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from viral and bacterial

CNS infections: a review
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Thereiscompelling evidence thata dysregulated immune inflammatory response
in neuroinfectious diseases results in modifications in metabolic processes and
altered metabolites, directly or indirectly influencing lipid metabolism within the
central nervous system (CNS). The challenges in differential diagnosis and the
provision of effective treatment in many neuroinfectious diseases are, in part,
due to limited understanding of the pathophysiology underlying the disease.
Although there are numerous metabolomics studies, there remains a deficit
in neurolipidomics research to provide a comprehensive understanding of the
connection between altered metabolites and changes in lipid metabolism. The
brain is an inherently high-lipid organ; hence, understanding neurolipidomics
is the key to future breakthroughs. This review aims to provide an integrative
summary of altered cerebrospinal fluid (CSF) metabolites associated with
neurolipid metabolism in bacterial and viral CNS infections, with a particular
focus on studies that used liquid chromatography-mass spectrometry (LC—MS).
Lipid components (phospholipids) and metabolites (carnitine and tryptophan)
appear to be the most significant indicators in both bacterial and viral infections.
On the basis of our analysis of the literature, we recommend employing
neurolipidomics in conjunction with existing neurometabolomics data as a
prospective method to enhance our understanding of the cross link between
dysregulated metabolites and lipid metabolism in neuroinfectious diseases.

KEYWORDS

lipidomics, metabolomics, meningitis, encephalitis, liquid chromatography mass
spectrometer, neuroinflammation, cerebrospinal fluid, central nervous system

1 Introduction

Central nervous system (CNS) infections pose a significant public health challenge around
the world due to their high morbidity and mortality (1). Without timely treatment, these
infections can become life-threatening, particularly among children and immunocompromised
adults, underscoring the urgency for prompt management. Bacteria, viruses, fungi, or parasites
are capable of breaching the blood-brain barrier (BBB), a specialized protective structure
designed to protect the CNS from microbial invasion, or can access the CNS through
transneuronal routes that bypass the BBB (2). Viruses predominantly induce encephalitis, an
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inflammation of the brain parenchyma, while bacteria typically lead
to meningitis - inflammation of the membranes surrounding the
brain and spinal cord (3). Fungal and parasitic infections are relatively
rare compared to viral and bacterial diseases and occur more
frequently in immunocompromised individuals (4, 5).

Bacterial meningitis occurs with incidence rates ranging from
approximately 0.9 per 100,000 individuals annually in high-income
countries to 80 per 100,000 individuals annually in low-income
countries (6). A wide range of bacteria can cause bacterial meningitis,
and the causative bacteria vary depending on age (7). Similarly, viral
CNS infection represents a significant burden on human health
worldwide, with an annual incidence rate ranging from 0.26 to 17
cases per 100,000 individuals, often influenced by factors such as age
distribution and vaccination status of the population (8). Even though
both these conditions involve the inflammation of the CNS, they have
distinct clinical presentations. Classic CSF indicators of bacterial
meningitis include elevated white blood cells (WBC), primarily
neutrophils, elevated protein levels and decreased glucose levels, as

Abbreviations: BBB, Blood brain barrier; MRI, Magnetic resonance imaging; CNS,
Central nervous system; CSF, Cerebrospinal fluid; HIV, Human Immunodeficiency
Virus; IDO, Indoleamine 2,3-dioxygenase; INF-y, Interferon gamma; IL, Interleukine;
LTA4H, Leukotriene A4 hydrolase; LC-MS, Liquid Chromatography-Mass
Spectrometry; LysoPC, Lysophosphatidylcholine; PC, Phosphatidylcholine; PCR,
Polymerase chain reaction; RPR, Rapid plasma regain; ROS, Reactive oxidation
species; RNA, Ribonucleic acid; SM, Sphingomyelin; TBE, Tick-borne encephalitis;
TCA, Tricarboxylic acid; TB, Tuberculosis; TBM, Tuberculous meningitis; TNF-a,
Tumor necrosis factor alpha; VZV, Varicella zoster virus; VDRL, Venereal disease

research laboratory; VLDL, Very low-density lipoprotein; WBC, White blood cells.
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defined by Marais et al. (9). Viral meningitis presents with a mild to
moderate increase in WBC, primarily lymphocytes, an elevated
protein level and a normal glucose level within the CSF (10).

In both conditions, clinical presentations (fever, headache, and
altered mental status) may not be adequate for a definitive diagnosis.
Additional signs may include focal neurological signs and seizures
(3). Neck pain or stiffness is a hallmark sign of meningitis that can
occasionally be observed in encephalitis. Neurological dysfunction
(cognitive function, behavior, consciousness or awareness) is a key
clinical characteristic that prompts a further determination of
encephalitis. Currently, there is no single test sufficient for an
adequate diagnosis of meningitis or encephalitis; instead, a
combination of multiple diagnostic tests is required for an accurate
diagnosis. Although significant progress has been made in improving
CNS infections diagnostics, the quest for rapid, accurate, and precise
tests persists. Exploring novel biomarkers is emerging as imperative,
which presents a promising avenue to not only aid in early diagnosis,
but also provide clinicians with insight into disease progression and
treatment strategies.

‘Omics approaches have transformed our understanding of disease
processes, offering substantial opportunities to identify diagnostic
biomarkers and facilitate early detection in neuroinfectious diseases
(11). Neurometabolomics, an approach focused on comprehensive
analysis of small metabolites, has emerged as a crucial tool to elucidate
the altered metabolic pathways involved in CNS diseases. The CNS
relies on tightly regulated energy metabolism to maintain its high
metabolic demands (12). Understanding altered metabolic pathways
in cerebrospinal fluid (CSF) could aid in a better understanding on the
molecular mechanisms and diagnosis of CNS diseases and thus open
avenues for targeted therapeutic interventions (13).
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Neurolipidomics profiling is a powerful tool that allows for a
comprehensive analysis of lipids and their associated pathways in the
CNS. The field of neurolipidomics has received limited attention due
to the historical absence of sufficiently sensitive analytical platforms
and the complexity of the CNS lipidome, which makes lipidomics
challenging (14, 15). However, due to recent advances in technology,
the field of neurolipidomics is experiencing significant growth. For
example, the study by Al-Mekhlafi et al. (16) identified elevated CSF
phosphatidylcholines (PCs), a type of lipid, as a sensitive potential
biomarker for bacterial meningitis with high precision in
differentiating bacterial infections from viral infections in the
CNS. The study also reported that while CSF lactate was found to
be the highest biomarker with overall precision, the PC biomarkers
offered high sensitivity and negative predictive value, important for
minimizing false negative test results in cases of bacterial meningitis.
These findings underscore the importance of CSF lipid profiling in
patients with suspected meningitis.

Approximately 50% of the dry weight of the brain is attributed to
its lipid content, which plays a crucial role in various biological
processes due to its structural diversity. Neurolipids are vital elements
of the structural membrane, essential for maintaining cellular and
physiological functions in the brain (17-19). Identifying lipid
biomarkers in neuroinfectious diseases could help to improve the
diagnosis and deepen the understanding of the pathogenesis of the
disease. In this review, we explore altered CSF metabolites in bacterial
and viral meningitis, with a particular focus on those associated with
disruptions in neurolipid metabolism. Thereafter, we discuss their
importance in understanding their role in host, pathogen,
or interaction.

2 Search parameters

A general online literature search was conducted for CSF
metabolomics studies that used liquid chromatography-mass
spectrometry (LC-MS), particularly on bacterial and viral infections of
the CNS. The data bases used were Google Scholar, PubMed, and Web
of Science. Online search criteria included ‘neuroinfectious diseases and
LC-MS metabolomics, ‘neuroinfectious diseases and CSF metabolomics,
‘metabolomics and viral encephalitis/bacterial meningitis.

3 Cerebrospinal fluid metabolomics of
viral infections of the CNS

3.1 Enterovirus meningitis

Enteroviruses are a group of RNA viruses that can infect the CNS
and induce acute inflammation of the brain (encephalitis) or
membranes surrounding the brain (meningitis), especially in children
and immunocompromised individuals (20). Enteroviral infections
pose diagnostic challenges because classic indicators of viral meningitis
in CSE, especially pleocytosis, which is indicative of inflammation, can
appear normal in up to 15% of patients with enteroviral meningitis
(21), suggesting that normal CSF findings do not exclude enteroviral
meningitis. Although enteroviral RNA can be detected by PCR, there
are currently no specific biomarkers for enteroviral meningitis. The
identification of biomarkers could potentially lead to a more targeted
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and personalized approach to treatment. Currently, researchers are
actively exploring the field of metabolomics to identify metabolites
from the CSF that could serve as diagnostic tools for enteroviral
meningitis and other viral infections of the CNS.

The metabolomics study by Ratuszny et al. (22) used a targeted
LC-MS approach to identify potential CSF biomarkers for enteroviral
meningitis, particularly in cases with normal CSF cell counts and
compared with cases of enteroviral meningitis cases presenting with
pleocytosis. The analysis revealed important metabolites that could
serve as potential biomarkers for enteroviral meningitis (Table 1).
Among the metabolites, kynurenine was identified as a specific
biomarker for enteroviral meningitis with pleocytosis. Kynurenine is
a metabolite of an amino acid tryptophan that plays a crucial role in
immune regulation and neurotransmission (26). Its elevation in
patients with pleocytosis suggests an increased immune inflammatory
response to viral infection and warrants further investigation. Previous
studies have demonstrated a close association between CSF
kynurenines and inflammations, suggesting that they could serve as
valuable indicators for monitoring neuroinflammation (27, 28).

Phosphatidylcholines (PC), particularly PC 36:3, emerged as a
single accurate lipid biomarker for enteroviral meningitis without
pleocytosis, while PC 36:2 was associated with enterovirus meningitis,
independent of pleocytosis (22). PCs constitute the majority of
phospholipids in the brain (29), they are used primarily as membrane
lipids, protecting cells from diverse environmental challenges and
facilitating various cellular compartments (30). Alterations in PCs may
be indicative of membrane damage and changes in cellular metabolism
associated with viral infection. Furthermore, changes in phospholipids
independent of pleocytosis in enteroviral meningitis suggest that PC
alteration is not solely influenced by the inflammatory immune
response; instead, pathological processes within the meninges can also
play a role, and targeting these metabolites will not only aid in early
detection, but also provide information on the pathogenesis of
enteroviral meningitis. Changes in phospholipids have also been
reported in other neurological disorders such as Alzheimer (31).

