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Background: In multifactorial diseases, alterations in the concentration of metabolites can identify novel pathological mechanisms at the intersection between genetic and environmental influences. This study aimed to profile the plasma metabolome of patients with dementia with Lewy bodies (DLB) and Alzheimer’s disease (AD), two neurodegenerative disorders for which our understanding of the pathophysiology is incomplete. In the clinical setting, DLB is often mistaken for AD, highlighting a need for accurate diagnostic biomarkers. We therefore also aimed to determine the overlapping and differentiating metabolite patterns associated with each and establish whether identification of these patterns could be leveraged as biomarkers to support clinical diagnosis.

Methods: A panel of 630 metabolites (Biocrates MxP Quant 500) and a further 232 metabolism indicators (biologically informative sums and ratios calculated from measured metabolites, each indicative for a specific pathway or synthesis; MetaboINDICATOR) were analyzed in plasma from patients with probable DLB (n = 15; age 77.6 ± 8.2 years), probable AD (n = 15; 76.1 ± 6.4 years), and age-matched cognitively healthy controls (HC; n = 15; 75.2 ± 6.9 years). Metabolites were quantified using a reversed-phase ultra-performance liquid chromatography column and triple-quadrupole mass spectrometer in multiple reaction monitoring (MRM) mode, or by using flow injection analysis in MRM mode. Data underwent multivariate (PCA analysis), univariate and receiving operator characteristic (ROC) analysis. Metabolite data were also correlated (Spearman r) with the collected clinical neuroimaging and protein biomarker data.

Results: The PCA plot separated DLB, AD and HC groups (R2 = 0.518, Q2 = 0.348). Significant alterations in 17 detected metabolite parameters were identified (q ≤ 0.05), including neurotransmitters, amino acids and glycerophospholipids. Glutamine (Glu; q = 0.045) concentrations and indicators of sphingomyelin hydroxylation (q = 0.039) distinguished AD and DLB, and these significantly correlated with semi-quantitative measurement of cardiac sympathetic denervation. The most promising biomarker differentiating AD from DLB was Glu:lysophosphatidylcholine (lysoPC a 24:0) ratio (AUC = 0.92; 95%CI 0.809–0.996; sensitivity = 0.90; specificity = 0.90).

Discussion: Several plasma metabolomic aberrations are shared by both DLB and AD, but a rise in plasma glutamine was specific to DLB. When measured against plasma lysoPC a C24:0, glutamine could differentiate DLB from AD, and the reproducibility of this biomarker should be investigated in larger cohorts.
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Introduction

In clinical practice, dementia with Lewy bodies (DLB) is significantly under-detected. Neuropathology indicative of DLB is observed in over 25% of dementia cases (McAleese et al., 2021), yet DLB represents under 5% of cases diagnosed antemortem (Kane et al., 2018). Of these cases, more than half are initially mis-diagnosed as conditions other than DLB. Alzheimer’s disease (AD) is the most frequent initial misdiagnosis (Surendranathan et al., 2020). Accurately recognizing DLB remains a crucial objective because DLB is associated with shorter survival, increased hospitalization and greater carer stress than other types of dementia (Lee et al., 2013; Price et al., 2017; Mueller et al., 2018). DLB requires its own specific management approaches which further justify the need for better diagnosis (Taylor et al., 2020).

Our understanding of the multifactorial pathophysiology of DLB is incomplete. Although, like Parkinson’s disease (PD), DLB is primarily driven by the aggregation of α-synuclein into Lewy bodies and Lewy neurites, clinical expression is also significantly influenced by co-morbid AD pathology (Tiraboschi et al., 2006). The genetic architecture of DLB, while distinct from those of AD and PD, also overlaps with both disorders (Chia et al., 2021). A similar pattern is seen in the influence of non-genetic factors, where depression and low caffeine increase risk of DLB more strongly than they do in AD or PD. Smoking and education have opposing risk effects on PD and AD, but are not associated with a higher risk of DLB (Boot et al., 2013).

Although clinical features and aligned clinical tools can support routine detection of DLB, biomarkers play an important role in accurate diagnosis (McKeith et al., 2017; O’Brien et al., 2020; Surendranathan et al., 2021). Striatal and cardiac imaging modalities [123I-N-3-fluoropropyl-2β-carbomethoxy-3β-4-iodophenyl tropane single photon emission computed tomography (123I-FP-CIT SPECT)] and cardiac [123I-metaiodobenzylguanidine (MIBG) scintigraphy] offer good sensitivity and specificity (Kane et al., 2018), but are expensive and burdensome for patients, caregivers and services. Polysomnography is, like FP-CIT and MIBG, also included in the DLB diagnostic criteria, but access to all three varies regionally and internationally. In recent years blood-based biomarkers for neurodegenerative illness have emerged (Teunissen et al., 2022), however, plasma biomarkers for AD [the ratio of 42 to 40 amino acid-long amyloid β (Aβ42/40) and tau phosphorylated at amino acid 181 (p-tau181)], astrocyte-expressed proteins [glial fibrillary acidic protein (GFAP)] and neurodegeneration [neurofilament light (NfL)] have limited utility in differentiating DLB from AD (Chouliaras et al., 2022; Gonzalez et al., 2022; Hamilton et al., 2023).

Metabolomics is an emerging discipline dedicated to the study of small metabolites in cells, tissues and biofluids, using a comprehensive, simultaneous and systematic profiling of numerous metabolite concentrations (Menni et al., 2017). Minor changes to endogenous and environmental factors can be reflected downstream at the level of metabolites and metabolomics is therefore thought to possess the potential to create a convergence of genetic, environmental, and physiological elements to multifactorial diseases like DLB (Shao and Le, 2019). Furthermore, where aberrations are identified, they may be leveraged as biomarkers in diagnostic practice and precision medicine (Xiao et al., 2022).

