic). 
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The gradient program was: 0−1 min (2% B), 1-6 min (2−40% B), 6−14 min (40−99% B), 

14−16.5 min (99% B), 16.5−17 min (99−2% B) and 17−22 min (2% B).  

Under these optimised conditions the amino acids and more polar metabolites were 

eluted at a higher ratio of the aqueous mobile phase and the more hydrophobic 

metabolites eluted at higher concentrations of the organic mobile phase.   

 

Figure 2-3 Representative total ion chromatograms of metabolite standards using the 

Agilent HILIC column (top) and Water HSS T3 Column (bottom) on the Thermo Q 

Exactive HF-X MS. 

 

2.4.3 Optimisation of MS conditions 

Initially, the Agilent QTOF/MS was operated in the full scan mode for the comparison 

of columns using the endogenous metabolite standards mixture listed in Table 2-3. 

The optimisation of mass spectrometry parameters (such as capillary voltage and 

temperature) plays an important role to achieve greater sensitivity of mass 
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spectrometry detection [25].  Several tune parameters were optimised for the most 

ideal operating conditions. The optimal gas temperatures were recognised between 

290 to 350 ⁰C. As there were no significant differences observed within this range, the 

instruments default setting of 300 ⁰C was selected. The auxiliary and sheath gases 

performed satisfactory at 40 and 10 (arbitrary units) respectively, whereas decreased 

signal intensities were observed at values higher.  

Due to issues experienced with the Agilent QTOF/MS, the Thermo Q Exactive HF-X 

Hybrid Quadrupole Orbitrap MS was trialled and an assessment of their performances 

were compared (Table 2-4). Using the previously optimised parameters the Q 

Exactive HF-X Hybrid Quadrupole Orbitrap MS showed higher sensitivity and 

reproducibility. A comparison of peak intensities of the metabolite standard mixture 

(Figure 2-5) demonstrated that the Q Exactive HF-X Hybrid Quadrupole Orbitrap MS is 

more suitable for the untargeted analysis of CSF metabolites.  

 

Table 2-4 Comparison of averaged peak area (n = 5) of metabolites standards using 
the QTOF/MS and Q Exactive HFX-MS using the Agilent HILIC column. The blank cells 
represents the metabolite was unable to be detected or poor chromatographic peak 
shape.    

Metabolite Peak Area 

QTOF/MS Q Exactive HFX-MS 

Dopamine  8.82E+05 1.41E+10 

Epinephrine 7.94E+04 3.39E+09 

Metanephrine 9.31E+04 1.58E+09 

Norepinephrine 1.65E+04 9.34E+09 

Homovanillic acid 1.33E+04 3.37E+07 

3,4-Dihydroxyphenylacetic acid   2.51E+06 

5-Hydroxyindoleacetic acid  
 

2.53E+07 

Sepiapterin    4.28E+09 
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Neopterin  4.84E+04 1.64E+09 

Biopterin   1.66E+09 

Histamine   8.11E+08 

Glutamic acid 2.73E+05 1.89E+10 

γ-aminobutyric acid 8.94E+05 8.10E+07 

Tryptophan  1.56E+06 1.11E+10 

Kynurenine 9.28E+05 5.51E+08 

Kynurenic acid 1.36E+05 2.57E+09 

Anthranilic acid 6.62E+05 3.30E+08 

3-hydroxyanthranilic acid 2.18E+05 1.80E+09 

3-Hydroxykynurenine 5.39E+04 6.77E+09 

Quinolinic acid 4.66E+05 5.67E+09 

Picolinic acid 2.99E+05 2.07E+08 

Xanthurenic acid 
 

1.58E+08 

 

The optimised MS conditions in the Agilent QTOF MS were applied as the starting 

settings to optimise the parameters of the Thermo Q Exactive HF-X MS system. A high 

mass resolution of 60,000 is essential to differentiate metabolites in complex 

biological matrices and identification of overlapping [M+H]+ ion metabolites. For 

example, m/z 238.0925 and 238.0935 of two pterin species, biopterin and 

sepiapterin.  

Full MS/all ion fragmentation and full MS/data dependent-MS2 modes were explored 

and compared using pooled CSF samples. All ion fragmentation data was acquired 

using a data independent method under a high mass resolution of 120 000, automatic 

gain control target at 3e6 and maximum injection time of 200 ms. A significantly 

higher number of features and annotated metabolites in pooled CSF was determined 

in the MS/all ion fragmentation mode. MS/MS data mode acquired data using the 

data dependent top twenty compounds method had a mass resolution set to 30 000 
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for an improved MS/MS spectrum quality to accurately identify relevant individual 

metabolites of interest. This achieved a narrow precursor ion isolation width with 

minimal transmission losses of the targeted ions and confirmed metabolites of 

interest (listed in Table 2-3) were detectable and present in CSF. However, for an 

untargeted method the data dependent acquisition was limited in its sensitivity 

resulting in a lower number of features detected in the pooled CSF samples.  A 

significantly higher number of features and annotated metabolites in pooled CSF was 

determined in the all ion fragmentation mode (Table 2-5). Overall, the full MS/all ion 

fragmentation mode was deemed more suitable for the untargeted metabolomics 

analysis method. 

 

Table 2-5 Number of molecular features and annotated compounds in pooled CSF 

samples (n=3) using the Agilent HILIC column on the Thermo Q Exactive HF-X MS 

system and data processed through SIEVE. 

Full MS fragmentation 
mode 

No. of molecular 
features 

No. of annotations 

All Ion Fragmentation 296 98 

Data Dependent-MS2 167 53 

 

A comparison of the positive and negative ion modes was also evaluated using the 

metabolite standard mixture and pooled CSF. For positive and negative ionisation 

modes, low frequency oscillations of the baseline were reduced with a higher spray 

voltage. A spray voltage of 4 kV for the positive mode and 3 kV for the negative ion 

mode were selected. Trialling at spray voltages higher than these selected values did 

not show further improvements. A large variation of metabolites (including all the 

metabolite standards) was detected in CSF using positive electrospray ionisation. In 

the negative mode, metabolite standards such as 3,4-dihydroxyphenylacetic acid, 

homovanillic acid, 5-hydroxyindoleacetic acid and GABA exhibited a higher signal 

intensity in the negative mode. However, other metabolites in the negative mode 

lacked sensitivity or could not be detected in pooled CSF samples. Detection using 



Chapter 2: Method Development and Optimisation 

 

~ 69 ~ 

positive electrospray ionisation was found to have a better overall performance in 

detecting the broad spectrum of multi-class metabolites in CSF. 

2.4.4 Column comparison using pooled CSF samples and 

metabolite standards 

Currently, there is no single platform able to cover the entire CSF metabolome given 

its size and diversity of metabolite properties. The metabolite standard solution 

contains a wide variation in hydrophobic and hydrophilic properties of metabolites. 

As a result, the physiochemical properties of such a broad spectrum of metabolites 

will influence their ability to bind onto different stationary phases in each column. 

The reverse phase nature of the RP column and HSS T3 column leads to the early 

elution of hydrophilic molecules. Conversely, hydrophilic molecules on the HILIC 

column eluted at a later stage and an earlier elution of hydrophobic compounds. 

Preliminary evaluation of the different columns was performed using the metabolite 

standard mixture using the optimised gradient conditions in the positive ionisation 

mode. The columns listed in Table 2-1 displayed comparable retention time analysis 

for the mixed standard solutions.  The elution of metabolite standards began from 

approximately 0.80 minutes after sample injection and the last metabolite standard 

eluted prior to 10 minutes. The C18 RP column presented the lowest retainment of 

the metabolite standard mixture. 

The performance of the columns were evaluated based on retention time, peak area 

and peak width for each metabolite standard (Table 2-6 and Table 2-7). For the 

metabolite standards the HILIC and HSS T3 columns showed high retention time 

reproducibility with minimal shifts and low standard deviation values. The elution 

range of the metabolites ranged from 0.83 to 4.09, 0.97 to 9.37 and 0.82 to 5.89 

minutes for the RP, HILIC and HSS T3 columns respectively. For the metabolite 

standards the HILIC and HSS T3 columns showed high retention time reproducibility 

with minimal shifts and low standard deviation values. The HSS T3 column yielded the 
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narrowest peaks from the three investigated columns. The HILIC column was the 

most sensitive, obtaining the highest peaks areas for the standard metabolites.  

Following the transition to the Thermo UPLC-HRMS instrument the standards and 

pooled CSF were analysed on the HSS T3 and HILIC column. The HSS T3 and HILIC 

column showed good chromatographic separation of the standards and improved 

metabolite coverage in pooled CSF samples (Figure 2-4 and Figure 2-5). 

 

Table 2-6 Comparison of retention time in minutes with mean (n=5) and standard 

deviations (SD) across three columns in positive ionisation mode using the Thermo 

Scientific Vanquish system coupled to a Q Exactive HF-X Hybrid Quadrupole Orbitrap 

Mass Spectrometer. The standard deviations show good retention time 

reproducibility. The blank cells represent the metabolite was unable to be detected or 

poor chromatographic peak shape.    