Although the findings of this study offer insights into important
altered metabolic pathways in enteroviral meningitis, it is important
to note that the study included a limited number of enteroviral
meningitis patients (n=10). Comparison was made between patients
with normal cell counts and those with pleocytosis, without
comparing them with other viral meningitis patients or cases of viral
neuroinflammation. This makes it difficult to discern whether the
findings are unique to enteroviral meningitis or common to other
types of viral meningitis and neuroinflammation. Therefore, more
investigation and validation studies are needed to confirm the
diagnostic potential of the identified metabolites.

3.2 Varicella zoster virus meningitis/
encephalitis

Varicella zoster virus (VZV) is an a-herpesvirus known to cause
chickenpox in children, which then enters a latent state in ganglionic
neurons after infection or immunization with attenuated VZV (32).
Upon reactivation of the virus, triggered by various stimuli, the virus
can reach the skin through anterograde spread and induce herpes
zoster (shingles), characterized by a painful skin rash or blisters in
most cases (33). The virus can also gain access to the CNS through

frontiersin.org


https://doi.org/10.3389/fneur.2024.1403312
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org

Plaatjie et al.

TABLE 1 Altered CNS metabolites associated with CNS lipid metabolism in viral CNS infections.

10.3389/fneur.2024.1403312

CNS viral infection Metabolite class Metabolite Fold change References
Varicella zoster virus (VZV) Lipids SM (C16:1) (23)
meningitis/encephalitis PC (C34:0)
LysoPC (C26:1) !
Amino acid Glycine
Enterovirus meningitis Lipids PC (36:2) (22)
PC (36:3) T
Organic acid Kynurenine
Tick-borne encephalitis Lipid peroxidation products Malondialdehyde (24)
4-Hydroxynonenal
8-Isoprostanes
Neuroprostanes
Endocannabinoids Anandeamide !
2-Arachidonylglycerol
Eicosanoids (Pro-inflammatory) Prostaglandin E2
Leukotriene D4
Herpes simplex virus Lipid PC.2a.C30.0 (25)
PC.ae.32.2
SM.C16.0
T
PC.aa.C38.0
Acylcarnitines Butyrlcarnitine
Isovalerylcarnitine

SM, Sphingomyelin; PC, Phosphatidylcholines; LysoPC, Lysophosphatidylcholines.

retrograde spread and induce a wide range of neurological disorders.
The frequently observed clinical symptoms of VZV induced
encephalitis include meningoencephalitis, cerebellitus, stroke,
myelopathy, altered metal status, and focal neurological (34, 35).

Cerebrospinal fluid PCR is considered the gold standard for the
diagnosis of VZV-induced encephalitis with a sensitivity and
specificity of 98 and 94%, respectively. However, a combination of
clinical criteria and biological results is still required to confirm
diagnosis, mainly because a positive CSF PCR can still yield positive
results in cases of zoster without encephalitis, meaning that a positive
CSF PCR alone cannot confirm the diagnosis of VZV encephalitis (36,
37). Additionally, the initial symptoms of VZV encephalitis, such as
headache, fever, and altered mental status, are nonspecific and can
be attributed to various other conditions, making it difficult to
differentiate them from other cases of encephalitis. Current studies on
VZV encephalitis are based on biological samples obtained at autopsy,
but their use is also limited by the unpredictable nature of postmortem
changes and the absence of small animal models to study pathogenesis
at the organismal level (23). CSF metabolites are currently being
explored to identify specific biomarkers for VZV encephalitis and to
provide insight into the molecular mechanisms of the disease.

Kuhn et al. (23) performed a CSF-targeted metabolic screening in
three manifestations of VZV reactivation, segmental zoster (n=14),
facial nerve zoster (n=16) and zoster meningitis and/or encephalitis
(n=15). Zoster meningoencephalitis showed a significant association
with four elevated metabolites (Table 1), which were not associated
with CNS leukocyte count. Among the identified metabolites,
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sphingomyelin, specifically SM C16:1, exhibited the strongest
association with zoster meningoencephalitis. The study also suggested
that these metabolites could be specific for zoster meningoencephalitis
by comparing them with the enteroviral meningitis control group.
This comparison revealed a significant difference in LysoPC C26:1
between zoster meningoencephalitis and enteroviral meningitis,
making this metabolite a distinguishing factor between the two groups.

3.3 Tick-borne encephalitis

Tick-borne encephalitis (TBE) is a viral infection of the CNS
caused by the TBE virus (TBEV). It is characterized by inflammation
of the brain. Although TBE is preventable by vaccination, its incidence
has increased, posing a growing health concern (38). The mechanism
by which TBEV breaches the BBB remains unclear. Four potential
mechanisms have been proposed, including entry through peripheral
nerves, olfactory neurons, transcytosis across vascular endothelial
cells of the brain capillaries, and diffusion between capillary
endothelial cells (39). Understanding the molecular mechanism of
TBE could shed light on the pathogenesis. Tick-borne diseases have
been shown to induce modifications in host lipid metabolism (24).

A recent study by Groth et al. (24) compared the antioxidant
status and level of lipid mediators in the CSF of patients with TBE
(n=15) and patients with TBE and bacterial co-infections (n=6) upon
admission and after treatment. The study revealed that both TBE and
TBE co-infections showed a decrease in total antioxidant status and
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increased levels of lipid peroxidation products, endocannabinoids,
and eicosanoids before treatment (Table 1). Although co-infection
with TBE showed the most significant reduction in total antioxidant
status compared to only TBE, total antioxidant status did not improve
after treatment in both conditions. Groth et al. suggest that a decrease
in antioxidant status in the CSF may have an effect on oxidative
modification of lipids. In cases of TBE co-infection, the level of
malondialdehyde did not decrease after treatment. A similar trend was
also observed with prostaglandin E2, which also did not decrease
despite treatment.

The results of Groth et al. indicated that both TBE, a virus-
induced condition, and TBE with bacterial co-infection showed
similar alterations in antioxidative status and lipid mediators.
However, the changes were more pronounced in patients with
co-infections. The alteration of the antioxidative status is believed to
contribute to disruptions in phospholipid metabolism in the CNS, as
reflected in the levels of lipid peroxidation products and lipid
mediators in this study. In particular, in patients with co-infections,
there was a significant lack of changes in lipid mediators despite
treatment. However, similar studies are needed to confirm the
diagnostic potential of these metabolites and to distinguish between
TBE and co-infections. These studies should also include patients with
only bacterial infections to account for possible bacterial variations.

3.4 Herpes simplex encephalitis

Herpes simplex encephalitis (HSE) is a rare but fatal neurological
disorder resulting from the infection of the CNS with the herpes
simplex virus type 1 (HSV-1) or type 2 (HSV-2) virus, with HSV-1
being more prevalent than HSV-2. Like other forms of encephalitis
caused by different viral infections, patients with HSE commonly
experience fever, disorientation, abnormal behavior, severe headache,
altered consciousness, seizures, focal neurological disabilities, and
coma. However, symptoms specific to HSE often involve neurological
abnormalities related to dysfunction of the fronto-temporal lobes.
HSE can progress rapidly, resulting in severe symptoms and
complications if not treated promptly. Therefore, it is crucial to initiate
antiviral therapy (Acyclovir) immediately after suspicion of
encephalitis (40, 41).

The lack of a distinct clinical presentation, such as fewer
prodromal symptoms or neurological deficits in patients with HSE,
makes the diagnosis of HSE difficult. Magnetic resonance imaging
(MRI) scan is often performed in patients suspected of having
encephalitis to better visualize the temporal lobe, which in cases of
encephalitis, the MRI scan is usually abnormal. However, a normal
MRI scan does not rule out HSE and the diagnosis is confirmed by the
HSV PCR test (42). However, in some cases, the HSV PCR test can
be misleading, as it can produce negative results in patients with
encephalitis. For example, there was a case involving an elderly man
who was suspected of HSE based on electrographic and imaging
findings. He was promptly treated with acyclovir, but the PCR test was
negative on two occasions. Consequently, antiviral treatment was
discontinued, and steroids were initiated due to suspicion of
autoimmune encephalitis. Unfortunately, the patient died after a few
days. Subsequent autopsy confirmed encephalitis and HSV positive by
immunohistochemistry (43). There have been other reports of HSE
patients with negative CSF PCR (44-47). Collectively, these cases
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highlight the limitations of relying solely on the HSV PCR test for
diagnosis and underscore the need for more effective and more
specific diagnostic approaches. Researchers have now begun exploring
the metabolomics field to
specific to HSE.

A recent comprehensive study by Al-Mekhlafi et al. (25) used LC~

MS to conduct a targeted metabolomics/lipidomics analysis of CSF

identify diagnostic biomarkers

samples from patients with viral CNS infections in response to HSE
(n=9), enterovirus (n=10) and VZV (n=15) and compared with
autoimmune neuroinflammation and non-inflamed controls. The
scree plot analysis revealed that the principal component 1 accounted
for the most variance among the three groups and was mainly
influenced by changes in phospholipid concentrations. Principal
component 2 was influenced by differences in amino acids and, in
cases of viral CNS infections versus autoimmune neuroinflammation
or controls, short-chain acylcarnitines also contributed to the overall
variance. High levels of acylcarnitines (C4 and C5) were observed in
HSE patients than VZV and enterovirus patients. Similarly, changes
in phospholipid metabolites were most significant in HSE compared
to VZV and Enterovirus patients. The results of this study align with
the results reported by (22, 23).