Metabolomic-based biomarker research in PD has advanced considerably in recent years (Li et al., 2022). Metabolomic profiling of the plasma of patients with PD found dysregulation in kynurenine pathways when compared with healthy controls (Chang et al., 2018). This has led to the proposal that supplementation with kynurenic acid, or the reduction of quinolinic acid using kynurenine 3-monooxygenase inhibitors could be a viable therapeutic pathway for PD treatment (Shao and Le, 2019). A 2020 systematic review identified 11 studies investigating 22 metabolites in DLB cohort (Scholefield et al., 2020). Only one report analyzed plasma samples. This narrowly focused study measured just four nitric oxide metabolites in DLB plasma samples and compared them with healthy controls (Molina et al., 2002). No studies have adopted a metabolomic approach, nor investigated a role for metabolite biomarkers discriminating DLB from AD (Scholefield et al., 2020).

There remains an unexplored potential for metabolite alterations to improve our understanding of the pathology or to develop novel biomarkers of neurodegenerative diseases, particularly in DLB where there is a near complete lack of investigation. Herein, we employed a validated LC–MS/MS methodology to quantify the plasma levels of 630 annotated metabolites to compare the metabolome of DLB with that of both AD and healthy controls. A further 232 metabolism indicators were obtained by calculating established metabolite sums and ratios. The aim was to identify novel DLB biomarkers capable of distinguishing the disease from AD, and to corroborate these findings using known neuroimaging and protein biomarkers for DLB.



Methods


Recruitment

As part of two neuroimaging studies (Donaghy et al., 2018; Kane et al., 2019) subjects over 60 years old with probable AD (McKhann et al., 2011) or probable DLB (McKeith et al., 2017, p. 201) were recruited through psychiatry of old age, geriatric medicine, and neurology services in North-east England between 2013 and 2017. Cognitively healthy older adults who demonstrated no evidence of dementia or mild cognitive impairment, were recruited through local research registers or were relatives of participants with dementia. Ethical approval for the two studies contributing data to this project were awarded by an NHS Regional Ethics Committee (NRES Committee North East—Newcastle & North Tyneside; references 13/NE/0268 and 13/NE/0064).

After venipuncture and collection in EDTA tubes, samples were centrifuged to isolate plasma, aliquoted and stored at −70°C.



Cognitive and clinical assessments

At baseline, a thorough assessment was carried out on each patient. Cognitive impairment was assessed in all groups with the Mini-mental State examination (Folstein et al., 1975) and revised Addenbrooke’s Cognitive Examination (Mioshi et al., 2006). Functional impairment in participants with AD and DLB was assessed using the Bristol and Instrumental Activities of Daily Living Scales (Lawton and Brody, 1969; Bucks et al., 1996). Core DLB symptoms of visual hallucinations, motor parkinsonism, REM sleep behavior disorder, and fluctuations in cognition and arousal were assessed in subjects with DLB and AD using the hallucinations subscale of the neuropsychiatric inventory (NPI; Cummings, 1997), the Unified Parkinson’s Disease Rating Scale motor subscale (MDS-UPDRS) (Goetz et al., 2008), Mayo Sleep Questionnaire (Boeve et al., 2011), and Dementia Cognitive Fluctuations Scale (Lee et al., 2014) respectively.



MIBG cardiac scintigraphy

Most subjects with probable AD (87%; 13/15) or probable DLB (93%; 14/15) underwent MIBG cardiac scintigraphy, which is an indicative biomarker of DLB. A reduction in the ratio of cardiac MIBG uptake to a mediastinal reference point [heart:mediastinum ratio (HMR)] below a predetermined threshold is considered representative of sympathetic denervation and suggestive of DLB. Details of image acquisition and HMR analysis has been previously published (Kane et al., 2019).



Protein biomarker analysis

Protein biomarker measurements were conducted at the UK Dementia Research Institute biomarker laboratory as previously published (Chouliaras et al., 2022). In brief, commercially available Single molecule array (Simoa) assays were used to measure plasma Aβ40, Aβ42, Aβ40/42, GFAP, NfL and p-tau181 concentrations on an HDx instrument (Quanterix, Billerica, MA).



Targeted metabolomics analysis

Targeted metabolomics profiling was performed using a commercially available MxP Quant500 kit (Biocrates Life Science AG, Innsbruck, Austria), which quantifies 630 metabolites and lipids from 26 analyte classes. This process also permits the calculation of 232 “metabolism indicators.” These are pre-determined sums and ratios comprising the quantified metabolites and pertain to specific biological pathways or syntheses.

All frozen plasma samples (−80°C) were thawed on ice before preparation, according to the instruction from the kit manufacturer. In brief, 10 μL of phosphate-buffered saline, calibrators, quality controls (QCs, lyophilized plasma spiking with metabolites at three known concentrations), and plasma samples were added to a 96-well plate which contains isotopic-labeled internal standards, followed by adding phenyl isothiocyanate (PITC) to derivatize amino acids and biogenic amines. Metabolites separation was performed using an ultra-performance liquid chromatography (UPLC) system (AB SCIEX ExionLC system, California, United States) with a reversed-phase MxP Quant 500 UHPLC column and analyzed using a triple-quadrupole mass spectrometer (Xevo TQ-S, Waters Corporation, Milford, United States) operating in the multiple reaction monitoring (MRM) mode. All the other metabolites (acylcarnitines, hexoses, glycerophospholipids, and sphingolipids) were quantified using the same mass spectrometer without column separation by the flow injection analysis (FIA) operating in MRM mode.