Metabolite  RP Column   HILIC 
Column  

 HSS T3 
column 

Mean SD Mean SD Mean SD 

Dopamine  2.57 0.01 5.23 0.00 1.58 0.02 

Epinephrine 0.94 0.00 4.94 0.02 1.28 0.00 

Metanephrine 1.03 0.02 2.16 0.01 1.44 0.02 

Norepinephrine 2.89 0.06 3.17 0.00 1.12 0.01 

Homovanillic acid   9.37 0.04 3.15 0.00 

3,4-Dihydroxyphenylacetic acid     3.03 0.02 4.27 0.01 

5-Hydroxyindoleacetic acid   1.11 0.04 1.51 0.02 4.90 0.00 

Sepiapterin      1.73 0.01 3.79 0.00 

Neopterin    2.71 0.02 1.26 0.03 

Biopterin     4.04 0.00 2.12 0.02 

Histamine     5.98 0.01     

Glutamic acid 0.83 0.01 7.85 0.03 0.82 0.01 

γ-aminobutyric acid 1.52 0.02 5.8 0.02 0.98 0.00 
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Tryptophan  1.93 0.03 4.79 0.01 4.39 0.01 

Kynurenine 4.09 0.03 4.38 0.02 3.77 0.01 

Kynurenic acid 3.31 0.02 2.82 0.01 4.75 0.00 

Anthranilic acid 1.37 0.01 0.97 0.01 5.89 0.03 

3-hydroxyanthranilic acid 2.36 0.03 1.18 0.00 4.01 0.01 

3-Hydroxykynurenine 2.15 0.01 3.33 0.00 3.44 0.02 

Quinolinic acid 1.26 0.02 3.85 0.01 1.95 0.00 

Picolinic acid 0.88 0.02 5.48 0.02 1.2 0.01 

Xanthurenic acid 2.34 0.02 3.68 0.01 4.53 0.00 

 

Table 2-7 Comparison of peak area and peak width across three columns in the 

positive ionisation mode using the Thermo Scientific Vanquish system coupled to a Q 

Exactive HF-X Hybrid Quadrupole Orbitrap Mass Spectrometer. Blank cells represent 

the metabolite was unable to be detected. 

Metabolite  RP Column   HILIC Column   HSS T3 column 

Area Width Area Width Area Width 

Dopamine  2.57E+06 0.16 1.41E+10 0.07 4.16E+07 0.38 

Epinephrine 7.44E+05 0.18 3.39E+09 0.25 1.58E+07 0.18 

Metanephrine 1.98E+05 0.10 1.58E+09 0.42 1.61E+08 0.46 

Norepinephrine 1.42E+04 0.51 9.34E+09 0.26 1.99E+06 0.18 

Homovanillic acid   3.37E+07 0.55 9.04E+06 0.20 

3,4-Dihydroxyphenylacetic 
acid 

    2.51E+06 
0.44 

1.26E+06 
0.18 

5-Hydroxyindoleacetic 
acid  

2.84E+04  0.35 2.53E+07 
0.14 

4.29E+06 
0.08 

Sepiapterin      4.28E+09 0.18 1.64E+07 0.21 

Neopterin    1.64E+09 0.38 4.03E+08 0.45 

Biopterin     1.66E+09 0.28 2.01E+09 0.24 
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Histamine     8.11E+08 0.08     

Glutamic acid 4.38E+06 0.39 1.89E+10 0.26 3.51E+09 0.17 

γ-aminobutyric acid 5.31E+04 0.29 8.10E+07 0.40 7.67E+07 0.20 

Tryptophan  3.76E+07 0.26 1.11E+10 0.30 2.87E+10 0.22 

Kynurenine 4.68E+06 0.35 5.51E+08 0.52 1.86E+07 0.24 

Kynurenic acid 2.96E+05 0.47 2.57E+09 0.30 2.08E+10 0.16 

Anthranilic acid 5.51E+05 0.22 3.30E+08 0.42 1.78E+07 0.41 

3-hydroxyanthranilic acid 1.01E+06 0.18 1.80E+09 0.20 5.01E+08 0.26 

3-hydroxykynurenine 2.18E+05 0.16 6.77E+09 0.24 5.98E+08 0.14 

Quinolinic acid 1.62E+06 0.24 5.67E+09 0.22 4.05E+08 0.22 

Picolinic acid 4.37E+04 0.43 2.07E+08 0.15 1.72E+07 0.20 

Xanthurenic acid 6.37E+04  0.30 1.58E+08 0.14 2.07E+06 0.15 

 

Initial experiments using the RP column exhibited poor retention of metabolites or 

difficulties of molecules to be retained on the column. This included histamine, 

homovanillic acid, pterins and a small number of amino acids. These metabolites have 

also been previously reported to be quite challenging to elute [26, 27]. Subsequent, 

trials were conducted using the Waters BEH amide column and a traditional normal 

stationary phase Agilent C18 column. The C18 column did not show improvements in 

the retention of metabolites. There were improvements observed in the BEH amide 

column for the elution of the metabolite standards, however, there was a lack of 

consistency and reproducibility of the peak shapes across different sequence runs.  

The hydrophilic interaction chromatography (HILIC) has become a consolidated 

column for the analytical separation of polar based molecules and increasingly used 

as a complementary to conventional RP columns [28]. The highly orthogonal 

mechanism of HILIC is advantageous in the retainment and elution of metabolites 

(acidic, neutral and basic) and highly reproducible separations of strongly polar 

metabolites which elute in the void volume of reverse phase chromatography [29, 

30]. The elution of compounds under high organic mobile phase compositions has 
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been found to improve signal intensity in MS analyses and efficiency of desolation 

processes [26]. The high specificity and selectivity of HILIC methods have been 

reported to provide a higher coverage of metabolites detected compared to RP 

chromatography [31]. 

 

Figure 2-4 Extracted ion chromatograms of metabolites in pooled CSF using Waters 

HSS T3 Column on the Thermo Scientific Vanquish system coupled to a Q Exactive HF-

X Hybrid Quadrupole Orbitrap Mass Spectrometer. Metabolites were confirmed using 

reference standards. 
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Figure 2-5 Extracted ion chromatograms of metabolites in pooled CSF using Agilent 

HILIC Column on the Thermo Scientific Vanquish system coupled to a Q Exactive HF-X 

Hybrid Quadrupole Orbitrap Mass Spectrometer. Metabolites were confirmed using 

reference standards. 
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In recent years, the HSS T3 column has gained attraction from its ability to retain both 

polar and non-polar molecules. HSS T3 columns contains a polar group bonded phase 

and treated silica particles forming a bonded sorbent beneficial for the retention of 

polar compounds under aqueous mobile phase conditions. The measurement of 

diverse metabolite properties in CSF using the HSS T3 column has reported to obtain 

satisfactory chromatographic resolution and retention in a number of studies [24, 32-

34]. 

The method development process of HILIC methods can be challenging requiring 

careful optimisation and a prolonged column re-equilibration and conditioning 

duration [34, 35]. However, the reproducibility, metabolite intensity and coverage 

offered in HILIC methods outweigh these drawbacks. The use of complementary 

chromatographic methods is commonly employed in untargeted metabolomics 

analysis [34, 36, 37]. 

 

2.4.5 Profiling of Metabolites in CSF samples 

The performances of the three columns were further evaluated by analysing 

metabolites extracted from pooled CSF. Injections of the metabolites in pooled CSF 

were initially performed on the Agilent LC-QTOF/MS using the RP and HILIC columns. 

Following the transition to the Thermo LC-HRMS, CSF metabolites were trialled using 

all three columns.  

The reliability of metabolomics workflows to perform biological interpretations is 

facilitated by the advancements of metabolic libraries, deconvolution softwares and 

accessibility to commercial reference standards [38]. A major bottleneck in 

untargeted metabolomic studies is the accuracy of metabolite annotations. There has 

been a number of databases available to annotate CSF metabolites including the 

human metabolome database [39], CSF Metabolome [18], KEGG database 

(www.genome.jp/kegg/) and METLIN [40]. Several softwares have been developed 

for untargeted metabolomics analysis such as MassHunter profinder (Agilent 

http://www.genome.jp/kegg/
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Technologies), Compound discoverer (Thermo Fisher Scientific), Metaboanalyst 

(www.metaboanalyst.ca) and Mass profiler professional (Agilent Technologies). 

The LC-QTOF/MS data obtained from pooled CSF samples were processed using 

MassHunter Qualitative Analysis and MassHunter profinder. The total number of 

molecular features identified from pooled CSF samples (n = 5) are listed in Table 2-8. 

The Agilent HILIC column obtained the most number of molecular features identified 

in the positive ESI mode. However, the low number of molecular features able to be 

detected in the pooled CSF samples from both columns, further indicated the 

sensitivity challenges experienced in the analysis method.  

 

Table 2-8 Summary of number of averaged molecular features and annotated 

features in pooled CSF samples (n = 5) using the HSS T3 and HILIC column on the 

Thermo Q Exactive HF-X MS system and data processed through Compounds 

Discoverer 3.0. 

 LC-QTOF/MS UPLC -Q Exactive HFX/MS 

HSS T3 HILIC HSS T3 HILIC 

Elution range (min) 0.81 – 15.47 0.95 – 22.12 0.85 – 16.94 0.90 – 19.65 

No. of molecular features 140 181 448 573 

No. of annotations 47 55 129 167 

 

Following the transition to the Thermo UPLC-HRMS, data was acquired on the 

optimised metabolomics workflow using Compound discoverer 3.0. A comparison of 

the pooled CSF results obtained from the columns (Table 2-9) showed the HILIC 

column yielded a greater number of molecular features identified and confirmed 

metabolite annotations, followed closely by the HSS T3 column.  

 

http://www.metaboanalyst.ca/
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Table 2-9 Comparison of molecular annotated features in pooled CSF samples (n = 5) 
across three columns on the Thermo Scientific Vanquish system coupled to a Q 
Exactive HF-X Hybrid Quadrupole Orbitrap Mass Spectrometer. 