The authors suggest that changes in acylcarnitine concentration
indicate possible mitochondrial dysfunction. Similarly, although all
CNS viral infections showed significant alterations in phospholipid
levels, indicating potential membrane disruptions during viral
infection, HSE exhibited notably higher phospholipid concentrations
followed by VZV while enterovirus meningitis exhibited lower
concentrations of the six biomarkers. The findings of this study clearly
demonstrate that HSV CNS infection induces a different host
metabolic disruption, reflecting its unique pathogenic mechanisms
compared to other CNS viruses. However, taken together, these results
indicate membrane damage and disruption of cellular metabolism in
viral CNS infections.

Herpes simplex encephalitis was also featured in a study that used
a tandem mass spectrometer to measure PC.ae.C44.6 concentrations
in patients with bacterial and viral infections, as well as autoimmune
neuroinflammation (48). Although PC.ae.C44.6 was detected above
LOD in acute bacterial meningitis and neurobollesis compared to all
other groups, the study reported that the detection of PC.ae.C44.6 in
HSE was significantly above LOD compared to other groups. These
results support previous findings that, although encephalitis is a
possible outcome of CNS viral infections in the CNS, HSV-induced
encephalitis induces more pronounced metabolic changes in the host.
Additionally, consistent alterations in phospholipid metabolites
identified in patients with HSE warrant thorough lipid analysis as it
reflects changes in lipid metabolism disruptions, this may provide
insight into the pathogenesis of HSE in encephalitis and potential aid
in the identification of biomarkers.

A previous study conducted by Atlas et al. (49) used HPLC-
targeted analysis on patients with HSE to investigate kynurenic acid
in CSF of HSE patients. The study demonstrated a significant elevation
of CSF kynurenic acid in patients with HSE, particularly during the
acute phase of the disease. The study also revealed a negative
correlation between initial CSF kynurenine acid and the severity of
long-term sequelae, suggesting a possible neuroprotective role of brain
kynurenic acid, while also causing long-lasting cognitive function loss
associated with the disease. The study suggests that the kynurenine
pathway plays a crucial role in the regulation and neuroprotection in
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viral infections. The results also shed light on the complex interplay
between immune response, neuroprotection, and cognitive
impairment in the context of viral encephalitis.

In a separate study, researchers investigated the regulation of
kynurenine and tryptophan concentrations in CSF samples from
various CNS infections, including HSE (50). The findings for HSE
showed that kynurenine concentrations were significantly elevated
compared to noninflamed samples, with markedly higher mean values
compared to enterovirus and bacterial meningitis. Furthermore, the
study found that kynurenine concentrations were most positively with
CSF leukocyte count, indicating a strong association between
kynurenine and CNS inflammation in HSE. This is consistent with the
findings of Atlas et al. (49), as both studies demonstrated a significant
association of the tryptophan-kynurenine pathway in HSE. Taken
together, studies on HSE highlight the affected pathways during CNS
infection which include tryptophan-kynurenine, fatty acid
metabolism, and lipid metabolism and a more comprehensive studies
on these pathways could provide essential information on the immune
pathogenesis of HSV.

3.5 Summary of CSF metabolomics of viral
infections of the CNS

This section focused on metabolic studies, specifically LC-MS
based, of viral infections of the CNS. Taken together, the findings
of these studies, particularly the changes in phospholipids in
different viral etiologies, underscore the significant impact on
cellular lipid metabolism within the CNS. Although the specific
lipid species affected differ between these infections, both
highlight the interplay between viral pathogens and host lipid
pathways. The elevation of phosphatidylcholine suggests a
potential host response involving membrane remodeling or
turnover, possibly in response to the inflammatory cascade
triggered by viral infection. Elevated sphingomyelins and
phospholipids in VZV encephalitis and HSE suggest a distinct
alteration in sphingolipid metabolism, which may reflect a
different aspect of viral pathogenesis or host immune response.
Furthermore, the identification of lipid mediators in patients with
TBE, particularly the presence of increased lipid peroxidation
products, further underscores the disruptions in CNS lipid
metabolism associated with viral CNS infections. These findings
suggest that viral infections have a broader effect on neurolipid
metabolism, indicating a common theme in different viral
etiologies. Understanding the alterations of these pathways in
into the

pathophysiology of viral meningitis and may reveal new

viral infections could provide novel insights

therapeutic targets for the management of these infections.

4 Cerebrospinal fluid metabolomics of
bacterial infections

4.1 Neurosyphilis
Neurosyphilis is a complication of untreated syphilis resulting

from invasion of the CNS by the bacterium Treponema pallidum (51).
The bacteria are transmitted through direct contact with infected
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lesions (such as during sexual contact) or, rarely, through blood
transfusions. Following transmission, bacteria enter the body through
intact or compromised mucous membranes. Once inside, it can spread
through the lymphatic and bloodstream, reaching various organs,
including the brain and spinal cord. In the early stages, neurosyphilis
can present as asymptomatic or as meningeal neurosyphilis, where
patients do not exhibit neurological symptoms but may have inflamed
meninges. If left untreated, late-symptomatic neurosyphilis ensues
that involves inflammation of both the meninges and the brain
parenchyma (52).

Asymptomatic neurosyphilis presents with serological and CSF
abnormalities presenting with pleocytosis (up t0100 cells/pL) or
elevated protein concentration (up tol00 mg/dL) (53, 54).
CSF-venereal disease research laboratory (VDRL) and CSF-rapid
plasma regain (RPR) tests are considered the gold standard for the
diagnosis of neurosyphilis; however, their low sensitivity of
approximately 30% limits their application (55, 56) and a negative
CSF-VDRL test cannot exclude the possibility of neurosyphilis (57).
Currently, no single laboratory test or reliable biomarkers can rule out
neurosyphilis as a diagnosis, and many asymptomatic neurosyphilis
are not diagnosed (51, 56).

Treponema pallidum has previously been shown to persist in the
body without inducing a strong immune response, making diagnosis
and treatment difficult (58). The exact mechanism behind this ability
is not fully understood. The slow replication cycle, which takes
approximately 33 to 44 h to double, is believed to lead to a weekend
immune response and milder symptoms during infection (59-61).
Additionally, Treponema pallidum’s limited energy metabolic
capacity, reflected in its smaller genome and the lack of key pathways
such as those related to the tricarboxylic acid (TCA) cycle and
oxidative phosphorylation, forces the bacterium to heavily depend
on the host environment for essential biosynthetic functions (62).
These factors contribute to the ability to persist within mammalian
cells without eliciting an immune response. Understanding
metabolic changes could significantly improve diagnosis
and treatment.

In 2019, one of the first untargeted CSF metabolomics profiling
studies compared neurosyphilis, syphilis/non-neurosyphilis and
syphilis-free patients, and revealed various differential metabolites
between neurosyphilis and syphilis/non-neurosyphilis or syphilis-free
patients (Table 2) (63). Although there were significant differences in
the identified differential metabolites between the three groups, these
metabolites, particularly D-mannose, L-gulono-gamma-lactone and
N-acetyl-L-tyrosine, were present in comparisons of the three groups.
The alterations in these metabolites were not only specific for
neurosyphilis, but are common in all groups. A separate profiling
study would be necessary that includes other neurological disorders
and patients would be necessary to determine the specificity of
these metabolites.

However, hypoxanthine was notable for its significant decrease in
neurosyphilis patients compared to syphilis/non-neurosyphilis
patients. Hypoxanthine is a naturally occurring purine derivative
involved in the purine salvage pathway and has been associated with
brain edema in patients with large ischemic stroke (67). In another
study, hypoxanthine was shown to interfere with lipid metabolism by
inducing cholesterol accumulation through the induction of reactive
oxidation species (ROS) in hepatic cells (68). Its decrease in
neurosyphilis patients is unknown and warrants further investigation.
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TABLE 2 CSF altered metabolites associated with lipid metabolism in CNS bacterial infections.

CNS bacterial Metabolite class Metabolites Fold change Reference
infection
Neurosyphilis Purine Hypoxanthine (63)
Carbohydrates L-Gulono-gamma-lactone
D-Mannose
Amino acid N-Acetyl-L-tyrosine
Lipid Prostaglandin E2 (56)
Alpha-kamlolenic acid
Acylcarnitine Butyryl-L-carnitine
Palmitoyl-L-carnitine
Amino acid L-Histidine
Dicarboxylic acid Bilirubin
Tuberculous meningitis Lipids Lathosterol (64)
Phosphatidic acid
Phosphatidylcholine
Phosphatidylglycerol
Fatty acids Linolenic acid
Palmitic acid
16-Hydroxypalmitic acid !
Stearic acid
Dicarboxylic acid Bilirubin 1
Amino acid Tryptophan 1 (65)
Organic acids Kynurenine (27)
Kynurenic acid 1
Quinolinic acid
Organic acid Kynurenine 1 (66)
Amino acid Tryptophan 1
Acylcarnitine Carnitine 1

Following the untargeted metabolic profile, a targeted metabolic
analysis of CSF was performed on neurosyphilis (n=15) and
non-neurological (n=14) samples using LCMS. Various metabolites
were found to differentiate the two groups (Table 2) (56). Alpha-
kamlolenic acid stands out as a unique hydroxylated polyunsaturated
fatty acid of C18 that presents itself as a triacylglycerol estolide
(TAG-estolide) (69). Although there is relatively limited information
on alpha-kamlolenic acid, polyunsaturated fatty acids are known to
modify the gene expressions of lipid-lipoprotein metabolism.
Deficiency in polyunsaturated fatty acids has been associated with
significantly reduced concentrations of very low density lipoprotein
(VLDL) triacylglycerol and synthesis of apolipoprotein B (70, 71). Qi
et al. (56) linked reduced levels of alpha-kamlolenic acid in
neurosyphilis to an increased susceptibility to hyperlipidemia.

Prostaglandins are lipid mediators involved in inflammatory
responses, particularly pathogenic neuroinflammatory diseases (19).
Reduced prostaglandin levels in neurosyphilis are suggested to
be influenced by their transport across the blood-CSF barrier, which
is a cerebral clearance system for prostaglandin E2 produced in the
brain (56). Prostaglandin overproduction plays a role in the
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progression of bacterial infection-induced neuroinflammation and
can contribute to brain tissue damage (72). Therefore, cerebral
prostaglandin clearance is a regulatory mechanism that contributes to
reducing inflammation and limiting further damage to tissue damage
in the brain.