For quantitation, both LC and FIA data were converted and imported directly into the Biocrates software, MetIDQ Oxygen, and quantified. MetIDQ includes an automated simple target normalization procedure based on QC or sample pool for batch-to-batch and kit plate-to-plate correction for sample cohort across several kit plates. Metabolite concentrations were calculated and expressed as micromole (μM).

Whenever ≥20% of measurements for a metabolite were lower than the limit of detection (LOD), the metabolite was described as “undetectable” and was excluded from the analysis. Any metabolism indicators involving undetectable metabolites were not calculated. The LOD of each metabolite was based on the Quant500 kit methodology in accordance with the manufacturer’s instructions.



Statistical analysis

The normality of individual metabolite was tested with the Shapiro–Wilk test using SPSS (version 26). The normally distributed data was analyzed using one-way ANOVA and Student’s t-test and non-distributed data analyzed using the Kruskal-Wallis test and multivariate analysis (PCA analysis) was performed using SIMCA 17. A heatmap was generated, and potential biomarkers and paired biomarker ratios were identified using MetaboAnalyst 5.0 (Pang et al., 2021). The receiver operating characteristic (ROC) analysis and bar chart was performed using GraphPad Prism 9. Spearman’s rank correlation coefficient was performed using SPSS (version 26) to determine the correlations between each metabolite and HMR, p-tau181, Aβ40, Aβ42, Aβ40/42, GFAP and NfL in AD and DLB subjects.




Results

A total of 45 participants were included in the study. Table 1 summarizes the group characteristics. The groups were well matched for age and sex, and the AD and DLB well matched for levels of both cognitive and functional measures. Measures of parkinsonism, fluctuations and hallucinations were as expected all higher in subjects with DLB than those with AD.



TABLE 1 Clinical and demographic characteristics of participants.
[image: Table1]


Profiling of the plasma metabolome

Of 630 targeted metabolites, 530 were detectable and 100 undetectable. From the multivariant analysis, the principal component analysis (PCA) plot (Figure 1A) showed separation between control and AD/DLB groups with the R2 = 0.518 and Q2 = 0.348.

[image: Figure 1]

FIGURE 1
 (A) PCA plot of plasma metabolites profiling for the healthy controls, AD and DLB groups. (B) Heatmap for significantly changed metabolites/metabolism indicators among healthy controls, AD and DLB groups with the q ≤ 0.05.


Among 530 detected metabolites, 17 metabolites, including glutamine, taurine, serotonin, four phosphatidylcholines and 10 triglycerides (Table 2) showed significant difference among three groups with the false discovery rate (FDR) ≤ 0.05. The heatmap (Figure 1B) demonstrates that these four phosphatidylcholines and 10 triglycerides all significantly decreased in both subjects with AD and with DLB. Glutamine was the only amino acid significantly elevated in DLB, but not in AD or controls. Of the 232 metabolism indicators (i.e., metabolite sums and ratios) 197 were determinable. Of these metabolism indicators four (sum of neurotransmitters, serotonin synthesis, taurine synthesis and putrescine synthesis) were significantly reduced in AD and DLB patients compared with controls. The ratio of total hydroxylated sphingomyelin to total sphingomyelin (SM-OH/SM) and also SM-OH C24:1/SM C24:1 decreased significantly in DLB, but not AD groups.



TABLE 2 Significantly altered metabolites/metabolism indicators with FDR values ≤0.05.
[image: Table2]



Evaluation of the performance of potential biomarkers

Receiver operating characteristic (ROC) analysis was performed to evaluate these metabolites as potential biomarkers. Serotonin and the sum of neurotransmitters (dopamine, histamine and serotonin) showed the highest discrimination ability between control and DLB groups with an AUC of 0.96 (sensitivity = 1.00, specificity = 0.90; Figure 2A). The serotonin synthesis indicator (serotonin/tryptophan) also discriminated these two groups with an AUC of 0.94 (sensitivity = 0.90, specificity = 0.90; Figure 2A). Two metabolites, taurine, and TG(22:6_34:3) could differentiate between control and AD groups with AUC of 0.92 (sensitivity = 0.90, specificity = 0.90; Figure 2A). No single metabolite or metabolism indicator was found to differentiate AD from DLB groups with AUC > 0.9 (Figure 2B). However, of the paired biomarker ratios generated by MetaboAnalyst, the ratio of glutamine to lysophosphatidylcholine C24:0 (lysoPC a 24:0) was the most optimal discriminator of DLB from AD. This achieved an AUC of 0.92 (sensitivity = 0.90 and specificity = 0.90; Figure 2A). Glutamine and glycine differentiated between DLB and AD with AUC of 0.85 (sensitivity = 0.80 and specificity = 0.80) and 0.80 (sensitivity = 0.70 and specificity = 0.80), respectively.

[image: Figure 2]

FIGURE 2
 (A) ROC curve for potential biomarkers discriminating between every two groups. (B) Bar chart for potential biomarkers. The statistical analysis was performed using Krustal-Wallis test.


[image: Figure 3]

FIGURE 3
 Plasma metabolites closely associated with heart:mediastinum ratio (HMR). (A) glutamine significantly negatively correlated with HMR (B) The ratio of SM-OHs/SM-Non OHs C24:1 significantly positively correlated with HMR (C) The ratio of SM-OHs/SM-Non OHs C24:1 significantly positively correlated with lowest SBR and (D) levels tended to be lower in cases of DLB. (E) shows MIBG scans of HMRs equivalent to 3.27 [normal, suggestive of AD in this study (left)] and 1.46 [abnormal, suggestive of DLB (left)].