 RP HILIC HSS T3 

Elution range (min) 0.83 – 15.50 0.90 – 19.65 0.85 – 16.94 

No. of molecular features 239 573 448 

No. of annotations 74 167 129 

 

The HSS T3 and HILIC columns operated in the positive ionisation mode captured a 

wide variation of CSF metabolites. There were 93 annotated compounds shared 

between the two methods. As a result, a total of 203 compounds were annotated by 

reference standards or putatively through literature mass spectra. The annotated 

metabolites mainly consisted of endogenous neuroactive metabolites, organic acids 

and bases (Figure 2-6).  

 

 

Figure 2-6 Summary of categorised subgroups in 203 annotated compounds 

identified in pooled CSF. 
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2.5 Conclusion 

Metabolomics is a rapidly evolving research field providing new opportunities in 

facilitating biomarker discovery and unravelling the pathophysiologic mechanisms 

underlying health and diseases.  An untargeted metabolomics analysis method using 

ultra-performance liquid chromatography coupled to high resolution mass 

spectrometry was developed for the screening of metabolites in human CSF. Sample 

preparation of CSF metabolites was achieved by a simple methanol precipitation 

method and demonstrated good reproducibility. The performance of three columns 

was assessed extensively using a metabolite standard mixture. The HSS T3 presented 

the narrowest peaks and the HILIC column obtained the highest peak area in the 

positive ionisation mode. Furthermore, pooled human CSF samples were evaluated 

and the HILIC column acquired the highest number of metabolites.  The developed 

untargeted approach presents a useful addition and promising high throughput 

preliminary screening.  
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Chapter 3: A pilot study to evaluate CSF 

metabolomics in acute brain inflammation 

3.1 Abstract 

The response of the central nervous system to invading pathogens can be protective 

but also responsible for the harmful sequelae effects in neuroinflammatory diseases. 

The immune response upon inflammation induces the initiation and alteration of a 

wide range of neuroactive metabolites. A pilot study of four encephalitis patients and 

four age-matched controls were explored using the developed untargeted 

metabolomics analysis method. Chemometrics tools were performed to assess the 

statistical contribution of cerebrospinal fluid (CSF) metabolites to neuroinflammation. 

A statistical discrimination between encephalitis and control groups was achieved 

using orthogonal partial least squares discriminant (OPLS-DA) analysis. Univariate 

statistical methods annotated twenty two key metabolites as statistically 

discriminative between the encephalitis and control groups. Statistically 

discriminating CSF metabolites identified are mainly involved in the tryptophan-

kynurenine pathway, neopterin and amino acid metabolism. The pilot study 

demonstrated that untargeted metabolomics using liquid chromatography coupled to 

high resolution mass spectrometry (LC-HRMS) is a robust procedure to generate CSF 

metabolic profiles and offers an important aid to the development of 

neuroinflammatory biomarkers. 
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3.2 Introduction 

Inflammation of the brain is increasingly recognised as important in acute 

neuroinflammatory diseases (such as encephalitis), but also neurodevelopmental, 

neuropsychiatric and neurodegenerative processes. The inflammatory response of 

the central nervous system to invading cells can play a harmful role leading to 

neuronal damage and the progression of acute neuroinflammation [1]. Encephalitis is 

characterised by inflammation of the brain often due to infection (typically viral) or 

autoimmune reactivity [2]. Over 100 causes of encephalitis are described, and vary 

according to geographical region, but often the causes and neurological outcomes are 

unknown leading to significant challenges encountered by clinicians to provide a rapid 

diagnosis and treatment regimen.   

Metabolomics has provided opportunities for identifying biomarkers with clinical 

significance and unravelling biochemical changes within a biological sample to offer a 

comprehensive understanding on a broad spectrum of metabolic profiles [3]. The 

improvements in technological platforms available for metabolomic workflows have 

directed great interest in the application of neuroinflammation research. CSF is 

regarded as the most useful biofluid in understanding the activities of the brain and a 

valuable source of potential clinical biomarkers [4]. 

The aim of this chapter is to assess the feasibility of the developed analysis method 

on human CSF cohort groups and determine whether the untargeted metabolomics 

approach can discriminate encephalitis patients from controls.  
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3.3 Materials and method 

3.3.1 Study Design and Participants  

Eight human CSF samples were obtained from the Department of Biochemistry at the 

Children’s Hospital at Westmead (Sydney, Australia). CSF samples used for the study 

were withdrawn by lumbar puncture between the third or fifth lumbar vertebrae.  

The encephalitis group (n=4, mean 6.25 years, median 6 years, 3 males) all fulfilled 

encephalitis criteria [5] (acute disseminated encephalomyelitis n=2, unknown 

infectious encephalitis n=1, enteroviral encephalitis n=1). The age matched control 

group (n=4, mean 6 years, median 5.5 years, 3 males) had non-inflammatory 

neurological diseases (cerebral palsy n=2, genetic dystonia n=1, genetic neuropathy 

n=1). CSF samples were frozen within 1 hour of sampling and stored at -40 ⁰C until 

the time of processing. Prior to experiments, CSF samples were thawed, vortexed and 

aliquot into 2mL Eppendorf tubes. 

Local Ethics committee approved this study, LNR/14/SCHN/275 (2019/ETH06182).  

 

3.3.2 Chemicals and Reagents 

Epinephrine hydrochloride, GABA, kynurenic acid, L-kynurenine, and L-tryptophan, 

quinolinic acid, 3-hydroxy-anthranilic acid, xanthurenic acid, neopterin and 

ammonium formate were purchased as powders from Sigma Aldrich (Sydney, 

Australia). D3-Dopamine and D3-metanephrine were supplied by CDN Isotopes 

(Quebec, Canada). HPLC grade acetonitrile was purchased from Honeywell (Chem 

Supply, Gillman, Australia). Formic acid was supplied by RCI Labscan (Bangkok, 

Thailand). 
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3.3.3 Preparation of Standard Solutions 

A 500 ng/mL mixed solution of the metabolite standards were prepared and stored 

in -20 ⁰C prior to usage. A mixed standard solution was injected with every batch 

run for confirmation of any analytes present in the CSF samples. A 50 ng/mL mixed 

internal standard solution containing D3-Dopamine and D3-Kynurenic acid was 

prepared and added to the methanol solution for the deproteinisation step. 

 

3.3.4 Cerebrospinal Fluid Metabolite Extraction 

100 μL of CSF samples and 300 μL of the methanol mixture were thoroughly mixed 

for 90 seconds on a vortex and sonicated for 5 minutes. For protein precipitation, the 

mixture was left in ice for 45 minutes. This was followed by centrifugations of the 

samples for 12 minutes at a temperature of 5 ⁰C and velocity of 4000 g. The 

supernatant was collected and evaporated to dryness under nitrogen. Subsequently, 

50 μL of water/acetonitrile at a ratio of 40/60 was used to reconstitute the CSF 

residue for UPLC-HRMS analyses.  

Quality control (QC) samples were prepared from a pooled mixture of equal volumes 

of each original CSF sample. These were injected every three samples to evaluate the 

reproducibility of the method and analytical error for metabolites. The CSF samples 

were analysed independent of clinical status using a randomised injection sequence. 

 

3.3.5 LC-HRMS Analysis 

LC-HRMS analyses were performed using a Thermo Scientific Vanquish system 

coupled to a Q Exactive HF-X Hybrid Quadrupole Orbitrap Mass Spectrometer 

(Thermo Fisher Scientific Inc., Massachusetts, CA, USA) fitted with an electrospray 

source in both positive and negative ion modes. Calibration of the mass spectrometer 
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in the positive mode was conducted prior to analysis using a calibration mixture 

provided by the manufacturer.  

The chromatographic separation of metabolites was achieved on an Agilent Infinity 

Lab HILIC column (2.1 x 100 mm, 2.7μm particle size) and the Waters Acquity UPLC 

HSS T3 column (2.1 x 10mm, 1.8μm particle size). 

Mobile phases for the HILIC column consisted of an aqueous buffer of 20 mM 

ammonium formate in water and 90% acetonitrile with 20 mM ammonium formate 

as solvent B.  For the HSS T3 column, 0.1% formic acid in A and acetonitrile containing 

0.1% formic acid in B.  

The gradient elution for both methods were performed at a flow rate of 0.30 mL/min 

and injection volume of 10 μL. For the HILIC column the gradient elution are as 

follows: 0−1.5 min (90% B), 1.5−12 min (90−50% B), 12−16 min (50% B), 16−17 min 

(50−25% B), 17−20 min (25% B), 20−21 min (45−90% B) and 21−32 min (90% B).  The 

gradient program for the HSS T3 column are as follows: 0−1 min (2% B), 1-6 min 

(2−40% B), 6−14 min (40−99% B), 14−16.5 min (99% B), 16.5−17 min (99−2% B) and 

17−22 min (2% B). 

The MS was operated in the full scan/all ion fragmentation mode using positive 

electrospray ionisation. The detection scan range was achieved from m/z 50 to 600 in 

the positive ionisation mode. The MS was acquired under a high mass resolution of 

120 000, capillary voltage at 4 kV and capillary temperature of 300 ⁰C.  

 

3.3.6 Data Treatment and Handling 

Data processing was performed using Qualbrowser on the Xcalibur version 2.1 

software and Compound Discoverer 3.0 software. (Thermo Fisher Scientific Inc.). 

Automated peak detection, integration, identification and determination of 

differences between samples sets were extracted using the metabolomics workflow 

in Compound Discoverer. Molecular features from the LC-HRMS data were extracted 
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using the following parameters: two positive ion species, [M+H]+ and [M+NH4]+ and 

mass fragmentation tolerance of 5 ppm; aligned retention time window of 0.20 min 

and mass window of 5 ppm. The mass spectral features were set to consider only 

features present in at least 75% of samples and extracted peaks were manually 

inspected to reduce false positives and negative features.  