Elevated levels of acylcarnitines, especially significantly
increased palmitoylcarnitine in neurosyphilis, suggest potential
disruptions in energy metabolism and mitochondrial dysfunction.
Palmitoylcarnitine is a long-chain acylcarnitine that facilitates the
transport of long-chain fatty acids into mitochondria for beta-
oxidation. Although short-chain fatty acids can enter
mitochondria directly, long-chain fatty acids require active
transport involving complex enzymatic reactions and regulatory
processes (73). The elevation of extracellular long-chain
acylcarnitines may result from the body utilizing short-chain fatty
acids, which are readily available, to meet increased energy
demands possibly caused by bacterial infection in the central
nervous system. Qi et al. suggest that the presence of acylcarnitines
in neurosyphilis may be associated with the risk of cardiovascular
diseases (56).
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4.2 Tuberculous meningitis

Tuberculous meningitis (TBM) is the most severe manifestation
of extrapulmonary tuberculosis. Globally, tuberculosis ranks as the
second leading cause of mortality attributed to a single infectious
agent worldwide, after COVID-19 (74-76). According to World
Health Organization assessments, approximately 10.6 million people
developed pulmonary tuberculosis (TB) in 2021, an increase of 4.5%
from 10.1million in 2020 (World Health Organization, 2022).
Individuals with TB can develop a severe complication known as
tuberculous meningitis (TBM), which accounts for approximately 1%
of all active cases of TB (77, 78). Young children (<5 years old), adults
with HIV coinfection and immunocompromised individuals represent
a significant potent risk factor for TBM (79). Despite ongoing research
and improvements in diagnostic and therapeutic approaches, TBM
remains a major global health problem.

Primary infection by Mycobacterium tuberculosis usually leads to
pulmonary TB upon inhalation of the bacteria. From there, the
bacteria can disseminate to the CNS through the lymphatic system or
the bloodstream (80). The development of TBM is believed to occur
when Mycobacterium tuberculosis spreads from the lungs to the brain
parenchyma, forming granulomas that later rupture into the
leptomeninges, resulting in TBM (81). Recent studies have shown that
chronic granulomatous inflammation is initiated almost exclusively in
the leptomeninges and not in the brain parenchyma (82, 83). The
pathogenesis of TBM continues to be a topic of ongoing debate.

TBM presents challenges in diagnosis due to the nonspecific
nature of its symptoms, the absence of rapid and sensitive diagnostic
tests, and challenges in detecting bacteria in CSF (77). Universally
accepted diagnostic standards for all types of meningitis involve the
analysis of CSF obtained by lumbar puncture. Traditional CSF markers
for TBM include strongly elevated protein levels, reduced glucose
levels, and increased WBC, predominantly lymphocytes (9). CSF
culture is necessary for a definitive diagnosis, but it may not always
detect Mycobacterium tuberculosis in small volumes (84, 85). Brain
magnetic resonance imaging (MRI) is widely considered the most
sensitive and reliable method of diagnosing CNS disorders; however,
its availability is limited in low-income or resource-poor countries
(84). Despite significant progress in diagnostic tools for TBM, there is
still a need for rapid, precise, and cost-effective diagnostic tests.

Researchers have ventured into the realm of metabolomics to look
for distinctive biomarkers for TBM, given the indication of metabolic
changes and dysregulation of the immune response in TBM. In 2017,
an untargeted metabolomics profiling study was conducted on CSF
samples from TBM (n=50), viral meningitis (n=17), bacterial
meningitis (n=17) and cryptococcal meningitis (1 = 16) patients (64).
The study reported six major altered metabolic pathways that
distinguish TBM from other types of meningitis, including fatty acids
and lipid metabolites (Table 2). Most altered metabolites are associated
with energy metabolism, reflecting the increased energy demand in
TBM. The study also noted an increase in the synthesis and
degradation of ketone bodies, which may be linked to changes in lipid
metabolites. These alterations appear to be a response to the elevated
energy requirements in the TBM. The body resorts to the use of
ketone bodies as an alternative energy source during excess energy
demand. The limitation of the study was the absence of control groups.

In another study, CSF metabolites were measured in adult with
TBM (n=33), including those who died in the hospital, as well as in
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control subjects (n=22) (65). Tryptophan was particularly notable for
its significant alteration, showing markedly lower concentrations in
patients with TBM who survived compared to patients who died (9
times less) and the control group (31 times less). These findings
indicate that CNS infection with Mycobacterium tuberculosis has a
profound impact on tryptophan metabolism (65). About 95% of the
amino acid tryptophan is metabolized to kynurenine, where it
generates several neuroactive metabolites, including kynurenic acid,
3-hydoxykynurenine and quinolinic acid (86, 87). These metabolites
are known to possess anti-inflammatory properties and may exhibit
immune regulatory properties that could alleviate the response to
inflammation (26). The study by van Laarhoven et al. (65) is one of the
pioneering works that demonstrated the significance of tryptophan in
TBM. It laid the foundation for further research in this area,
highlighting the potential role of tryptophan metabolism in the
pathogenesis of TBM.

In 2023, a targeted metabolomics analysis was performed in adults
with TBM to understand how tryptophan metabolism is altered in
patients with TBM (27). The study investigated the association
between CSF tryptophan levels and mortality in patients with TBM
and the findings confirmed that increased CSF tryptophan is indeed
associated with the mortality of patients with TBM. The study also
explored the relationship between CSF tryptophan levels and CSF
mycobacterial load and discovered that tryptophan was higher in CSF
cultures negative and lower in CSF cultures positive, suggesting that
CSF tryptophan levels may be influenced by the presence or absence
of mycobacteria in TBM. Low levels of tryptophan in CSF culture
positive and high levels in CSF culture negative could be attributed to
the utilization of host tryptophan for its metabolic needs needed for
its survival and growth within the host environment.

The study by Ardiansyah et al. also revealed an increase in the
downstream metabolites of CSF tryptophan (Table 2), these
metabolites are usually increased during an inflammatory immune
response and are known to exhibit antibacterial properties and may
influence the immune response (88, 89). The increase in kynurenine
metabolites seems to be due to neuroinflammation rather than
increased conversion of tryptophan to kynurenine. This is also
supported by the study by Siihs et al. (50), who reported significantly
lower concentrations of kynurenine in non-inflamed or mildly
inflamed CSF samples compared to inflamed samples, particularly in
cases of bacterial meningitis, HSE and neuroborrelosis.

Overproduction of downstream tryptophan-kynurenine
metabolites could also play a role in the pathogenesis of TBM, as
quinolinic acid has been shown to induce lipid peroxidation in rat
brain homogenates and rat corpus striatum (90-92), indicating a
potential contribution of this metabolite to energy disruption in
TBM. The relationship between CSF tryptophan, neuroinflammation,
kynurenine metabolites, and the regulation of indoleamine
2,3-dioxygenase (IDO) expression requires further investigations to
provide novel insights into the pathogenesis of TBM (93).

A recent study used an integrated approach (metabolomics and
cytokine profiling) to investigate the relationship between altered
metabolites and cytokines in TBM, providing valuable information on
the association between metabolic disturbances and inflammation.
The study revealed severe disruptions in energy metabolism and
alteration of multiple metabolites in TBM, including carnitines and
tryptophan (Table 2). Ketone bodies arise from mitochondrial beta
oxidation, a process contingent on the availability of carnitines (94,
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95) and are used as an alternative energy source during starvation or
increased energy demand in the brain. Changes in energy metabolism
and the observed increase in carnitine levels in this study may signify
increased energy requirements for the brain. Carnitines are actively
involved in the regulation of metabolism, suggesting that their levels
are influenced by metabolic processes, and dysregulation can affect
overall energy metabolism.

The elevation of CSF kynurenines and reduced CSF tryptophan
confirms the finding of Ardiansyah et al. (27) that demonstrated an
inverse correlation between CSF tryptophan and downstream
tryptophan-kynurenine metabolites. In the same study, numerous
elevated pro-inflammatory cytokines (interferon (IFN)-y, interleukine
(IL) -15, and IL-2) were associated with confirmed TBM, suggesting
that these mediators are active in cases of TBM with higher bacterial
burden. Based on these findings and those reported by Ardiansyah
et al. (27), it can infer that elevations of CSF kynurenines are
independent of the status of CSF tryptophan in TBM and that CSF
tryptophan appears to be more related to the pathogenesis of TBM
itself than being a consequence of the immune response.

The studies discussed in these reviews advocate for a deeper
exploration of tryptophan-kynurenine metabolism, fatty acid
metabolism and lipid metabolism in both viral and bacterial infection.
Tryptophan metabolism and its kynurenine metabolites appear to
be significantly altered in bacterial infection compared to viral
infections, but the underlying mechanism of how tryptophan
metabolism is altered in TBM and other bacterial infections remains
unknown (96). A deeper investigation of tryptophan metabolism
could shed light on how tryptophan metabolism is altered in TBM and
its association with neuroinflammation, providing a comprehensive
understanding of the pathogenesis of TBM. Similarly, carnitine
alterations in bacterial infections suggest further investigation.
Targeted acylcarnitine research on TBM could provide information
on how carnitines are altered and their effect on TBM. Lipid
metabolites have also been identified and altered in both viral and
bacterial infections, suggesting further exploration of lipid
metabolism. There is a notable absence of neurolipidomics studies
despite the numerous reported changes in metabolites related to lipid
metabolism and the inherent lipid-rich nature of the brain. The
introduction of neurolipidomics studies has great potential to improve
the diagnosis of CNS diseases.