The correlation between those significantly altered metabolites/metabolism indicators and HMR and plasma markers, including HMR, p-tau181, Aβ40, Aβ42, Aβ40/42, GFAP and NfL were investigated in exploratory analyses (Table 3). There was no significant correlation between p-tau181 and any of altered metabolites/metabolism indicators. Glutamine negatively associated with HMR (p = 0.004; r = −0.536) and positively associated with NfL (p = 0.002, r = 0.566) (Figure 3). Taurine and serotonin both negatively correlated with Aβ. Triglycerides negatively associated with NfL levels, while putrescine synthesis positively associated with NfL levels (p = 0.039, r = 0.392). Ratio of SM-OHs to SM-Non-OHs positively correlated with HMR (p = 0.015, r = 0.464) and negatively correlated with GFAP (p = 0.028, r = −0.415) and NfL (value of p = 0.009, r = −0.486), meanwhile the ratio of SM-OH C24:1/SM C24:1 similarly showed significant positive correlation to HMR (p = 0.005, r = 0.523) and negative correlation to GFAP (p = 0.018, r = −0.445) and NfL (p = 0.001, r = −0.591).



TABLE 3 Correlation analysis for the significantly altered metabolites/metabolism with HMR, Aβ40, Aβ42, Aβ42/Aβ40, p-tau181, GFAP and NfL.
[image: Table3]




Discussion

In this study we profiled the plasma metabolome of patients with DLB and AD, as well as cognitively normal control subjects, and determined the overlapping and differentiating metabolite patterns associated with these neurodegenerative diseases. Secondly, we determined whether identification of these patterns could be leveraged as biomarkers to support clinical diagnosis.

We observed 21 metabolites that were altered in both DLB and AD compared with healthy controls. Many of these perturbations relate to a reduction in circulating neurotransmitters, particularly serotonin.

These would seemingly arise from a decreased biosynthesis, but might also arise from other factors related to DLB and AD, such as medication or dietary intake. Taurine levels were reduced in both DLB and AD, but there were no differences between DLB and AD groups with respect to ‘taurine synthesis’ as a metabolic indicator. The likelihood is that these changes represent non-disease specific metabolic perturbations resulting from neurodegenerative processes, particularly since several of them moderately correlate with NfL, which is a recognized marker of neuroaxonal injury (Gaetani et al., 2019). The list of changes included putrescine synthesis, triglyceride homeostasis [TG (16:0_40:8), TG(18:1_38:7), TG(18:3_38:6)], and for sphingomyelin hydroxylation [SM-OH/SM-Non OH 24:1 and SM-OHs/SM-Non OHs]. Interestingly, these significantly correlated with GFAP, which is proposed to reflect neuroinflammation in the early stages of neurodegenerative disease (Surendranathan et al., 2018; Hansson, 2021; Loveland et al., 2023).

Given that the majority of cases with DLB demonstrate concomitant amyloid pathology it is unsurprising AD and DLB groups possessed similar metabolomic signatures (McAleese et al., 2021). We noted tendencies for metabolite concentrations to decrease in DLB and to be more pronounced than in AD, however, none of these reached statistical significance. Glutamine, which was significantly higher in DLB cases, was the only amino acid to significantly differ between AD and DLB. This alteration appears quite specific, given that glutamine correlated negatively with HMR (the semi-quantitative proxy measure of cardiac denervation derived from cardiac scintigraphy). Additionally, glutamine also correlated with both striatal left and right SBR and also putaminal left and right SBR (semi-quantitative measures of FP-CIT uptake).

Glutamine is an abundant free amino acid, which has a diverse set of functions in neuronal homeostasis that include its role as a fundamental precursor of neurotransmitters γ-aminobutyric acid (GABA) and glutamate. Alterations in plasma and CSF glutamine have been previously observed in numerous neurodegenerative diseases (Chang et al., 2018; Van Der Lee et al., 2018; Klatt et al., 2021), and it is therefore not unexpected therefore that glutamine correlated with NfL. What is less clear is why glutamine was significantly higher in DLB that in AD, particularly as both higher and lower levels have been observed in patients with PD (Klatt et al., 2021) and that the glutamine correlated with both semi-quantitative measures of indicative DLB biomarkers. One possible explanation may be a compensatory upregulation in glutamine synthesis in response to disruption of its physiological role in inhibiting α-synuclein aggregation (Wang et al., 2017).

Glutamine is also believed be neuroprotective against amyloid aggregation (Chen and Herrup, 2012). Although not noted in this study to correlate with protein markers of amyloid, AD requires the presence of amyloid pathology, while DLB does not (Jack et al., 2016). Another possibility is that elevated glutamine may reflect symptoms (such as parkinsonism or depressive illness) or their treatments (such as levodopa or antidepressants) recognized as more common in DLB than in AD. A larger sample size may have permitted detection of associated particular abnormalities in glutamine metabolism, such as glutaminase and glutamine synthetase activity.

None of the metabolic alterations identified in AD subjects (n = 40) enrolled to a recent Japanese study – ornithine, uracil, and lysine - were replicated in this study. The same study also did not find any association between AD and glutamine (Ozaki et al., 2022). We did not identify significant correlations between any metabolite or metabolomic marker and p-tau181, which has been observed at lower plasma concentrations in subjects with DLB than those with AD among 987 participants from the European DLB consortium (Gonzalez et al., 2022). This again may reflect the small sample size used in this study but also reinforces Gonzalez and colleagues’ assertion that plasma p-tau181 has limited diagnostic utility in differentiating DLB from AD (Chouliaras et al., 2022; Gonzalez et al., 2022).