The databases used for metabolite annotation and identification were the human 

metabolome database, m/z cloud, Chemspider and an in-house CSF database. For 

metabolites identified upon comparison with chemical reference standards ions had 

to meet the criteria proposed by the Metabolomics Standards Initiative [6] which 

includes a match in MS spectrum, retention time and accurate measure mass. In the 

absence of a reference chemical standard being available metabolites were putatively 

annotated upon comparison of mass spectra with literature spectra. 

The pre-processed data sets extracted from compound discoverer were normalised 

against internal standards. An online platform, MetaboAnalyst 4.0 was employed for 

multivariate and univariate statistical analysis. The clustering and similarities or 

differences between sample sets (controls, encephalitis, QC) were evaluated using 

principal component analysis (PCA) and OPLS-DA. The score plots allowed visual 

inspections of the data distribution, trends and outliers in the data. Significant 

metabolites driving the discrimination between the control and encephalitis groups 

were analysed through ANOVA and Fishers LSD post-hoc analysis at a p-value cut off 

of 0.01.  

 

3.4 Results and Discussion 

CSF samples from 4 encephalitis patients and 4 controls were obtained for the 

purpose of this pilot study. In recent years, a few untargeted CSF metabolomics 

studies have been conducted on encephalitis employing NMR or LC-HRMS [7, 8]. The 

data treatment process from raw spectra to biological interpretations is an important 

component of the untargeted metabolomics workflow. Compound Discoverer is a 



Chapter 3: A pilot study to evaluate CSF metabolomics in acute brain inflammation 

 

~ 91 ~ 

software containing workflows useful for the preliminary data pre-treatment of 

metabolomics data. Initially, a large number of peaks were extracted. This is 

commonly encountered in metabolomics studies where thousands of peaks can be 

initially detected [9]. Extensive filters such as mass fragmentation tolerances, 

retention time alignment tolerances and the exclusion of features corresponding to 

background noise and peaks that weren’t present in more than 75% of samples were 

applied. This significantly reduced the manual data cleaning step resulting in 675 and 

529 peaks detected for the HILIC and T3 methods respectively (Table 3-1). The CSF 

metabolites were eluted within a twenty minute time frame. The complementary 

method annotated a total of 234 different CSF metabolites. However, for the HSS T3 

column method, one sample from both the encephalitis and control group was 

excluded due to significantly lower molecular features present and poor peak 

intensities.   

 

Table 3-1 Summary of annotated peaks using the two complementary methods 

Agilent HILIC 

Number of molecular features 675 

Reference standard and 
database identified compounds 

189 

Elution range 0.9 – 20 min 

Water HSS T3 

Number of molecular features 529 

Reference standard and 
database identified compounds 

154 

Elution range 0.85 – 17.5 min 
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3.4.1 Quality Control Analysis 

A total of three QC injections were inserted into the analytical run for this pilot study. 

The PCA for the two complementary methods showed a close cluster of the QC 

injections upon inspection of peak shape, peak areas and retention times (Figure 3-1). 

The 2D PCA plot indicated the absence of outliers and a good reproducibility of the 

developed analytical method. A comparison of the PCA score plots generated by the 

two methods showed the HILIC method to provide a greater statistical separation.  

 

Figure 3-1 [A] PCA score plot of 4 control patients (red dots), 4 encephalitis patients 

(green dots) and 3 QC samples (blue dots) showing clustering of the QC samples using 

the HILIC column [B] PCA score plot on 3 control patients (red dots), 3 encephalitis 

patients (green dots) and 3 QC samples (blue dots) showing clustering of the QC 

samples using the HSS T3 column. 
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3.4.2 Statistical Analyses  

The differences in CSF levels between encephalitis and non-inflamed patients were 

assessed using PLS-DA. The 2D OPLS-DA score plots showed that the controls and 

inflamed patients were well separated reflecting the metabolic differences between 

the two groups (Figure 3-2).  

 

Figure 3-2 [A] OPLS-DA score plot presenting a clear separation of 4 control patients 

(red dots) and 4 encephalitis patients (green dots) using the HILIC column [B] OPLS-

DA score plot presenting a clear separation score plot on 3 control patients (red dots) 

and 3 encephalitis patients (green dots) using the HSS T3 column. 

ANOVA and post-hoc analysis at a low p-value cut off of 0.01 revealed a total of forty 

metabolites involved in driving the separation between encephalitis and control 

patients. The study was able to confidently annotate quinolinic acid, tryptophan, 

kynurenic acid, neopterin, GABA, kynurenine, 3-hydroxyanthranilic acid, xanthurenic 

acid and epinephrine as metabolites contributing to the clustering of inflamed 

patients using analytical reference standards. The remaining metabolites were 

putatively annotated using reported literature mass spectra from the Human 

Metabolome Database. As a result, thirteen metabolites were putatively confirmed 

and found to contribute to the discrimination.  Although time consuming, the manual 
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integration provided a high degree of confidence for the twenty-two significant 

metabolites (Table 3-2).  

Table 3-2 Summary of statistically significant metabolites identified and their 

relevance. 

Metabolite Relevance 

3-Hydroxyanthranilic acid kynurenine pathway metabolite 

4-Amino-5-oxopentanoate amino acid 

10-Hydroxydecanoic acid fatty acid 

Acetyl-N-formyl-5-
methoxykynurenamine 

tryptophan pathway metabolite 

Adenine nucleobase 

Arginine amino acid 

Choline precursor to acetylcholine 

Creatine amino acid 

Epinephrine neurotransmitter, catecholamine 

Formyl-isoglutamine histidine metabolism 

Gamma-aminobutyric acid inhibitory neurotransmitter, amino acid 

Hexanoylcarnitine acylcarnitine, lipid 

Histidine amino acid, precursor to histamine 

Homoarginine endogenous non‐proteinogenic amino acid 

Isoglutamine amino acid 

Kynurenic acid kynurenine pathway metabolite 

Kynurenine tryptophan pathway metabolite 

Lysine amino acid  

Neopterin catabolic product of guanosine triphosphate 

Quinolinic acid kynurenine pathway metabolite 

Tryptophan amino acid, precursor to kynurenine 
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Xanthurenic acid kynurenine pathway metabolite 

 

3.4.3 Identified Metabolites and Pathways Involved 

The changes in twenty-two metabolites could discriminate between encephalitis and 

control groups. Twelve metabolite levels were decreased, and ten metabolites 

showed increased levels in encephalitis patients compared to controls (Figure 3-3 and 

Figure 3-4). The significant metabolites contributing to the discrimination between 

the two groups are involved in the tryptophan-kynurenine pathway, neopterin, amino 

acid metabolism (GABA, arginine, creatine, isoglutamine, lysine, histidine), lipid 

metabolism (carnitine, 10-hydroxydecanoic acid), catecholamine metabolism 

(epinephrine) and other endogenous molecules (choline, adenine). These findings are 

consistent with many previous studies on human diseases with neuroinflammatory 

mechanisms involved which reported alterations in neopterin [10-12], tryptophan 

metabolism [13-15] and amino acids [16, 17]. 

 

 

Figure 3-3 Statistical differences were identified between encephalitis patients (E, n = 

4) compared to controls (C, n = 4) in CSF metabolites using ANOVA and Fishers LSD 
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post-hoc analysis [A] Six metabolites were identified from the tryptophan-kynurenine 

pathway [B] increased neopterin in encephalitis patients. 

 

Figure 3-4 Statistical differences were identified between encephalitis patients (E, n = 

4) compared to controls (C, n = 4) in CSF metabolites using ANOVA and Fishers LSD 



Chapter 3: A pilot study to evaluate CSF metabolomics in acute brain inflammation 

 

~ 97 ~ 

post-hoc analysis [A] Eight statistically significant amino acids [B] two lipid molecules 

showed an increase in encephalitis [C] increased epinephrine, choline and formyl-

isogluatmine and decreased adenine and acetyl-N-formyl-5-methoxykynurenamine in 

the encephalitis group. 

Among the twenty-two CSF metabolites, six metabolites were involved in the 

tryptophan-kynurenine pathway. The levels of quinolinic acid, kynurenine, anthranilic 

acid and xanthurenic acid were increased in CSF encephalitis patients, and levels of 

tryptophan and kynurenic acid were decreased. The kynurenine pathway is a major 

route for the metabolism of tryptophan and responsible for the regulation of immune 

activation [18, 19]. The initiation of the route for the conversion of tryptophan into 

kynurenine is metabolised by indoleamine 2,3-dioxygenase [20] forming its major 

metabolites illustrated in Figure 3-5. 

 

Figure 3-5 Schematic representation of the tryptophan-kynurenine pathway 
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The disruption of the tryptophan-kynurenine metabolism is strongly linked with 

neuroinflammation and immune activation. Under basal conditions, indoleamine 2,3-

dioxygenase plays a minor role in the metabolism of tryptophan [21]. However, the 

enzyme is activated in response to cytokines, interferons and inflammatory signals 

released during inflammation [22]. The activation of indoleamine 2,3-dioxygenase 

stimulates the accelerated breakdown of tryptophan. This reduces the availability of 

tryptophan and imbalance formation of neuroprotective (e.g. kynurenic acid) and 

neurotoxic metabolites (e.g. 3-hydroxykynurenine, quinolinic acid). 