5 Neurolipidomics in bacterial and
viral infections

Neurolipidomics is increasingly gaining significant attention in
the study of CNS-related diseases. Lipidomics emerges as a promising
and highly relevant field for investigating lipid biomarkers and their
associated pathways in neuroinfectious diseases. This interest is fueled
by compelling evidence from metabolomics studies that reveal
disruption of neurolipid metabolism during CNS infections by
pathogens. Disruptions in lipid metabolism have also been reported
in other metabolic disorders, aging, and neurodegenerative diseases
(97). The importance of lipids in the brain is highlighted by the various
biological functions of brain lipids that include membrane formation,
cell signaling, energy storage, neurotransmitter release and, crucially,
maintaining homeostasis (98). Alterations in these lipids have
detrimental consequences for patients. Therefore, the study of brain
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lipids holds promise to advance the diagnosis and prognosis of
neurological diseases. Currently, there are limited CSF lipidomics
studies in neuroinfectious diseases.

The most related study used LC-MS-targeted lipid mediator
profiling to investigate mechanisms driving the inflammatory
response in TBM (99). The study used a lipid mediator profiling
approach to investigate the regulation of a novel group of host
protective mediators (specialized pro-resolution mediators) in the
CSF of adults with TBM before and during treatment. They reported
that before treatment, the severity of the disease was associated with
concentrations of mediators of inflammatory and pro-resolution, with
more severe disease linked to lower concentrations of SPM and higher
concentrations of immunosuppressive, vasoconstrictive and
nociceptive eicosanoids. Researchers further grouped CSF lipid
mediators by function to study their relationship with TBM severity
and found that pro-resolving concentrations decreased with increasing
disease severity. A previous study by Tobin et al. (100) on zebrafish
and humans demonstrated an interplay between eicosanoids, tumor
necrosis factor (TNF)-a and leukotriene A4 hydrolase (LTA4H) in
regulating the inflammatory response to mycobacterial infection,
suggesting further research to understand how these components
interact and influence the immune response in diseases.

Lipidomics studies in tuberculosis have shown that infection
with M. tuberculosis alters host lipid metabolism by significantly
lowering levels of total cholesterol, triglycerides, high-density
lipoprotein, and low-density lipoprotein in TB patients compared
to control groups. The study suggests that low lipid levels may
be associated with the severity of inflammation in patients with TB
(101). Although it is known that TB can worsen malnutrition,
leading to weakened immunity and potentially contributing to the
progression of latent TB to active TB, it remains unclear whether
low lipid profiles precede the progression of the disease or if active
TB itself causes low lipid profiles (102, 103). A similar study profiled
the lipidome of TB patients and showed that after treatment,
cholesterol ester, monoacylgycerols and phosphatidylcholine were
up-regulated, while triglycerols, sphingomyelin, and ether-linked
phosphatidylethanolamine were down-regulated (104). Although
these studies were conducted on TB patients and not TBM or other
neuroinfectious diseases. Both revealed the alteration of host lipid
metabolism after infection with M. tuberculosis, the same bacteria
that causes TBM.

In another study comparing CSF metabolite concentrations
between patients with bacterial meningitis/encephalitis and
noninflamed controls, phosphatidylcholines were identified as
sensitive biomarkers for bacterial meningitis due to their significant
elevation compared to both the control and viral meningitis groups
(16). Based on these findings and those of the studies on viral and
bacterial CNS infections discussed in this review, future targeted
metabolic exploration of fatty acid metabolism, tryptophan
metabolism, lipidomics, and related pathways in both types of
infections is warranted to explore their potential as diagnostic or
therapeutic targets.

6 Summary and future prospects

Metabolic profiling of neuroinfectious diseases has gained
significant attention over the years to understand their pathogenesis
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and discover potential biomarkers that could facilitate the early
diagnosis of these diseases. However, despite persistent efforts and
various metabolic profiling studies using different analytical
techniques, there remains a lack of specific biomarkers capable of
distinguishing different types of meningitis/encephalitis. There is also
a notable lack of metabolic and lipidomic studies in CSF from children
with TBM. However, metabolomics has provided information on
significant alterations in metabolic pathways, which offers the
potential to identify specific biomarkers.

The evidence presented in this review suggests a possible
disruption of fatty acid metabolism, tryptophan metabolism and lipid
metabolism, mainly through alterations in acylcarnitines,
kynurenines, and phospholipids in both in viral and bacterial
infections. Further studies on these metabolites and their associated
pathways could potentially aid in the identification of important
biomarkers and improve diagnosis. The kynurenine pathway is of high
importance in both bacterial and viral infections and deserves a more
comprehensive investigation, as it includes the enzymes involved and
all kynurenine products. Furthermore, exploring the lipidome of the
CNS holds promise in advancing a more comprehensive
understanding of CNS-related diseases. Modified metabolites (e.g.,
acycarnitines) play an important role in modulating lipid metabolism
in the CNS, and vice versa. Based on our analysis, this review
underscores the importance of using existing metabolic data and the
need to initiate targeted neurolipidomics studies. Together, these data
could provide a powerful means of elucidating the precise functions
of pathogenesis in neuroinfectious diseases and potentially uncover

specific biomarkers.

References

1. Das MK, Chakraborty T. Molecular diagnosis of CNS viral infections In: MK Das,
editor. The microbiology of central nervous system infections. Amsterdam, Netherlands:
Elsevier (2018). 45-59.

2. Le Govic Y, Demey B, Cassereau J, Bahn Y-S, Papon N. Pathogens infecting the
central nervous system. PLoS Pathog. (2022) 18:e1010234. doi: 10.1371/journal.
ppat.1010234

3. McMahon A, Conrick-Martin I. Commonly encountered central nervous system
infections in the intensive care unit. BJA Educ. (2023) 23:212-20. doi: 10.1016/j.
bjae.2023.02.003

4. Sharma RR. Fungal infections of the nervous system: current perspective and
controversies in management. Int ] Surg. (2010) 8:591-601. doi: 10.1016/j.
ijsu.2010.07.293

5. Tunali V, Korkmaz M. Emerging and re-emerging parasitic infections of the central
nervous system (CNS) in Europe. Infect Dis Rep. (2023) 15:679-99. doi: 10.3390/
idr15060062

6. Hasbun R. Progress and challenges in bacterial meningitis: a review. JAMA. (2022)
328:2147-54. doi: 10.1001/jama.2022.20521

7. Mount HR, Boyle SD. Aseptic and bacterial meningitis: evaluation, treatment, and
prevention. Am Fam Physician. (2017) 96:314-22.

8. Walker AC, Gaieski DF, Johnson NJ. How do I manage central nervous system
infections (meningitis/encephalitis)? Evidence-based practice of critical care E-book:313,
(2019).

9. Marais S, Thwaites G, Schoeman JE, Torok ME, Misra UK, Prasad K, et al.
Tuberculous meningitis: a uniform case definition for use in clinical research. Lancet
Infect Dis. (2010) 10:803-12. doi: 10.1016/S1473-3099(10)70138-9

10. Shahan B, Choi EY, Nieves G. Cerebrospinal fluid analysis. Am Fam Physician.
(2021) 103:422-8.

11. Karczewski KJ, Snyder MP. Integrative omics for health and disease. Nat Rev Genet.
(2018) 19:299-310. doi: 10.1038/nrg.2018.4

12. Clemente-Sudrez V], Beltran-Velasco AI, Redondo-Flérez L, Martin-Rodriguez A,
Yanez-Sepulveda R, Tornero-Aguilera JE. Neuro-vulnerability in energy metabolism
regulation: a comprehensive narrative review. Nutrients. (2023) 15:3106. doi: 10.3390/
nul5143106

Frontiers in Neurology

10.3389/fneur.2024.1403312

Author contributions

OP: Writing - review & editing, Writing - original draft,
Investigation, Formal analysis, Data curation. AF: Writing - review &
editing, Supervision. MK: Writing - review & editing, Supervision.
SM: Writing - review & editing, Supervision, Conceptualization.

Funding

The author(s) declare that no financial support was received for
the research, authorship, and/or publication of this article.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations,
or those of the publisher, the editors and the reviewers. Any product
that may be evaluated in this article, or claim that may be made by its
manufacturer, is not guaranteed or endorsed by the publisher.

13. Al-Sulaiti H, Almaliti J, Naman CB, Al Thani AA, Yassine HM. Metabolomics
approaches for the diagnosis, treatment, and better disease Management of Viral
Infections. Meta. (2023) 13:948. doi: 10.3390/metabo13080948

14. Han X. Neurolipidomics: challenges and developments. Front Biosci. (2007)
12:2601-15. doi: 10.2741/2258

15. Ojo JO, Algamal M, Leary P, Abdullah L, Mouzon B, Evans JE, et al. Disruption in
brain phospholipid content in a humanized tau transgenic model following repetitive
mild traumatic brain injury. Front Neurosci. (2018) 12:893. doi: 10.3389/fnins.2018.00893

16. Al-Mekhlafi A, Siths K-W, Schuchardt S, Kuhn M, Miiller-Vahl K, Trebst C, et al.
Elevated free phosphatidylcholine levels in cerebrospinal fluid distinguish bacterial from
viral CNS infections. Cells. (2021) 10:1115. doi: 10.3390/cells10051115

17. Bruce KD, Zsombok A, Eckel RH. Lipid processing in the brain: a key regulator of
systemic metabolism. Front Endocrinol. (2017) 8:60. doi: 10.3389/fendo.2017.00060

18. Cermenati G, Mitro N, Audano M, Melcangi RC, Crestani M, De Fabiani E, et al.
Lipids in the nervous system: from biochemistry and molecular biology to patho-
physiology. Biochim Biophys Acta. (2015) 1851:51-60. doi: 10.1016/j.bbalip.2014.08.011

19. Tracey TJ, Steyn FJ, Wolvetang EJ, Ngo ST. Neuronal lipid metabolism: multiple
pathways driving functional outcomes in health and disease. Front Mol Neurosci. (2018)
11:10. doi: 10.3389/fnmol.2018.00010

20. Wagner JN, Leibetseder A, Troescher A, Panholzer ], von Oertzen TJ.
Characteristics and therapy of enteroviral encephalitis: case report and
systematic literature review. Int ] Infect Dis. (2021) 113:93-102. doi: 10.1016/j.
ijid.2021.10.002

21. Ahlbrecht J, Hillebrand LK, Schwenkenbecher P, Ganzenmueller T, Heim A,
Wurster U, et al. Cerebrospinal fluid features in adults with enteroviral nervous system
infection. Int ] Infect Dis. (2018) 68:94-101. doi: 10.1016/j.ijid.2018.01.022