A particularly intriguing finding of the present study was that the ratio of hydroxylated sphingomyelins to non-hydroxylated sphingomyelins (9-OH C24:1/SM C24:1) was significantly decreased in DLB subjects, but not AD subjects, compared with controls. This metabolic indicator correlated positively with both HMR and SBR, both specifically decreased in DLB. Sphingomyelin is a dominant sphingolipid of the major constituents of cell membranes (Gault et al., 2010). It is particularly enriched in the central nervous system as sphingomyelins, especially in hydroxylated form, are pivotal components of the myelin sheath that surrounds neuronal axons. Decreases in plasma sphingomyelins, and increases in their metabolite ceramide, have been consistently observed in AD, and direct and indirect links with amyloid and tau pathology described (Mielke and Haughey, 2012). Increases in serum sphingomyelin and plasma ceramide have also been investigated in PD (Alimov et al., 1990; Mielke et al., 2013), and glucocerebrosidase (GBA) mutations, a genetic risk factor for PD, implicated in ceramide metabolism (Sidransky et al., 2009). Of several enzymes involved in sphingomyelin metabolism, disruption of acid sphingomyelinase (ASMase) activity is implicated in accumulation of α-synuclein and mutations in the gene coding for ASMase is associated with earlier onset of PD (Alcalay et al., 2019; Usenko et al., 2022).

However, to our knowledge the hydroxylation status of sphingomyelin has not been specifically investigated in DLB, AD or PD. Fatty acid-2 hydroxylase (FA2N) is the enzyme responsible for synthesis of hydroxylated sphingomyelins, which are low-abundant but common sphingomyelins (Hama, 2010; Sessa et al., 2021) considered essential in maintaining stability of the myelin sheath (Signorelli et al., 2021). Mice deficient in FA2N have demonstrated age-related axon and myelin sheet degeneration that mirrors the negative correlation we observed between SM-OH C24:1/SM C24:1 and NfL (Zöller et al., 2008). Sphingomyelin hydroxylation should be explored as a possible pathogenetic mechanism in PD and DLB in metabolomic studies involving these populations.

Our finding that a combination of glutamine and lysoPC a C24:0 distinguished DLB from AD with 92% accuracy supports the concept that metabolomic analysis could be translated to the clinic. Here, it is glutamine which is the highly discriminative metabolite for these diseases. The plasma levels of lysoPC a C24:0 effectively normalized glutamine levels, and ultimately enhance its performance as a biomarker. LysoPC a C24:0 did not significantly differ between groups, although it tended to be lower in DLB. Therefore, in this context the lysoPC a C24:0 lipid species is not necessarily important in the pathology of either AD or DLB. That being said, lysoPC a C24:0 is a proinflammatory lipid and is believed to represent a marker of pericyte loss, vascular barrier disruption, and demyelination in neurodegenerative disease (Law et al., 2019). Increases in plasma lysoPC a C24:0 have been observed in AD samples when compared with age-matched controls, but more modest increases plasma concentrations also occurring with age (Dorninger et al., 2018).

Over half of DLB cases are initially misdiagnosed and is AD the disorder for which it is most frequently mistaken (Surendranathan et al., 2020). Although caveated by our small sample size, the 92% accuracy of a glutamine to lysoPC a C24:0 ratio observed in this study compares favorably with that of other DLB biomarkers. Three “indicative” DLB biomarkers; FP-CIT SPECT, cardiac MIBG, and polysomnography (PSG), are included in diagnostic criteria on the basis of utility in differentiating DLB and AD (McKeith et al., 2017). In an autopsy validated cohort, FP-CIT, a measurement of striatal dopaminergic activity, has demonstrated a sensitivity of 86% and a specificity of 83% (Walker and Walker, 2009). The only neuropathologically validated study of MIBG utility reports an accuracy of up to 94% (Matsubara et al., 2022), however, its specificity is believed to be lower in Western populations with higher rates of diabetes, cardiac disease and prescription of medications which might interfere with MIBG uptake. MIBG accuracy was 86% among a UK-based cohort of patients with DLB and AD (Kane et al., 2019). Irrespective of utility, all three indicative biomarkers are expensive, can be difficult for some patients to tolerate, and access to them varies considerably.

Blood-based biomarkers therefore offer a less invasive, clinically feasible alternative to imaging biomarkers. Although recent investigation of blood-based biomarkers has demonstrated differences between plasma concentration of phosphorylated tau in DLB and AD cohorts, neither demonstrated diagnostic accuracy for p-tau181 (AUC = 0.62–0.67) or p-tau231 (AUC = 0.56) supportive of their use as a biomarker (Chouliaras et al., 2022; Gonzalez et al., 2022). Our results demonstrate promise that plasma metabolomic analysis may feasibly translate into diagnostic use. It is important therefore that our results are replicated in larger cohorts, such as those curated by established DLB consortia (D’Antonio et al., 2021), and in datasets that include neuropathological validation of DLB diagnosis (Thomas et al., 2017).


Strengths and limitations

To the best of our knowledge this study is the first to investigate the plasma metabolome of DLB and explore the potential of metabolites as novel disease biomarkers. Using well matched and well characterized cohorts, we adopted an established and replicable methodology with considerable scalability, using a more extensive panel of quantified metabolites than utilized in studies investigating PD or AD (Chang et al., 2022; Ozaki et al., 2022). The inclusion of wide range of calculated metabolite sums and ratios added further rigor to this investigation.