A number of studies have reported the imbalances in the kynurenine metabolic 

pathway leads to alterations of two major metabolites, kynurenic acid and quinolinic 

acid. Kynurenic acid is a competitive N-methyl-D-aspartate (NMDA) antagonist and 

inhibits the functions of the α7 nicotinic acetylcholine receptor [23]. A majority of 

kynurenine is metabolised to kynurenic acid by astrocytes under basal conditions, 

however, following inflammation, there is increasing evidence that the metabolism of 

kynurenine favours the kynurenine 3-monooxygenase route producing quinolinic acid 

[24]. Quinolinic acid is a neurotoxin and NMDA agonist in the central nervous system 

with immune-regulatory and pro-inflammatory properties. A number of studies have 

reported the production of quinolinic acid to be generally elevated following 

inflammation [25-27]. During neuroinflammatory conditions the major sources 

contributing to the production of quinolinic acid include infiltrating macrophages and 

microglia [28]. The elevation of quinolinic acid will disruptively change the neuronal 

activity in the brain, as well as increasing the potential of glutamate excitotoxicity and 

pro-inflammation [29, 30]. 

Neopterin is metabolised from the guanosine triphosphate pathway and is a direct 

product generated by the stimulation of γ-interferon. Neopterin is a valuable 

biomarker of inflammation and infection in the CNS [10, 31]. Our findings show the 

elevation of neopterin in encephalitis patients are in line with published literature, 

and reported in a number of human diseases with neuroinflammatory mechanisms 

[10, 12, 32, 33]. However, CSF neopterin is a non-specific marker, unable to 

distinguish between different types of inflammatory diseases, and hence its 
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diagnostic value is interpreted within a given clinical context [34]. In addition, some 

studies simultaneously measure neopterin and tryptophan-kynurenine pathway 

metabolites [13, 35]. γ-interferon has been previously reported to influence the 

kynurenine pathway where an increase in the production of γ-interferon can result in 

the upregulation of the kynurenine pathway [13, 28, 36]. Increased CSF neopterin 

levels have showed a strong association with the changes in metabolites of the 

kynurenine pathway [13, 35, 37]. 

Amino acids and lipids are another category of metabolites associated with 

inflammatory processes [16, 38-40]. In this pilot study a total of eight amino acids 

were found to be statistically altered in encephalitis samples. An increase in lipid 

compounds, hexanoylcarnitine and 10-hydroxydecanoic acid was observed following 

inflammation. However, there is limited information available for the comparison of 

our findings to related studies. Research targeting amino acids and lipids in acute 

brain inflammation are scarce, less consistent and exhibit analytical challenges for the 

coverage of such a large variation of metabolic networks involved.  

 

3.4.4 Statistically Significant Unknown Metabolites 

LC-HRMS is an advantageous and comprehensive analytical tool with regards to the 

coverage of the CSF metabolome and provides important structural elucidation 

information for metabolites such as retention time, fragmentation patterns and 

accurate mass [41]. However, a large number of molecular features in metabolomics 

data sets remain unannotated [42, 43]. 

This pilot study identified ten statistically significant unknown metabolites 

represented by the box plots in Figure 3-6. Six metabolites were elevated and four 

metabolites decreased in encephalitis patients compared to controls. A comparison 

and search of the fragmentation data to existing mass spectra libraries and databases 

(such as METLIN, Human Metabolome database, mzCloud and ChemSpider) were 

unable to identify these metabolites.  
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The isolation of metabolites for NMR analysis is a possible solution for structural 

elucidation, however, this is a time-consuming process and may need larger volumes 

of CSF available. Alternatively, multi-stage tandem mass spectrometry in combination 

with in-silico fragmentation tools [44] can be useful for metabolite identification.  

 

Figure 3-6 Box plots (molecular weight/retention time in minutes) of metabolites 

with statistical difference using ANOVA and Fishers LSD post-hoc analysis (p < 0.005) 

between encephalitis patients and controls. 
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3.5 Conclusion 

The pilot study presents preliminary evidence that the developed untargeted analysis 

method is a robust strategy with great potential in facilitating the understanding of 

the CSF metabolome. The HILIC method was found to be more suitable for the 

analysis of CSF metabolites, obtaining excellent peak performance and a greater 

number of molecular features identified. The application of untargeted metabolomics 

on a small-scale CSF cohort showed discrimination between acute neuroinflammation 

patients from controls. The correlations observed require more mechanistic studies 

and a larger CSF sample cohort in order for a panel of biomarkers to be used in a 

clinical routine setting.  
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Chapter 4: Application to a Clinical Study 

Summary  

This chapter investigates the potential biomarkers to define neuroinflammation and 

explore mechanisms involved in the regulation of central nervous system immune 

responses. The application of the untargeted metabolomics approach to a clinical 

cerebrospinal fluid study consisting of encephalitis samples and controls is further 

evaluated.  

 

A majority of this chapter is from a first author research paper published in the 

journal, Developmental Medicine and Child Neurology. 
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4.1 Abstract 

Objective To explore the cerebrospinal fluid (CSF) metabolite features in acute 

neuroinflammatory diseases and identify potential biomarkers to diagnose and 

monitor neuroinflammation. 

Methods A cohort of 14 acute encephalitis patients (acute disseminated 

encephalomyelitis n=6, unknown suspected viral encephalitis n=3, enteroviral 

encephalitis n=2, seronegative autoimmune encephalitis n=2, herpes simplex 

encephalitis n=1; mean 7.73 years, median 9, 5 females) and age-matched non-

inflammatory neurological disease controls (n=14) were investigated using an 

untargeted metabolomics approach. CSF metabolites were analysed with liquid 

chromatography coupled to high resolution mass spectrometry (LC-HRMS) followed 

by subsequent multivariate and univariate statistical methods. 

Results A total of thirty-five metabolites were statistically discriminative between the 

groups using supervised orthogonal partial least squares discriminant analysis (OPLS-

DA) and ANOVA. The tryptophan-kynurenine pathway contributed nine key 

metabolites.  There was statistical increase of kynurenine, quinolinic acid and 

anthranilic acid in encephalitis patients, whereas tryptophan, 3-hydroxyanthrnailic 

acid and kynurenic acid were decreased. The nitric oxide pathway contributed four 

metabolites, with elevated asymmetric dimethylarginine (ADMA) and argininosuccinic 

acid and decreased arginine and citrulline in encephalitis patients. An increase in the 

CSF kynurenine/tryptophan ratio (p < 0.001), anthranilic acid/3-hydroxyanthranilic 

acid ratio (p < 0.001), ADMA/arginine ratio (p < 0.001), and neopterin (p < 0.001) 

strongly predicted neuroinflammation. 

Interpretation The combination of alterations in tryptophan-kynurenine pathway, 

nitric oxide pathway and neopterin represent a useful potential panel for 

neuroinflammation and holds potential for clinical translation practice. 

Keywords: cerebrospinal fluid, untargeted metabolomics, encephalitis, high 

resolution mass spectrometry 
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4.2 Introduction 

Acute neuroinflammatory diseases such as encephalitis have significant mortality and 

morbidity rates worldwide [1]. Encephalitis is estimated to affect 500,000 people per 

year, with over 100 infectious or autoimmune causes. The inflammatory response of 

the central nervous system (CNS) to invading micro-organisms and cells plays a crucial 

role in the neuronal damage and progression of encephalitis. The detrimental impacts 

of encephalitis has directed great attention to understand the pathophysiologic 

mechanisms underlying the diseases and biomarker discovery research [2]. In some 

patients, clinical features, neuroimaging and routine CSF testing can define 

neuroinflammation, however, in some patients routine testing is negative.  There is 

also emerging evidence of inflammation of the brain in neurodevelopmental 

disorders (such as autistic spectrum disorder), psychiatric disorders (including 

depression and schizophrenia) and neurodegeneration (such as Alzheimer’s disease). 

Therefore translatable biomarkers of neuroinflammation are urgently required for 

the detection of inflammation in individual patients. 

Metabolomics is a rapidly emerging approach increasingly used as a characteristic 

‘fingerprint’ in CNS diseases. This powerful tool explores the changes of endogenous 

metabolites in biofluids and subsequent chemometrics data management to offer 

knowledge on underlying metabolic mechanisms [3, 4]. CSF is the most viable matrix 

for examining metabolic disturbances in the brain [5, 6]. The development and 

advancements in high throughput analytical instrumentations [7-10]  has driven LC-

HRMS to the forefront of accurately curating large amounts of data.  

This study aimed to investigate the potential of CSF metabolic biomarkers covering a 

wide spectrum of endogenous pathways using an untargeted metabolomics approach 

to compare encephalitis patients and controls.  
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4.3 Participants, Materials and Method 

4.3.1 Study Design and Participants 

Twenty-eight human CSF were obtained from the Department of Biochemistry at the 

Children’s Hospital at Westmead (Sydney, Australia). The encephalitis group (n=14, 

mean 7.73 years, median 9, 5 females) all fulfilled encephalitis criteria [11] (acute 

disseminated encephalomyelitis n=6, unknown suspected viral encephalitis n=3, 

enteroviral encephalitis n=2, seronegative autoimmune encephalitis n=2, herpes 

simplex encephalitis n=1). CSF was frozen within 1 hour of sampling and stored at -40 

⁰C until the time of processing. 9 of the 14 patients had a CSF pleocytosis using 

>5cells/mm3 as a cut-off, and all patients tested had negative intrathecal oligoclonal 

bands (n=6 tested). Only 4 of 14 patients had a CSF protein above the upper 

reference range for children (0.4g/dl). 