22. Ratuszny D, Siths K-W, Novoselova N, Kuhn M, Kaever V, Skripuletz T, et al.
Identification of cerebrospinal fluid metabolites as biomarkers for enterovirus
meningitis. Int ] Mol Sci. (2019) 20:337. doi: 10.3390/ijms20020337

23. Kuhn M, Siths K-W, Akmatov MK, Klawonn F, Wang J, Skripuletz T, et al. Mass-
spectrometric profiling of cerebrospinal fluid reveals metabolite biomarkers for CNS
involvement in varicella zoster virus reactivation. ] Neuroinflammation. (2018) 15:1-15.
doi: 10.1186/512974-017-1041-0

frontiersin.org


https://doi.org/10.3389/fneur.2024.1403312
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://doi.org/10.1371/journal.ppat.1010234
https://doi.org/10.1371/journal.ppat.1010234
https://doi.org/10.1016/j.bjae.2023.02.003
https://doi.org/10.1016/j.bjae.2023.02.003
https://doi.org/10.1016/j.ijsu.2010.07.293
https://doi.org/10.1016/j.ijsu.2010.07.293
https://doi.org/10.3390/idr15060062
https://doi.org/10.3390/idr15060062
https://doi.org/10.1001/jama.2022.20521
https://doi.org/10.1016/S1473-3099(10)70138-9
https://doi.org/10.1038/nrg.2018.4
https://doi.org/10.3390/nu15143106
https://doi.org/10.3390/nu15143106
https://doi.org/10.3390/metabo13080948
https://doi.org/10.2741/2258
https://doi.org/10.3389/fnins.2018.00893
https://doi.org/10.3390/cells10051115
https://doi.org/10.3389/fendo.2017.00060
https://doi.org/10.1016/j.bbalip.2014.08.011
https://doi.org/10.3389/fnmol.2018.00010
https://doi.org/10.1016/j.ijid.2021.10.002
https://doi.org/10.1016/j.ijid.2021.10.002
https://doi.org/10.1016/j.ijid.2018.01.022
https://doi.org/10.3390/ijms20020337
https://doi.org/10.1186/s12974-017-1041-0

Plaatjie et al.

24. Groth M, Skrzydlewska E, Czupryna P, Biernacki M, Moniuszko-Malinowska A.
Lipid mediators of cerebrospinal fluid in response to TBE and bacterial co-infections.
Free Radic Biol Med. (2023) 207:272-8. doi: 10.1016/j.freeradbiomed.2023.07.027

25. Al-Mekhlafi A, Waqas FH, Krueger M, Klawonn F, Akmatov MK, Miiller-Vahl K,
et al. Elevated phospholipids and acylcarnitines C4 and C5 in cerebrospinal fluid
distinguish viral CNS infections from autoimmune neuroinflammation. J Transl Med.
(2023) 21:776. doi: 10.1186/5s12967-023-04637-y

26. Tsuji A, Tkeda Y, Yoshikawa S, Taniguchi K, Sawamura H, Morikawa S, et al. The
tryptophan and kynurenine pathway involved in the development of immune-related
diseases. Int ] Mol Sci. (2023) 24:5742. doi: 10.3390/ijms24065742

27. Ardiansyah E, Avila-Pacheco ], Dian S, Vinh DN, Hai HT, Bullock K, et al.
Tryptophan metabolism determines outcome in tuberculous meningitis: a targeted
metabolomic analysis. eLife. (2023) 12:¢85307. doi: 10.7554/eLife.85307

28. Yan J, Kothur K, Mohammad S, Chung J, Patel S, Jones HE, et al. CSF neopterin,
quinolinic acid and kynurenine/tryptophan ratio are biomarkers of active
neuroinflammation. EBioMedicine. (2023) 91:104589. doi: 10.1016/j.ebiom.2023.104589

29. Hancock SE, Friedrich MG, Mitchell TW, Truscott R], Else PL. Changes in
phospholipid composition of the human cerebellum and motor cortex during normal
ageing. Nutrients. (2022) 14:2495. doi: 10.3390/nu14122495

30. Dai Y, Tang H, Pang S. The crucial roles of phospholipids in aging and lifespan
regulation. Front Physiol. (2021) 12:648. doi: 10.3389/fphys.2021.775648

31. Kosicek M, Hecimovic S. Phospholipids and Alzheimer’s disease: alterations,
mechanisms and potential biomarkers. Int ] Mol Sci. (2013) 14:1310-22. doi: 10.3390/
ijms14011310

32.Kennedy PG, Gershon AA. Clinical features of varicella-zoster virus infection.
Viruses. (2018) 10:609. doi: 10.3390/v10110609

33. Zerboni L, Sen N, Oliver SL, Arvin AM. Molecular mechanisms of varicella zoster
virus pathogenesis. Nat Rev Microbiol. (2014) 12:197-210. doi: 10.1038/nrmicro3215

34. Grahn A, Studahl M. Varicella-zoster virus infections of the central nervous
system-prognosis, diagnostics and treatment. J Infect. (2015) 71:281-93. doi: 10.1016/j.
jinf.2015.06.004

35. Mirouse A, Sonneville R, Razazi K, Merceron S, Argaud L, Bigé N, et al. Neurologic
outcome of VZV encephalitis one year after ICU admission: a multicenter cohort study.
Ann Intensive Care. (2022) 12:32. doi: 10.1186/s13613-022-01002-y

36. Stahl J, Mailles A. Update on HSV and VZV encephalitis in adults. In: Stahl J.
Neurological Complications of Infectious Diseases. Berlin: Springer Nature, pp.
153-164. (2021).

37. Venkatesan A, Tunkel AR, Bloch KC, Lauring A, Sejvar ], Bitnun A, et al. Case
definitions, diagnostic algorithms, and priorities in encephalitis: consensus statement of
the international encephalitis consortium. Clin Infect Dis. (2013) 57:1114-28. doi:
10.1093/cid/cit458

38. Zajac Z, Bartosik K, Kulisz J, Wozniak A. Incidence of tick-borne encephalitis
during the COVID-19 pandemic in selected European countries. J Clin Med. (2022)
11:803. doi: 10.3390/jcm11030803

39. Bogovic P, Strle E Tick-borne encephalitis: a review of epidemiology, clinical
characteristics, and management. World ] Clin Cases. (2015) 3:430-41. doi: 10.12998/
wjcc.v3.i5.430

40. Piret J, Boivin G. Immunomodulatory strategies in herpes simplex virus
encephalitis. Clin Microbiol Rev. (2020) 33:00105-19. doi: 10.1128/CMR.00105-19

41. Tan IL, McArthur JC, Venkatesan A, Nath A. Atypical manifestations and poor
outcome of herpes simplex encephalitis in the immunocompromised. Neurology. (2012)
79:2125-32. doi: 10.1212/WNL.0b013e3182752ceb

42. Ahmed WA, Alghamdi AA, Almuhanna RA, Alazwari AA, Muddassir R, Elshony
HS. Herpes simplex encephalitis with normal brain magnetic resonance imaging and
normocellular initial cerebrospinal fluid. Int ] Newurosci. (2023) 1:1-5. doi:
10.1080/00207454.2023.2279501

43. Mendez AA, Bosco A, Abdel-Wahed L, Palmer K, Jones KA, Killoran A. A fatal
case of herpes simplex encephalitis with two false-negative polymerase chain reactions.
Case Rep Neurol. (2018) 10:217-22. doi: 10.1159/000492053

44. Adler AC, Kadimi S, Apaloo C, Marcu C. Herpes simplex encephalitis with two
false-negative cerebrospinal fluid PCR tests and review of negative PCR results in the
clinical setting. Case Rep Neurol. (2011) 3:172-8. doi: 10.1159/000330298

45. Aurelius E, Johansson B, Skéldenberg B, Forsgren M. Encephalitis in
immunocompetent patients due to herpes simplex virus type 1 or 2 as determined by
type-specific polymerase chain reaction and antibody assays of cerebrospinal fluid. J
Med Virol. (1993) 39:179-86. doi: 10.1002/jmv.1890390302

46.Denes E, Labach C, Durox H, Adoukonou T, Weinbreck P, Magy L, et al.
Intrathecal synthesis of specific antibodies as a marker of herpes simplex encephalitis in
patients with negative PCR. Swiss Med Wkly. (2010) 140:w13107-7. doi: 10.4414/
smw.2010.13107

47. Puchhammer-St6ckl E, Presterl E, Croy C, Aberle S, Popow-Kraupp T, Kundi M,
et al. Screening for possible failure of herpes simplex virus PCR in cerebrospinal fluid
for the diagnosis of herpes simplex encephalitis. ] Med Virol. (2001) 64:531-6. doi:
10.1002/jmv.1082

Frontiers in Neurology

11

10.3389/fneur.2024.1403312

48. De Araujo LS, Pessler K, Siths K-W, Novoselova N, Klawonn F, Kuhn M, et al.
Phosphatidylcholine PC ae C44: 6 in cerebrospinal fluid is a sensitive biomarker for
bacterial meningitis. J Transl Med. (2020) 18:1-8. doi: 10.1186/512967-019-02179-w

49. Atlas A, Franzen-Rohl E, Soderlund J, Jonsson EG, Samuelsson M, Schwieler L, et al.
Sustained elevation of kynurenic acid in the cerebrospinal fluid of patients with herpes simplex
virus type 1 encephalitis. Int ] Tryptophan Res. (2013) 6:513256. doi: 10.4137/IJTR.S13256

50. Siths K-W, Novoselova N, Kuhn M, Seegers L, Kaever V, Miiller-Vahl K, et al.
Kynurenine is a cerebrospinal fluid biomarker for bacterial and viral central nervous
system infections. J Infect Dis. (2019) 220:127-38. doi: 10.1093/infdis/jiz048

51. Hamill MM, Ghanem KG, Tuddenham S. State-of-the-art review: neurosyphilis.
Clin Infect Dis. (2023) 78:e57-68. doi: 10.1093/cid/ciad437

52.Li W, Han ], Zhao P, Wang D, Sun T, Guo J, et al. Predicting asymptomatic
neurosyphilis using peripheral blood indicators. BMC Infect Dis. (2021) 21:1-8. doi:
10.1186/512879-021-06846-6

53. Lee JD. Neurosyphilis In: JD Lee, editor. Office practice of neurology. 2nd ed.
Amsterdam, Netherlands: Elsevier (2003). 445-7.