The main limitations of this pilot study are its small sample size and the absence of replication. Sample size may have precluded detection of metabolomic aberrations that might better explain our observations of disruptions in glutamine synthesis and sphingomyelin hydroxylation. Independent replication would have provided more certainty to our findings, particularly with respect to the accuracy of the glutamine to lysoPC a C24:0 ratio and identified false positives contributing to 92% accuracy observed in this sample. Subjects were categorized on the basis of clinical diagnosis rather than the gold standard of neuropathological examination; however, our clinical method has been validated against autopsy data (McKeith et al., 2000). Despite our detailed characterization of subjects, collection of CSF data and those from other DLB biomarkers (such as electroencephalogram and polysomnography), would likely have enhanced the accuracy of our diagnostic process. Baseline assessment was the only point at which samples were retrieved and were therefore unable to determine how metabolite profiles alter over the course of the disease. In this explorative study we did not adjust for age and sex, which may confound our findings, but groups were well-matched. The inclusion of a PD cohort, with or without dementia, would have helped provide additional insight into our results. Comparison of the PD metabolome with that of DLB may have helped determine whether the aberrations identified were driven by these two disorders’ overlapping neuropathology or by other factors, such as sequelae or treatment of dementia. Another limitation is that nutritional assessments were not conducted in this study, although it has been demonstrated malnutrition can be more common in DLB patients than in AD (Koyama et al., 2016). It also should be pointed out that the alteration of glutamine, glycine and taurine levels in AD patients’ plasma are independent of patients’ nutritional state (Aquilani et al., 2020).

Finally, selection bias is a potential factor in the interpretation of these findings; our DLB cohort was typical of those investigated throughout DLB literature, and we recognize that individuals with clinically silent DLB, particularly where AD pathology co-exists (Tiraboschi et al., 2006) will not be identified for participation in studies such as ours.




Conclusion

This study indicates plasma metabolites correlate with imaging biomarkers of DLB, and this could be exploited as diagnostic biomarkers which differentiate DLB from AD. We assessed concentrations of 630 metabolites and 232 metabolism indicators, but a panel of five to 10 metabolites and metabolism indicators, if validated in a larger cohort, could provide scalable and cost-effective biomarkers which can be translated to the clinic.



Data availability statement

The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation.



Ethics statement

The studies involving humans were approved by NHS Regional Ethics Committees (NRES Committee North East—Newcastle & North Tyneside; references 13/NE/0268 and 13/NE/0064). The studies were conducted in accordance with the local legislation and institutional requirements. The participants provided their written informed consent to participate in this study.



Author contributions

XP: Formal analysis, writing – original draft, Visualization. PD: Writing – review & editing, Investigation. GR: Formal analysis, Investigation, Writing – review & editing. LC: Formal analysis, Writing – review & editing. JO’B: Funding acquisition, Writing – review & editing. AT: Funding acquisition, Writing – review & editing. AH: Formal analysis, Writing – review & editing. HZ: Funding acquisition, Writing – review & editing. BM: Funding acquisition, Writing – review & editing. AP: Funding acquisition, Writing – review & editing. BG: Conceptualization, Funding acquisition, Methodology, Writing – review & editing. JK: Conceptualization, Formal analysis, Funding acquisition, Investigation, Methodology, Writing – original draft, Writing – review & editing.



Funding

The author(s) declare financial support was received for the research, authorship, and/or publication of this article. This research was funded by an Alzheimer’s Research UK Northern Ireland Network grant and supported by the National Institute for Health Research (NIHR) Newcastle Biomedical Research Centre. PD is supported by the Medical Research Council [grant number MR/W000229/1]. HZ is a Wallenberg Scholar supported by grants from the Swedish Research Council (#2022–01018 and #2019–02397), the European Union’s Horizon Europe research and innovation program under grant agreement No 101053962, Swedish State Support for Clinical Research (#ALFGBG-71320), the Alzheimer Drug Discovery Foundation (ADDF), USA (#201809–2016862), the AD Strategic Fund and the Alzheimer’s Association (#ADSF-21-831376-C, #ADSF-21-831381-C, and #ADSF-21-831377-C), the Bluefield Project, the Olav Thon Foundation, the Erling-Persson Family Foundation, Stiftelsen för Gamla Tjänarinnor, Hjärnfonden, Sweden (#FO2022-0270), the European Union’s Horizon 2020 research and innovation program under the Marie Skłodowska-Curie grant agreement No 860197 (MIRIADE), the European Union Joint Program – Neurodegenerative Disease Research (JPND2021-00694), the National Institute for Health and Care Research University College London Hospitals Biomedical Research Centre, and the UK Dementia Research Institute at UCL (UKDRI-1003).



Acknowledgments

We thank our participant volunteers for their participation in this study and the North East Dementias and Neurodegenerative Diseases Research Network (DeNDRoN) for help with subject recruitment. We also thank Nicola Barnett and Helen Kain for their support to the AMPLE and MIDAS studies.



Conflict of interest

The Newcastle upon Tyne Hospitals Nuclear Medicine department receives funding from GE Healthcare for educational presentations delivered by GR. Outside of this work JO’B has acted as a consultant for TauRx, Novo Nordisk, Biogen, Roche, Lilly and GE Healthcare and received grant or academic support from Avid/Lilly, Merck and Alliance Medical. HZ has served at scientific advisory boards and/or as a consultant for Abbvie, Acumen, Alector, Alzinova, ALZPath, Annexon, Apellis, Artery Therapeutics, AZTherapies, Cognito Therapeutics, CogRx, Denali, Eisai, Nervgen, Novo Nordisk, Optoceutics, Passage Bio, Pinteon Therapeutics, Prothena, Red Abbey Labs, reMYND, Roche, Samumed, Siemens Healthineers, Triplet Therapeutics, and Wave, has given lectures in symposia sponsored by Alzecure, Biogen, Cellectricon, Fujirebio, Lilly, and Roche, and is a co-founder of Brain Biomarker Solutions in Gothenburg AB (BBS), which is a part of the GU Ventures Incubator Program (outside submitted work).

The remaining 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.

The author(s) declared that they were an editorial board member of Frontiers, at the time of submission. This had no impact on the peer review process and the final decision.



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.