All CSF samples were acute, taken within 10 days (median 2, mean 3.3 days) of 

neurological symptom onset, and all samples were before starting immune 

modulatory therapy (corticosteroids or intravenous immunoglobulin), but not before 

treatment with anti-microbials (n=7) or anti-epileptics (n=10). Brain magnetic 

resonance imaging, performed at the same time as the CSF was abnormal in 10 of the 

14 patients. Four of the patients had a short-lived admission to intensive care (usually 

related to seizures) and none needed inotropic support.  

The age-matched control group (n=14, mean 7.86 years, median 7 years, 5 females) 

had non-inflammatory neurological disease (genetic episodic ataxia n=2, Hereditary 

Motor Sensory Neurology n=2, Cerebral Palsy n=2, Functional Neurological Disorder 

n=2, Neurodegeneration n=2, GLUT1 deficiency n=2, rapid onset Parkinsonism-

Dystonia ATP1A3 positive n=1, Genetic epilepsy/developmental delay n=1). Four 

patients were taking medication at the time of CSF (SSRI n=1, anti-epileptic n=3). The 

CSF:serum albumin ratio in encephalitis patients was mean 0.01907 (range 0.00881-

0.034), compared to controls mean 0.00373 (range 0.0026-0.0058), suggestive of 

blood brain barrier (BBB) disruption in encephalitis patients.  
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The ethnicity for both encephalitis patients and controls consisted of Australian 

Caucasians (n=10), Australian Indian subcontinent (n=2) and Australian Arab (n=2). 

The Sydney Children’s Hospitals Network Ethics committee approved this study, 

LNR/14/SCHN/275 (2019/ETH06182). Written informed consent from parents 

and/or guardians and assent from children were obtained. 

 

4.3.2 Chemicals and Reagents 

3-hydroxyanthranilic acid, 3-hydroxykynurenine, anthranilic acid, kynurenic acid, 

quinolinic acid, L-tryptophan, L-kynurenine, picolinic acid, xanthurenic acid, 

dopamine hydrochloride, epinephrine hydrochloride, L-glutamic acid, GABA and 

ammonium formate were purchased as powders from Sigma Aldrich (Sydney, 

Australia). Homovanillic acid, 3,4-Dihydroxyphenylacetic acid, neopterin, histamine 

and norepinephrine were purchased from Novachem (Victoria, Australia). D3-

Dopamine and D3-Kynurenic acid were supplied by CDN Isotopes (Quebec, Canada). 

HPLC grade acetonitrile and methanol were purchased from Honeywell (Sydney, 

Australia).  

 

4.3.3 Sample Preparation 

Prior to experiments, CSF samples were thawed, vortexed and aliquot into 2 mL 

Eppendorf tubes. One hundred microliters of CSF samples were deproteinised by 300 

μL of the methanol mixture in microcentrifuge tubes. The samples were vortexed for 

90 seconds, sonicated for 5 minutes and precipitated in ice for 45 minutes. This was 

followed by centrifugations of the samples for 12 minutes at a temperature of 5 ⁰C 

and velocity of 4000 g. The supernatant was collected and evaporated to dryness 

under nitrogen. Subsequently, 50 μL of water/acetonitrile at a ratio of 40/60 was 

used to reconstitute the CSF residue for UPLC-HRMS analyses. Quality control (QC) 

samples were prepared from a pooled mixture of equal volumes from all CSF 
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samples. A blinded approached was undertaken where sample descriptions of all 

twenty-eight CSF samples were not revealed to the scientists prior to data analyses. 

4.3.4 Liquid Chromatography – High Resolution Mass 

Spectrometry 

UPLC-HRMS analyses were performed using a Thermo Scientific Vanquish system 

coupled to a Q Exactive HF-X Hybrid Quadrupole Orbitrap Mass Spectrometer 

(Thermo Fisher Scientific Inc., Massachusetts, CA, USA) fitted with an electrospray 

source in both positive and negative ion modes. 

The chromatographic separation of metabolites was achieved on an Agilent Infinity 

Lab HILIC column (2.1 x 100 mm, 2.7μm particle size) at a flow rate of 0.30 mL/min. 

The mobile phases consisted of 20 mM ammonium formate in water (aqueous) and 

20 mM ammonium formate in 90% acetonitrile (organic). The gradient program was: 

0−1.5 min (90% B), 1.5−12 min (90−50% B), 12−16 min (50% B), 16−17 min (50−25% 

B), 17−20 min (25% B), 20−21 min (45−90% B) and 21−32 min (90% B). The UPLC 

autosampler was set to 4 ⁰C and a sample injection volume of 10 μL. The solvents 

used for sample preparation and UPLC-HRMS analyses were high purity LC-MS grade, 

purchased from Honeywell Burdick and Jackson (Chem Supply, Gillman, Australia).  

The MS was acquired in the all ion fragmentation mode using positive electrospray 

ionisation under a high mass resolution of 120 000, automatic gain control target at 

3e6 and maximum injection time of 200 ms. The detection scan range was achieved 

from m/z 50 to 600 in the positive ionisation mode. The MS was operated with 

capillary voltage at 4 kV in the positive ionisation mode and gas temperature of 300 

⁰C. Calibration of the MS in the positive mode was conducted prior to analysis using a 

calibration mixture provided by the manufacturer. 

The injection sequence of CSF samples was randomised to ensure the order of 

samples analysed was independent of clinical condition. QC samples were injected 

after every seven samples to assess the reproducibility of the method and 

instrument.  
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4.3.5 Data Processing and Statistical Methods 

Initial raw data were inspected in the Xcalibur version 2.1 software using the 

Qualbrowser. Automated peak detection, integration, identification and 

determination of differences between raw data sample sets were conducted using 

the Compound Discoverer 3.0 software. A number of workflow processing filters were 

applied to curate the large quantities of data. This included setting up a minimum 

absolute abundance threshold of 1500 counts at an m/z range of 70 to 600. For the 

alignment of retention times the tolerated shift window was set to 0.2 min and a 

mass tolerance of 5 ppm. For compound detection, the mass fragmentation were 

limited to two ion species [M+H]+ and [M+NH4]+ and a mass tolerance of 5 ppm. To 

reduce false positives and negative parameters, eliminate mass spectral features 

were set to consider features present in at least 75% of samples. The databases used 

for metabolite annotation and identification were the human metabolome database, 

m/z cloud, Chemspider and an in-house CSF database.  

The pre-processed data sets were extracted from compound discoverer and were 

normalised against internal standards and input for multivariate data analysis into 

Metaboanalyst 4.0 [12]. Principal component analysis (PCA) and OPLS-DA were 

performed across the sample sets (controls, encephalitis, QC). Significant metabolites 

statistically driving the separation between the groups were obtained through 

ANOVA and Fishers LSD post-hoc analysis at a p-value cut off of 0.001 to support the 

obtained differences are unlikely to occur due to random sampling. Several 

statistically significant metabolites identities were able to be confirmed by 

commercial reference standards obtained from Sigma Aldrich Australia. The 

remaining metabolites were putatively annotated and validated by conducting 

literature mass spectra searches (Table 4-1).  
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Table 4-1 Summary of metabolites annotated from reference standards and 
putatively by literature mass spectra. 

Metabolites confirmed using a 
reference standard 

Metabolites putatively annotated 
from literature mass spectra 

3-Hydroxyanthranilic acid Citrulline 

3-Hydroxykynurenine Arginine 

Anthranilic acid Asymmetric dimethylarginine 

Kynurenic acid Argininosuccinic acid 

Quinolinic acid Tyrosine 

Tryptophan Imidazoleacetic acid 

Kynurenine Alanine 

Picolinic acid Histidine 

Xanthurenic acid Isoleucine 

Neopterin Methionine 

Dopamine Carnitine 

Epinephrine anandamide 

Norepinephrine Acetylcarnitine 

Homovanillic acid 10-hydroxydecanoicacid 

3,4-Dihydroxyphenylacetic acid Choline 

Histamine Adenine 

GABA Inosine 

Glutamic acid  
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4.4 Results 

The metabolites in the CSF samples were eluted within a twenty minute 

chromatographic window (Figure 4-1) showing good chromatographic separation.  

 

Figure 4-1 Representative extracted ion chromatograms of CSF metabolites in human 

cerebrospinal fluids. 
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Over a sequence run of twenty-eight CSF samples, a total of four QC injections were 

analysed. The PCA data presented a close cluster of the QC samples with the absence 

of outliers (Figure 4-2A). This indicated good reproducibility and robustness of the 

metabolomics analysis method.  

The differences in CSF levels between encephalitis and controls were explored using 

OPLS-DA (Figure 4-2B). The OPLS-DA score plots showed distinct separation, reflecting 

the metabolic differences amongst the two groups. ANOVA and Fishers LSD post-hoc 

analysis at a p-value cut off of 0.001 revealed thirty-five metabolites were 

significantly involved in driving the discrimination between encephalitis patients and 

controls. Nine metabolites were present at lower levels in the encephalitis patients, 

and twenty-six metabolites showed increased levels in encephalitis patients, 

compared to controls.  