54. Zhou ], Zhang H, Tang K, Liu R, Li J. An updated review of recent advances in
neurosyphilis. Front Med. (2022) 9:800383. doi: 10.3389/fmed.2022.800383

55.Boog GHP, Lopes JVZ, Mahler JV, Solti M, Kawahara LT, Teng AK, et al.
Diagnostic tools for neurosyphilis: a systematic review. BMC Infect Dis. (2021) 21:1-12.
doi: 10.1186/s12879-021-06264-8

56. Qi S, Xu Y, Luo R, Li P, Huang Z, Huang S, et al. Novel biochemical insights in the
cerebrospinal fluid of patients with neurosyphilis based on a metabonomics study. ] Mol
Neurosci. (2019) 69:39-48. doi: 10.1007/s12031-019-01320-0

57. Guarner J, Jost H, Pillay A, Sun Y, Cox D, Notenboom R, et al. Evaluation of
treponemal serum tests performed on cerebrospinal fluid for diagnosis of neurosyphilis.
Am ] Clin Pathol. (2015) 143:479-84. doi: 10.1309/AJCPWSL3G8RXMCQR

58. Xia W, Zhao ], Su B, Jiao Y, Weng W, Zhang M, et al. Syphilitic infection impairs
immunity by inducing both apoptosis and pyroptosis of CD4+ and CD8+ T
lymphocytes. Innate Immun. (2021) 27:99-106. doi: 10.1177/1753425920952840

59. Deka RK, Brautigam CA, Biddy BA, Liu WZ, Norgard MV. Evidence for an ABC-
type riboflavin transporter system in pathogenic spirochetes. MBio. (2013) 4:00615-2.
doi: 10.1128/mBi0.00615-12

60. Edmondson DG, Hu B, Norris SJ. Long-term in vitro culture of the syphilis
spirochete Treponema pallidum subsp. pallidum. MBio. (2018) 9:¢01153-18. doi:
10.1128/mBio0.01153-18

61. Wicher K, Wicher V, Abbruscato F, Baughn RE. Treponema pallidum subsp.
pertenue displays pathogenic properties different from those of T. pallidum subsp.
pallidum. Infect Immun. (2000) 68:3219-25. doi: 10.1128/IA1.68.6.3219-3225.2000

62. Tong M-L, Zhang H-L, Zhu X-Z, Fan J-Y, Gao K, Lin L-R, et al. Re-evaluating the
sensitivity of the rabbit infectivity test for Treponema pallidum in modern era. Clin Chim
Acta. (2017) 464:136-41. doi: 10.1016/j.cca.2016.11.031

63. Liu L-L, Lin Y, Chen W, Tong M-L, Luo X, Lin L-R, et al. Metabolite profiles of the
cerebrospinal fluid in neurosyphilis patients determined by untargeted metabolomics
analysis. Front Neurosci. (2019) 13:150. doi: 10.3389/fnins.2019.00150

64.Dai Y-N, Huang H-J, Song W-Y, Tong Y-X, Yang D-H, Wang M-S, et al.
Identification of potential metabolic biomarkers of cerebrospinal fluids that differentiate
tuberculous meningitis from other types of meningitis by a metabolomics study.
Oncotarget. (2017) 8:100095:-100112. doi: 10.18632/oncotarget.21942

65. van Laarhoven A, Dian S, Aguirre-Gamboa R, Avila-Pacheco J, Ricafio-Ponce I,
Ruesen C, et al. Cerebral tryptophan metabolism and outcome of tuberculous
meningitis: an observational cohort study. Lancet Infect Dis. (2018) 18:526-35. doi:
10.1016/S1473-3099(18)30053-7

66. Tomalka JA, Sharma AA, Smith AG, Avaliani T, Gujabidze M, Bakuradze T, et al.
Combined cerebrospinal fluid metabolomic and cytokine profiling in tuberculosis
meningitis reveals robust and prolonged changes in immunometabolic networks.
medRxiv. (2023) 2023:23291676. doi: 10.1101/2023.06.26.23291676

67.Irvine HJ, Acharjee A, Wolcott Z, Ament Z, Hinson H, Molyneaux BJ, et al.
Hypoxanthine is a pharmacodynamic marker of ischemic brain edema modified by
glibenclamide. Cell Rep Med. (2022) 3:100654. doi: 10.1016/j.xcrm.2022.100654

68. Ryu HM, Kim YJ, Oh EJ, Oh SH, Choi JY, Cho JH, et al. Hypoxanthine induces
cholesterol accumulation and incites atherosclerosis in apolipoprotein E-deficient mice
and cells. J Cell Mol Med. (2016) 20:2160-72. doi: 10.1111/jcmm.12916

69.Smith MA, Zhang H, Forseille L, Purves RW. Characterization of novel
triacylglycerol estolides from the seed oil of Mallotus philippensis and Trewia nudiflora.
Lipids. (2013) 48:75-85. doi: 10.1007/s11745-012-3721-y

70. Arbeeny CM, Meyers DS, Bergquist KE, Gregg RE. Inhibition of fatty acid
synthesis decreases very low-density lipoprotein secretion in the hamster. J Lipid Res.
(1992) 33:843-51. doi: 10.1016/S0022-2275(20)41509-3

71. Guldur T. Effects of polyunsaturated fatty acids on lipid metabolism and their
mechanism: which fat? | Facult Pharm Ankara Univ. (2009) 38:191-210. doi: 10.1501/
Eczfak_0000000527

72. Tachikawa M, Ozeki G, Higuchi T, Akanuma SI, Tsuji K, Hosoya KI. Role of the
blood-cerebrospinal fluid barrier transporter as a cerebral clearance system for

frontiersin.org


https://doi.org/10.3389/fneur.2024.1403312
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://doi.org/10.1016/j.freeradbiomed.2023.07.027
https://doi.org/10.1186/s12967-023-04637-y
https://doi.org/10.3390/ijms24065742
https://doi.org/10.7554/eLife.85307
https://doi.org/10.1016/j.ebiom.2023.104589
https://doi.org/10.3390/nu14122495
https://doi.org/10.3389/fphys.2021.775648
https://doi.org/10.3390/ijms14011310
https://doi.org/10.3390/ijms14011310
https://doi.org/10.3390/v10110609
https://doi.org/10.1038/nrmicro3215
https://doi.org/10.1016/j.jinf.2015.06.004
https://doi.org/10.1016/j.jinf.2015.06.004
https://doi.org/10.1186/s13613-022-01002-y
https://doi.org/10.1093/cid/cit458
https://doi.org/10.3390/jcm11030803
https://doi.org/10.12998/wjcc.v3.i5.430
https://doi.org/10.12998/wjcc.v3.i5.430
https://doi.org/10.1128/CMR.00105-19
https://doi.org/10.1212/WNL.0b013e3182752ceb
https://doi.org/10.1080/00207454.2023.2279501
https://doi.org/10.1159/000492053
https://doi.org/10.1159/000330298
https://doi.org/10.1002/jmv.1890390302
https://doi.org/10.4414/smw.2010.13107
https://doi.org/10.4414/smw.2010.13107
https://doi.org/10.1002/jmv.1082
https://doi.org/10.1186/s12967-019-02179-w
https://doi.org/10.4137/IJTR.S13256
https://doi.org/10.1093/infdis/jiz048
https://doi.org/10.1093/cid/ciad437
https://doi.org/10.1186/s12879-021-06846-6
https://doi.org/10.3389/fmed.2022.800383
https://doi.org/10.1186/s12879-021-06264-8
https://doi.org/10.1007/s12031-019-01320-0
https://doi.org/10.1309/AJCPWSL3G8RXMCQR
https://doi.org/10.1177/1753425920952840
https://doi.org/10.1128/mBio.00615-12
https://doi.org/10.1128/mBio.01153-18
https://doi.org/10.1128/IAI.68.6.3219-3225.2000
https://doi.org/10.1016/j.cca.2016.11.031
https://doi.org/10.3389/fnins.2019.00150
https://doi.org/10.18632/oncotarget.21942
https://doi.org/10.1016/S1473-3099(18)30053-7
https://doi.org/10.1101/2023.06.26.23291676
https://doi.org/10.1016/j.xcrm.2022.100654
https://doi.org/10.1111/jcmm.12916
https://doi.org/10.1007/s11745-012-3721-y
https://doi.org/10.1016/S0022-2275(20)41509-3
https://doi.org/10.1501/Eczfak_0000000527
https://doi.org/10.1501/Eczfak_0000000527

Plaatjie et al.

prostaglandin E2 produced in the brain. ] Neurochem. (2012) 123:750-60. doi: 10.1111/
jnc.12018

73. Vockley J. Organic acidemias and disorders of fatty acid oxidation In: J Vockley,
editor. Emery and Rimoin's principles and practice of medical genetics and genomics.
Amsterdam, Netherlands: Elsevier (2021). 279-333.