References

 Alcalay, R. N., Mallett, V., Vanderperre, B., Tavassoly, O., Dauvilliers, Y., Wu, R. Y. J., et al. (2019). SMPD1 mutations, activity, and α-synuclein accumulation in Parkinson’s disease. Mov. Disord. 34, 526–535. doi: 10.1002/mds.27642 

 Alimov, I. I., Nazhmidinova, M. N., and Ganiev, K. G. (1990). Changes in lipid metabolism in patients with Parkinson disease after combined treatment with L-deprenil (iumex) and antiparkinson drugs. Zh. Nevropatol. Psikhiatr. Im. S. S. Korsakova 90, 35–38.

 Aquilani, R., Costa, A., Maestri, R., Cotta Ramusino, M., Pierobon, A., Dossena, M., et al. (2020). Mini nutritional assessment May identify a dual pattern of perturbed plasma amino acids in patients with Alzheimer's disease: a window to metabolic and physical rehabilitation? Nutrients 12:1845. doi: 10.3390/nu12061845 

 Boeve, B. F., Molano, J. R., Ferman, T. J., Smith, G. E., Lin, S.-C., Bieniek, K., et al. (2011). Validation of the Mayo sleep questionnaire to screen for REM sleep behavior disorder in an aging and dementia cohort. Sleep Med. 12, 445–453. doi: 10.1016/j.sleep.2010.12.009 

 Boot, B. P., Orr, C. F., Ahlskog, J. E., Ferman, T. J., Roberts, R., Pankratz, V. S., et al. (2013). Risk factors for dementia with Lewy bodies: a case-control study. Neurology 81, 833–840. doi: 10.1212/WNL.0b013e3182a2cbd1 

 Bucks, R. S., Ashworth, D. L., Wilcock, G. K., and Siegfried, K. (1996). Assessment of activities of daily living in dementia: development of the Bristol activities of daily living scale. Age Ageing 25, 113–120. doi: 10.1093/ageing/25.2.113

 Chang, K.-H., Cheng, M.-L., Tang, H.-Y., Huang, C.-Y., Wu, Y.-R., and Chen, C.-M. (2018). Alternations of metabolic profile and kynurenine metabolism in the plasma of Parkinson’s disease. Mol. Neurobiol. 55, 6319–6328. doi: 10.1007/s12035-017-0845-3

 Chang, K.-H., Cheng, M.-L., Tang, H.-Y., Huang, C.-Y., Wu, H.-C., and Chen, C.-M. (2022). Alterations of sphingolipid and phospholipid pathways and ornithine level in the plasma as biomarkers of Parkinson\u0027s disease. Cells. 11:395. doi: 10.3390/cells11030395

 Chen, J., and Herrup, K. (2012). Glutamine acts as a neuroprotectant against DNA damage, beta-amyloid and H2O2-induced stress. PLoS One 7:e33177. doi: 10.1371/journal.pone.0033177 

 Chia, R., Sabir, M. S., Bandres-Ciga, S., Saez-Atienzar, S., Reynolds, R. H., Gustavsson, E., et al. (2021). Genome sequencing analysis identifies new loci associated with Lewy body dementia and provides insights into its genetic architecture. Nat. Genet. 53, 294–303. doi: 10.1038/s41588-021-00785-3 

 Chouliaras, L., Thomas, A., Malpetti, M., Donaghy, P., Kane, J., Mak, E., et al. (2022). Differential levels of plasma biomarkers of neurodegeneration in Lewy body dementia, Alzheimer’s disease, frontotemporal dementia and progressive supranuclear palsy. J. Neurol. Neurosurg. Psychiatry 93, 651–658. doi: 10.1136/jnnp-2021-327788 

 Cummings, J. L. (1997). The neuropsychiatric inventory: assessing psychopathology in dementia patients. Neurology 48, S10–S16. doi: 10.1212/wnl.48.5_suppl_6.10s 

 D’Antonio, F., Kane, J. P. M., Ibañez, A., Lewis, S. J. G., Camicioli, R., Wang, H., et al. (2021). Dementia with Lewy bodies research consortia: a global perspective from the ISTAART Lewy body dementias professional interest area working group. Alzheimers Dement (Amst). 13, e12235–e12216. doi: 10.1002/dad2.12235 

 Donaghy, P. C., Firbank, M. J., Thomas, A. J., Lloyd, J., Petrides, G., Barnett, N., et al. (2018). Clinical and imaging correlates of amyloid deposition in dementia with Lewy bodies. Mov. Disord. 33, 1130–1138. doi: 10.1002/mds.27403 

 Dorninger, F., Moser, A. B., Kou, J., Wiesinger, C., Forss-Petter, S., Gleiss, A., et al. (2018). Alterations in the plasma levels of specific choline phospholipids in Alzheimer’s disease mimic accelerated aging. J. Alzheimers Dis. 62, 841–854. doi: 10.3233/JAD-171036 

 Folstein, M., Folstein, S. E., and McHugh, P. R. (1975). “Mini-Mental State” a practical method for grading the cognitive state of patients for the clinician. J Psychiatr Res. 12, 189–198. doi: 10.1016/0022-3956(75)90026-6

 Gaetani, L., Blennow, K., Calabresi, P., Di Filippo, M., Parnetti, L., and Zetterberg, H. (2019). Neurofilament light chain as a biomarker in neurological disorders. J. Neurol. Neurosurg. Psychiatry 90, 870–881. doi: 10.1136/jnnp-2018-320106 

 Gault, C. R., Obeid, L. M., and Hannun, Y. A. (2010). An overview of sphingolipid metabolism: from synthesis to breakdown. Adv. Exp. Med. Biol. 688, 1–23. doi: 10.1007/978-1-4419-6741-1_1 

 Goetz, C. G., Tilley, B. C., Shaftman, S. R., Stebbins, G. T., Fahn, S., Martinez-Martin, P., et al. (2008). Movement Disorder Society-sponsored revision of the Unified Parkinson\u0027s Disease Rating Scale (MDS-UPDRS): scale presentation and clinimetric testing results. Mov Disord. 23, 2129–70. doi: 10.1002/mds.22340