 

 

Figure 4-2 Statistical analysis of blinded CSF study using UPLC-HRMS. [A] PCA score 

plot on 14 control patients (red dots), 14 encephalitis patients (green dots) and 4 QC 

samples (blue dots) showing clustering of the QC samples. [B] OPLS-DA score plot 

presenting a clear separation of 14 control patients (red dots) from 14 encephalitis 

patients (green dots). 
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Among the thirty-five CSF metabolites, nine compounds were involved in the 

tryptophan-kynurenine pathway (Figure 4-3). The levels of kynurenine, 3-

hydroxykynurenine, anthranilic acid, xanthurenic acid quinolinic acid were elevated in 

CSF of encephalitis patients. In encephalitis patients, there was a decrease in 

tryptophan, kynurenic acid, 3-hydroxyanthranilic acid and picolinic acid. The 

kynurenine/tryptophan ratio is used to infer the enzyme activity of indoleamine-2,3-

dioxygenase (IDO) during inflammation [13-15]. Notably, in our analysis a marked 

decrease of tryptophan and increase of kynurenine levels and consequent elevated 

kynurenine/tryptophan ratio was observed in encephalitis samples compared to 

controls (p < 0.001) (Figure 4-4A). The anthranilic acid/3-hydroxyanthranilic acid ratio 

has also been proposed in neuroinflammation [16-18] and was increased (p < 0.001) 

(Figure 4-4B), inferring 3-hydroxyanthranilic acid oxidase enzymatic activation during 

neuroinflammation.  
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Figure 4-3  Tryptophan-kynurenine pathway metabolites [A] in encephalitis patients 

(E, n = 14) are compared to controls (C, n = 14). Significant differences were identified 

between the two groups in nine metabolites using ANOVA and Fishers LSD post-hoc 

analysis (p < 0.001). [B] Tryptophan-kynurenine metabolic pathway showing the 

increased metabolites (red) and decreased metabolites (blue) in encephalitis. 
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Figure 4-4 Statistical analysis of ratios and neopterin in encephalitis patients (E, n = 

14) compared with controls (C, n = 14). [A] kynurenine/tryptophan ratio (p < 0.001). 

[B] anthranilic acid/3-hydroxyanthranilic acid ratio (p < 0.001). [C] ADMA/arginine 

ratio (p < 0.001). [D] Neopterin (p < 0.001). 

 

Four metabolites were altered in the nitric oxide pathway in encephalitis patients 

compared to controls (Figure 4-5). The levels of arginine and citrulline were 

decreased, and asymmetric dimethylarginine (ADMA) and argininosuccinic acid were 

increased in encephalitis patients. ADMA serves as a competitive inhibitor to nitric 

oxide synthase which may limit arginine production. The ADMA/arginine ratio was 

elevated in the encephalitis group (p < 0.001) (Figure 4-4C).  

Neopterin was also significantly elevated in encephalitis groups compared to controls 

(p < 0.001) (Figure 4-4D). A statistical power analysis was conducted on the clinical 

study (n=28) comparing encephalitis and controls (Table 4-2). The effect study 

showed a large difference using Cohen’s criteria [19] for tryptophan-kynurenine 

metabolites, nitric oxide pathway metabolites, neopterin and adjacent ratios 

(kynurenine/tryptophan, anthranilic acid/3-hydroxyanthranilic acid and 
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ADMA/arginine). This supported the statistical significance obtained from the ANOVA 

results. 

 

 

Figure 4-5 [A] Nitric Oxide pathway metabolites in encephalitis patients (E, n = 14) 

compared to controls (C, n = 14). Significant differences were identified between the 

two groups in four metabolites using ANOVA and Fishers LSD post-hoc analysis (p < 

0.001). [B] Nitric oxide metabolic pathway showing the increased metabolites (red) 

and decreased metabolites (blue) in encephalitis. 
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Table 4-2 Effect sizes of statistically significant tryptophan-kynurenine pathway 

metabolites, nitric oxide pathway metabolites, neopterin, kynurenine/tryptophan 

ratio, anthranilic acid/3-hydroxyanthranilic acid ratio and ADMA/arginine ratio. 

Metabolite Effect Size 

Tryptophan 1.90 

Kynurenine 1.67 

Kynurenic acid 1.89 

3-Hydroxykynurenine 1.49 

Anthranilic acid 1.77 

Xanthurenic acid 1.26 

3-Hydroxyanthranilic acid 1.89 

Quinolinic acid 1.81 

Picolinic acid 1.38 

Arginine 1.83 

Citrulline 1.60 

ADMA 1.73 

Argininosuccinic acid 1.68 

NEO 1.59 

kynurenine/tryptophan ratio 0.99 

anthranilic acid/3-hydroxyanthranilic acid ratio 1.48 

ADMA/arginine ratio 1.44 

 

There was also a general increase in amino acid levels in the encephalitis group, in 

particular a significant difference between the two groups for major inhibitory 

neurotransmitter, γ-aminobutyric acid and major excitatory neurotransmitter, 

glutamic acid (Figure 4-6). Likewise, metabolites in the catecholamine metabolism, 

lipids, histamine and its metabolite imidazoleacetic acid were also increased in 
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encephalitis patients (Figure 4-7).  Finally, adenosine and inosine were decreased in 

the encephalitis group and choline was elevated (Figure 4-6). 

 

 

Figure 4-6 [A] Statistical differences in six amino acid metabolites (p < 0.001) were 

identified In encephalitis patients (E, n = 14) compared to controls (C, n = 14) [B] 

histamine and its metabolite, imidazoleacetic acid were increased in encephalitis 

patients (p < 0.001) [C] histamine metabolic pathway showing the increased 
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metabolites (red) in encephalitis [D] decreased levels of adenine and inosine and 

increased choline in encephalitis patients (p < 0.001). 

 

Figure 4-7 [A] Catecholamine pathway metabolites in encephalitis patients (E, n = 14) 

in comparison with controls (C, n = 14). Statistical differences in six metabolites were 

identified (p < 0.001). [B] Catecholamine metabolic pathway showing the increased 

metabolites (red) and decreased metabolites (blue) in encephalitis [C] Four lipid 

molecules showed increase in encephalitis patients (p < 0.001). 
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4.5 Discussion 

In recent years, a few untargeted CSF metabolomics studies have been conducted on 

encephalitis cohorts employing NMR or LC-HRMS [3, 20, 21]. However, there is 

limited availability of definite diagnostic biomarkers to establish a standard protocol 

for routine work. This encephalitis study provides a comprehensive and blinded 

analysis of a broad spectrum of CNS neuroactive metabolites from patients with 

neuroinflammatory disorders using an untargeted metabolomics approach. Given the 

fact there is commonly blood brain barrier disruption in encephalitis, as evident in 

this cohort, we believe metabolic pathways that have both elevated and decreased 

metabolites are more likely to represent better neuroinflammatory biomarkers (such 

as metabolites in the tryptophan-kynurenine pathway and nitric oxide pathway), as 

opposed to metabolites that were generally elevated in encephalitis patients (such as 

other amino acids, catecholamines, and lipids). Utilising elevated and decreased 

adjacent metabolites (such as kynurenine/tryptophan ratio) has been previously 

proposed as a useful marker of neuroinflammation and is strongly supported by our 

study. 

The tryptophan-kynurenine pathway has been predominantly evaluated in HIV [22-

25] and neurodegenerative disorders [26-29]. In our study, an increased 

kynurenine/tryptophan ratio in encephalitis patients suggests activation of the 

indoleamine 2,3-dioxygenase (IDO) enzyme resulting in the catabolism of tryptophan 

forming imbalanced levels of neuroprotective and neurotoxic kynurenine pathway 

metabolites such as quinolinic acid and kynurenic acid [30-33].  IDO expression is 

generally low under basal conditions and upregulated following inflammation. The 

significance of the role IDO plays has led to several studies examining the clinical 

diagnostic utility of quantifying the enzyme as a biomarker for the implication of 

neuroinflammation [34-36]. However, it has been recently highlighted measuring IDO 

enzyme itself can definitely demonstrate activation of the enzyme, and measuring the 

kynurenine/tryptophan ratio alone can only infer activation of the enzyme [31]. 
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There is growing evidence of the role 3-hydroxyanthranilic acid may impose on the 

cellular functions in the CNS. Moreover, clinical studies in a broad spectrum of human 

diseases with neuroinflammatory mechanisms have shown alterations in the levels of 

3-hydroxyanthranilic acid and its association with changes in anthranilic acid [37-39].  

The anthranilic acid/3-hydroxyanthranilic acid ratio is also a potentially useful 

biomarker of neuroinflammation, inferring 3-hydroxyanthranilic acid oxidase (3HAO) 

activation during inflammation. A marked increase in anthranilic acid and decrease in 

3-hydroxyanthranilic acid in the encephalitis group are in line with findings reported 

by several studies. The reciprocal relationship of the two metabolites may suggest the 

existence of a consistent biochemical change following inflammation as opposed to 

random changes of metabolite levels. However, the exact biochemical mechanism 

resulting in the changes of anthranilic acid and 3-hydroxyanthranilic acid levels are 

unknown.  

These findings are in agreement with previous targeted studies [17, 18, 20]  reporting 

increased kynurenine/tryptophan ratio in CNS infections and decrease of 3-

hydroxyanthranilic acid/anthranilic acid ratio in many neurological diseases, showing 

the clinical significance of the ratios as markers of neuroinflammatory diseases. 

Furthermore, the enzymes, IDO and 3HAO have been shown to be induced during 

inflammation [17, 18]. Although, it would be ideal to directly measure these enzymes 

in CSF, this is currently impractical in the CSF matrix and imposes an analytical 

constraint due to the extremely low or undetectable nature of these enzymes [13].   