74. Bagcchi S. WHO global tuberculosis report 2022. Lancet Microbe. (2023) 4:e20.
doi: 10.1016/S2666-5247(22)00359-7

75. Navarro-Flores A, Fernandez-Chinguel JE, Pacheco-Barrios N, Soriano-Moreno
DR, Pacheco-Barrios K. Global morbidity and mortality of central nervous system
tuberculosis: a systematic review and meta-analysis. ] Neurol. (2022) 269:3482-94. doi:
10.1007/s00415-022-11052-8

76. Shariq M, Sheikh JA, Quadir N, Sharma N, Hasnain SE, Ehtesham NZ. COVID-19
and tuberculosis: the double whammy of respiratory pathogens. Eur Respir Rev. (2022)
31:210264. doi: 10.1183/16000617.0264-2021

77.8Seid G, Alemu A, Dagne B, Gamtesa DE. Microbiological diagnosis and mortality
of tuberculosis meningitis: systematic review and meta-analysis. PLoS One. (2023)
18:€0279203. doi: 10.1371/journal.pone.0279203

78. Thwaites GE, van Toorn R, Schoeman J. Tuberculous meningitis: more questions, still
too few answers. Lancet Neurol. (2013) 12:999-1010. doi: 10.1016/S1474-4422(13)70168-6

79. Wilkinson RJ, Rohlwink U, Misra UK, Van Crevel R, Mai NTH, Dooley KE, et al.
Tuberculous meningitis. Nat Rev Neurol. (2017) 13:581-98. doi: 10.1038/nrneurol.2017.120

80. Moule MG, Cirillo JD. Mycobacterium tuberculosis dissemination plays a critical role
in pathogenesis. Front Cell Infect Microbiol. (2020) 10:65. doi: 10.3389/fcimb.2020.00065

81. Rich AR. The pathogenesis of tuberculous meningitis. Bull John Hopkins Hosp.
(1933) 52:5.

82. Zaharie S-D, Franken DJ, van der Kuip M, van Elsland S, de Bakker BS, Hagoort
], et al. Three-dimensional visualizations from a dataset of immunohistochemical stained
serial sections of human brain tissue containing tuberculosis related granulomas. Data
Brief. (2020) 33:106532. doi: 10.1016/j.dib.2020.106532

83. Zaharie S-D, Franken DJ, van der Kuip M, van Elsland S, de Bakker BS, Hagoort
J, et al. The immunological architecture of granulomatous inflammation in central
nervous system tuberculosis. Tuberculosis. (2020) 125:102016. doi: 10.1016/j.tube.
2020.102016

84. Ibraheem R, Ariyibi S, Gobir A, Johnson A, Yusuf M, Adeleke N. Relevance and
challenges of neuroimaging for childhood tuberculous meningitis diagnosis in a
resource-constraint country: a case report and literature review. Res J Health Sci. (2023)
11:238-43. doi: 10.4314/rejhs.v11i3.6

85. Thwaites G, Chau T, Mai N, Drobniewski E, McAdam K, Farrar J. Tuberculous
meningitis. ] Neurol Neurosurg Psychiatry. (2000) 68:289-99. doi: 10.1136/jnnp.68.3.289

86. Huang Y, Zhao M, Chen X, Zhang R, Le A, Hong M, et al. Tryptophan metabolism
in central nervous system diseases: pathophysiology and potential therapeutic strategies.
Aging Dis. (2023) 14:858-78. doi: 10.14336/AD.2022.0916

87. Ruddick JP, Evans AK, Nutt DJ, Lightman SL, Rook GA, Lowry CA. Tryptophan
metabolism in the central nervous system: medical implications. Expert Rev Mol Med.
(2006) 8:1-27. doi: 10.1017/51462399406000068

88. Barnacle JR, Davis AG, Wilkinson RJ. Recent advances in understanding the
human host immune response in tuberculous meningitis. Front Immunol. (2023) 14:651.
doi: 10.3389/fimmu.2023.1326651

Frontiers in Neurology

12

10.3389/fneur.2024.1403312

89. Midttun @, Ulvik A, Meyer K, Zahed H, Giles GG, Manjer J, et al. A cross-sectional
study of inflammatory markers as determinants of circulating kynurenines in the lung
Cancer cohort consortium. Sci Rep. (2023) 13:1011. doi: 10.1038/541598-023-28135-9

90. Rios C, Santamaria A. Quinolinic acid is a potent lipid peroxidant in rat brain
homogenates. Neurochem Res. (1991) 16:1139-43. doi: 10.1007/BF00966592

91. Santamaria A, Rios C. MK-801, an N-methyl-D-aspartate receptor antagonist,
blocks quinolinic acid-induced lipid peroxidation in rat corpus striatum. Neurosci Lett.
(1993) 159:51-4. doi: 10.1016/0304-3940(93)90796-N

92. Southgate G, Daya S. Melatonin reduces quinolinic acid-induced lipid
peroxidation in rat brain homogenate. Metab Brain Dis. (1999) 14:165-71. doi:
10.1023/A:1020610708637

93. Guo L, Zaharie SD, van Furth AM, van der Wel NN, Grootemaat AE, Zhang L, et al.
Marked IDO2 expression and activity related to autophagy and apoptosis in brain tissue of
fatal tuberculous meningitis. Tuberculosis (2024) 146:102495.

94. Almannai M, Alfadhel M, El-Hattab AW. Carnitine inborn errors of metabolism.
Molecules. (2019) 24:3251. doi: 10.3390/molecules24183251

95. Virmani MA, Cirulli M. The role of l-carnitine in mitochondria, prevention of
metabolic inflexibility and disease initiation. Int ] Mol Sci. (2022) 23:2717. doi: 10.3390/
ijms23052717

96. van Crevel R, Avila-Pacheco J, Thuong NT, Ganiem AR, Imran D, Hamers RL,
et al. Improving host-directed therapy for tuberculous meningitis by linking clinical and
multi-omics data. Tuberculosis. (2021) 128:102085. doi: 10.1016/j.tube.2021.102085

97. Kalli E, Vlamos P. Dietary neurolipidomics in Alzheimer’s disease. ] Nutr Med Diet
Care. (2022) 8:58. doi: 10.23937/2572-3278/1510058

98.Yoon ], Seo Y, Jo Y, Lee S, Cho E, Cazenave-Gassiot A, et al. Brain lipidomics: from
functional landscape to clinical significance. Sci Adv. (2022) 8:eadc9317. doi: 10.1126/
sciadv.adc9317

99. Colas RA, Thuong NTT, Gémez EA, Ly L, Thanh HH, Mai NTH, et al. Proresolving
mediator profiles in cerebrospinal fluid are linked with disease severity and outcome in
adults with tuberculous meningitis. FASEB J. (2019) 33:13028-39. doi: 10.1096/
£.201901590R

100. Tobin DM, Vary JC, Ray JP, Walsh GS, Dunstan SJ, Bang ND, et al. The Ita4h locus
modulates susceptibility to mycobacterial infection in zebrafish and humans. Cell. (2010)
140:717-30. doi: 10.1016/j.cell.2010.02.013

101. Mani AP, Shanmugapriya K, Yadav S, Shanmugapriya A, Deepakkanna K.
Assessment of lipid profile in patients with pulmonary tuberculosis: an observational
study. Cureus. (2023) 15:€39244. doi: 10.7759/cureus.39244

102. Gebremicael G, Amare Y, Challa F, Gebreegziabxier A, Medhin G,
Wolde M, et al. Lipid profile in tuberculosis patients with and without human
immunodeficiency virus infection. Int ] Chronic Dis. (2017) 2017:1-7. doi: 10.1155/
2017/3843291

103. Papathakis P, Piwoz E. Nutrition and tuberculosis: a review of the literature and
considerations for TB control programs. United States Agency for International
Development, Africa's Health 2010 Project:1. (2008).

104. Anh NK, Phat NK, Yen NTH, Jayanti RP, Thu VTA, Park Y], et al. Comprehensive
lipid profiles investigation reveals host metabolic and immune alterations during anti-
tuberculosis treatment: implications for therapeutic monitoring. Biomed Pharmacother.
(2023) 158:114187. doi: 10.1016/j.biopha.2022.114187

frontiersin.org


https://doi.org/10.3389/fneur.2024.1403312
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://doi.org/10.1111/jnc.12018
https://doi.org/10.1111/jnc.12018
https://doi.org/10.1016/S2666-5247(22)00359-7
https://doi.org/10.1007/s00415-022-11052-8
https://doi.org/10.1183/16000617.0264-2021
https://doi.org/10.1371/journal.pone.0279203
https://doi.org/10.1016/S1474-4422(13)70168-6
https://doi.org/10.1038/nrneurol.2017.120
https://doi.org/10.3389/fcimb.2020.00065
https://doi.org/10.1016/j.dib.2020.106532
https://doi.org/10.1016/j.tube.2020.102016
https://doi.org/10.1016/j.tube.2020.102016
https://doi.org/10.4314/rejhs.v11i3.6
https://doi.org/10.1136/jnnp.68.3.289
https://doi.org/10.14336/AD.2022.0916
https://doi.org/10.1017/S1462399406000068
https://doi.org/10.3389/fimmu.2023.1326651
https://doi.org/10.1038/s41598-023-28135-9
https://doi.org/10.1007/BF00966592
https://doi.org/10.1016/0304-3940(93)90796-N
https://doi.org/10.1023/A:1020610708637
https://doi.org/10.3390/molecules24183251
https://doi.org/10.3390/ijms23052717
https://doi.org/10.3390/ijms23052717
https://doi.org/10.1016/j.tube.2021.102085
https://doi.org/10.23937/2572-3278/1510058
https://doi.org/10.1126/sciadv.adc9317
https://doi.org/10.1126/sciadv.adc9317
https://doi.org/10.1096/fj.201901590R
https://doi.org/10.1096/fj.201901590R
https://doi.org/10.1016/j.cell.2010.02.013
https://doi.org/10.7759/cureus.39244
https://doi.org/10.1155/2017/3843291
https://doi.org/10.1155/2017/3843291
https://doi.org/10.1016/j.biopha.2022.114187

	LC–MS metabolomics and lipidomics in cerebrospinal fluid from viral and bacterial CNS infections: a review
	1 Introduction
	2 Search parameters
	3 Cerebrospinal fluid metabolomics of viral infections of the CNS
	3.1 Enterovirus meningitis
	3.2 Varicella zoster virus meningitis/encephalitis
	3.3 Tick-borne encephalitis
	3.4 Herpes simplex encephalitis
	3.5 Summary of CSF metabolomics of viral infections of the CNS

	4 Cerebrospinal fluid metabolomics of bacterial infections
	4.1 Neurosyphilis
	4.2 Tuberculous meningitis

	5 Neurolipidomics in bacterial and viral infections
	6 Summary and future prospects
	Author contributions

	References