There have been limited studies reporting the association of nitric oxide pathway in 

encephalitis [21, 40, 41]. These studies are mainly performed in HSV-infected 

encephalitis or measure CSF nitric oxide concentrations alone in CNS infectious 

diseases. Nitric oxide plays a critical role in the regulation of neurotransmission, 

inflammatory cell growth and death, and defence mechanisms against intruding cells 

[42].  However, the short half-life and diffusion rate of nitric oxide remains a 

challenge for detection and quantification. For these reasons more stable metabolites 

in the nitric oxide pathway such as arginine, citrulline, ADMA and argininosuccinic 

acid hold more promise as biomarkers.  
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The higher ADMA/arginine ratio exhibited in encephalitis patients possesses potential 

as an inflammatory biomarker. In recent years, there is increasing attraction towards 

ADMA as a potential inflammatory marker in cardiovascular diseases [43]  and 

rheumatoid arthritis [44].  ADMA is a competitive inhibitor of nitric oxide synthase 

and its balance with arginine act as an important indicator in the bioavailability of 

nitric oxide [45]. The increased levels of ADMA following inflammation has been 

inferred to be associated with the activation of protein arginine methyltransferases 

and consequently induces the inhibition of dimethylarginine dimethylaminohydrolase 

[46, 47]. 

Neopterin is a well-established clinical inflammatory marker and the increase of the 

metabolite in our encephalitis cohort is strongly supported by previous cohort studies 

[48]. Neopterin is a sensitive marker of inflammation but lacks specificity for any 

particular form of inflammation. Furthermore, with increasing recognition of brain 

inflammation in common neurological disorders such as autism, schizophrenia and 

dementia, there is urgent need for improved biomarkers to define and monitor 

neuroinflammation. We therefore propose that a CSF panel including tryptophan-

kynurenine pathway metabolites, nitric oxide pathway metabolites and neopterin 

may provide strong discriminative power for neuroinflammatory conditions, 

particularly in encephalitis patients with negative neuroimaging and routine CSF 

findings. 

A first limitation of the study is the cohorts and controls were of modest size (n=14), 

and the encephalitis syndromes were heterogeneous. Substantially larger cohorts are 

required to further examine the sensitivity and specificity of these biomarkers, and to 

test the translatability into clinical practise for individual patients.  

A further limitation of the present study is the absence of blood samples to conduct 

simultaneous analysis with CSF, or urine samples to determine if less invasive tissues 

can aid in the diagnosis of neuroinflammation [49]. The BBB plays an important role 

in the maintenance of neurotransmitter levels in the brain, protection of the CNS 

against neurotoxins and regulation of molecules between the CNS and peripheral 
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blood. Evidence of BBB disruption has been reported to be associated with CNS 

diseases with neuroinflammation such as CNS infections [50], neurodegeneration [51] 

and bipolar disorder [52]. However, the pathogenesis resulting in BBB disruptions are 

unknown. With knowledge that the encephalitis patients used in the study have 

disrupted BBB, the elevated levels of metabolites in the amino acids, catecholamines, 

lipids and histamine metabolism may be simply secondary to BBB disruption. To 

combat the potential effects of BBB disruption on interpretation, we propose to use 

ratios of adjacent metabolites, as in Figure 4-4. Further study in larger cohorts of 

encephalitis, and other syndromes with suspected or proven immune activation such 

as infection associated encephalopathy, acute seizure syndromes [53], 

neurodevelopmental, neuropsychiatric and neurodegeneration disorders are 

warranted. Furthermore, combined CSF and plasma analysis may improve knowledge 

regarding the origins of the inflammatory process (peripheral and/or central).  

The CSF matrix has a less complex composition in comparison to plasma and blood 

resulting in a rapid sample preparation protocols [5]. The rapid and simple metabolite 

extraction of CSF samples is beneficial for the analysis of neuroactive molecules in 

larger scale population studies.  The concentrations for a majority of CSF metabolites 

are known to be significantly lower compared to other matrices [54]. Currently, there 

is no single platform able to cover the entire CSF metabolome given its size and 

diversity of metabolite properties. There is increasing evidence that LC-HRMS in 

combination with bioinformatics has the ability to curate large amounts of data 

successfully, as shown here. As the quest of integrating metabolomics into a clinical 

diagnostic service continues, the novelty of the findings in this CSF encephalitis study 

warrants further clinical validation.  
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4.6 Conclusion 

The early diagnosis of encephalitis is pivotal for patients to receive immediate 

successful treatments and disease management. The emergence of CSF 

metabolomics holds promise incorporating clinical research experience into clinical 

translation practice. Elevated kynurenine/tryptophan, anthranilic acid/3-

hydroxyanthranilic acid and ADMA/arginine ratios in encephalitis suggests the 

dysregulation of the tryptophan-kynurenine and nitric oxide pathways. Further 

confirmation and validation in a clinical setting with a substantial patient cohort is 

crucial for future research.  
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Chapter 5: Conclusions and Future Work 

5.1 Concluding Remarks 

Metabolomics is a rapidly growing field opening new opportunities in facilitating 

biomarker discovery and unravelling the pathophysiologic mechanisms underlying 

neuroinflammatory diseases. The employment of untargeted metabolomics using 

high resolution mass spectrometry is a powerful approach to examine the alterations 

in CSF metabolites following acute brain inflammation. 

The development of an untargeted metabolomics analysis method was crucial to this 

research, in order to analyse a broad spectrum of metabolites in human CSF. 

Currently, there is no single platform able to detect all CSF metabolites due to the 

diversity, complexity and size of the metabolome. The advancements in LC-HRMS and 

subsequent chemometrics tools have provided researchers the ability to uncover 

metabolites and their association with neuroinflammation.  The developed and 

validated untargeted metabolomics analysis method using hydrophilic interaction 

liquid chromatography and data independent acquisition exhibited high 

reproducibility, excellent chromatographic separation, and strong resolving power 

covering a wide range of multi-class CSF metabolites. The rapid and simple metabolite 

extraction of CSF samples is beneficial for the analysis of neuroactive molecules in 

larger scale population studies.   

The feasibility of the developed analysis method was further evaluated through a 

human CSF pilot study which consisted of four encephalitis patients and four age-

matched controls. Advanced statistical analysis showed a strong discrimination 

between the encephalitis cohort and controls. The tryptophan-kynurenine pathway 

presented a number of statistically significant metabolites with both increased and 

decreased metabolites.  The accelerated breakdown of tryptophan leads to the 

imbalanced formation of kynurenine metabolites, which is known to play a key role in 

the immune response. Furthermore, the identified elevation of neopterin in acute 
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brain inflammatory diseases is similar to previous published cohort studies. The 

results of the pilot study demonstrated that the untargeted metabolomics analysis 

method is a robust strategy with the potential to facilitate the understanding of 

biochemical pathways involving neuroinflammatory mechanisms. Additionally, the 

greater chromatographic performance and reproducibility of hydrophilic interaction 

chromatography further highlighted its suitability in the analysis of CSF metabolites.  

Early detection of encephalitis is crucial to ensure efficient treatments and improved 

clinical outcomes. Metabolites are important indicators of physiological states and 

their relationship with enzymes play a significant role in the regulation of biological 

processes. A larger CSF encephalitis cohort study conducted in this thesis showed 

alterations of metabolites in the tryptophan-kynurenine pathway inferring the 

activation of indoleamine 2,3-dioxygenase and 3-hydroxyanthranilic acid oxidase 

during inflammation.  

The cost-effective nature of metabolomics studies has opened the window of 

opportunity for the identification of potential biomarkers and unique insights of 

metabolic pathways involved in acute brain inflammation. A notable finding in this 

study was the statistical significance of metabolites in the nitric oxide pathway. The 

nitric oxide pathway is recognised as an important mediator and regulator of the 

immune system, playing a critical role in the pathogenesis of inflammation. The 

participation of the nitric oxide pathway has been increasingly reported to be 

implicated with a number of human diseases with proven or suspected inflammatory 

mechanisms. With current analytical constraints measuring nitric oxide, the analysis 

of more stable metabolites in the nitric oxide pathway with both increased and 

decreased levels exhibits potential of nitric oxide pathway metabolites as 

neuroinflammatory biomarkers.  

This research has demonstrated CSF metabolomics is a powerful platform for the 

identification of novel neuroinflammatory biomarkers to significantly improve early 

diagnosis. The preliminary finding of elevated neopterin and changes in the ratios of 

adjacent metabolites in the tryptophan-kynurenine pathway (kynurenine/tryptophan 
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and anthranilic acid/3-hydroxyanthranilic acid) and nitric oxide pathway 

(ADMA/arginine) holds potential as a CSF panel in the clinical setting. The findings in 

this research holds promise in the integration of metabolomics research experience 

to a clinical diagnostic service.  

 

5.2 Future Work 

Metabolism is an integral reflection of cell function and health status of the organism. 

The use and interpretation of high-quality metabolomics data is fundamental to 

understand neuroinflammatory mechanisms, identify biomarkers, enable prognosis 

of disease development and treatment strategies.  

The alterations in metabolite profiles of human diseases often occur well before the 

signs of clinical symptoms. The preliminary identification of a potential panel of CSF 

metabolites shows promise in the discrimination of encephalitis from controls, and 

holds promise for translations into clinical settings. The development and validation 

of a targeted method to quantify CSF metabolites will enhance our knowledge of 

their diagnostic potential. The quest for potential biomarkers to be clinically approved 

will require the metabolite(s) to be tested using hundreds of specimens and 

demonstrate sensitivity, specificity and reproducibility.  

Further confirmation and validation in larger cohorts of encephalitis in combination 

with other human central nervous system diseases with suspected or proven 

neuroinflammatory mechanisms is a revenue for future research. Larger population 

studies will determine if these biomarkers can demonstrate neuroinflammation, to 

improve treatments and reduced mortality. In addition, the simultaneous analysis of 

CSF and blood samples will be useful in addressing whether the origins of observed 

metabolite changes are purely from CSF or secondary to blood brain barrier 

disruptions.  
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