 Gonzalez, M. C., Ashton, N. J., Fernandes Gomes, B., Tovar-Rios, D. A., Blanc, F., Karikari, T. K., et al. (2022). Association of plasma p-tau 181 and p-tau231 concentrations with cognitive decline in patients with probable dementia with Lewy bodies. JAMA Neurol. 79, 32–37. doi: 10.1001/jamaneurol.2021.4222 

 Hama, H. (2010). Fatty acid 2-hydroxylation in mammalian sphingolipid biology. Biochim. Biophys. Acta 1801, 405–414. doi: 10.1016/j.bbalip.2009.12.004 

 Hamilton, C. A., O'Brien, J., Heslegrave, A., Laban, R., Donaghy, P., Durcan, R., et al. (2023). Plasma biomarkers of neurodegeneration in mild cognitive impairment with Lewy bodies. Psychol. Med. 1–9, 1–9. doi: 10.1017/S0033291723001952 

 Hansson, O. (2021). Biomarkers for neurodegenerative diseases. Nat. Med. 27, 954–963. doi: 10.1038/s41591-021-01382-x

 Jack, C. R., Bennett, D. A., Blennow, K., Carrillo, M. C., Feldman, H. H., Frisoni, G. B., et al. (2016). A/T/N: an unbiased descriptive classification scheme for Alzheimer disease biomarkers. Neurology 87, 539–547. doi: 10.1212/WNL.0000000000002923 

 Kane, J. P. M., Roberts, G., Petrides, G. S., Lloyd, J. J., O'Brien, J. T., and Thomas, A. J. (2019). 123I-MIBG scintigraphy utility and cut-off value in a clinically representative dementia cohort. Parkinsonism Relat. Disord. 62, 79–84. doi: 10.1016/j.parkreldis.2019.01.024 

 Kane, J. P. M., Surendranathan, A., Bentley, A., Barker, S. A. H., Taylor, J.-P., Thomas, A. J., et al. (2018). Clinical prevalence of Lewy body dementia. Alzheimers Res. Ther. 10, 1–8. doi: 10.1186/s13195-018-0350-6

 Klatt, S., Doecke, J. D., Roberts, A., Boughton, B. A., Masters, C. L., Horne, M., et al. (2021). A six-metabolite panel as potential blood-based biomarkers for Parkinson’s disease. NPJ Parkinsons Dis. 7:94. doi: 10.1038/s41531-021-00239-x 

 Koyama, A., Hashimoto, M., Tanaka, H., Fujise, N., Matsushita, M., Miyagawa, Y., et al. (2016). Malnutrition in Alzheimer's disease, dementia with Lewy bodies, and frontotemporal lobar degeneration: comparison using serum albumin, Total protein, and Hemoglobin level. PLoS One 11:e0157053. doi: 10.1371/journal.pone.0157053 

 Law, S.-H., Chan, M.-L., Marathe, G. K., Parveen, F., Chen, C.-H., Ke, L.-Y., et al. (2019). An updated review of lysophosphatidylcholine metabolism in human diseases. Int. J. Mol. Sci. 20:1149. doi: 10.3390/ijms20051149 

 Lawton, M. P., and Brody, E. M. (1969). Assessment of older people: self-maintaining and instrumental activities of daily living. Gerontologist 9, 179–186. doi: 10.1093/geront/9.3_Part_1.179 

 Lee, D. R., McKeith, I., Mosimann, U., Ghosh-Nodyal, A., Grayson, L., Wilson, B., et al. (2014). The dementia cognitive fluctuation scale, a new psychometric test for clinicians to identify cognitive fluctuations in people with dementia. Am. J. Geriatr. Psychiatry 22, 926–935. doi: 10.1016/j.jagp.2013.01.072 

 Lee, D. R., McKeith, I., Mosimann, U., Ghosh-Nodyal, A., and Thomas, A. J. (2013). Examining carer stress in dementia: the role of subtype diagnosis and neuropsychiatric symptoms. Int. J. Geriatr. Psychiatry 28, 135–141. doi: 10.1002/gps.3799 

 Li, X., Fan, X., Yang, H., and Liu, Y. (2022). Review of metabolomics-based biomarker research for Parkinson’s disease. Mol. Neurobiol. 59, 1041–1057. doi: 10.1007/s12035-021-02657-7 

 Loveland, P. M., Yu, J. J., Churilov, L., Yassi, N., and Watson, R. (2023). Investigation of inflammation in Lewy body dementia: a systematic scoping review. Int. J. Mol. Sci. 24:12116. doi: 10.3390/ijms241512116 

 Matsubara, T., Kameyama, M., Tanaka, N., Sengoku, R., Orita, M., Furuta, K., et al. (2022). Autopsy validation of the diagnostic accuracy of 123I-metaiodobenzylguanidine myocardial scintigraphy for Lewy body disease. Neurology 98:e1648. doi: 10.1212/wnl.0000000000200110 

 McAleese, K. E., Colloby, S. J., Thomas, A. J., Al-Sarraj, S., Ansorge, O., Neal, J., et al. (2021). Concomitant neurodegenerative pathologies contribute to the transition from mild cognitive impairment to dementia. Alzheimers Dement. 17, 1121–1133. doi: 10.1002/alz.12291

 McKeith, I. G., Ballard, C. G., Perry, R. H., Ince, P. G., O'Brien, J. T., Neill, D., et al. (2000). Prospective validation of consensus criteria for the diagnosis of dementia with Lewy bodies. Neurology 54, 1050–1058. doi: 10.1212/WNL.54.5.1050 

 McKeith, I. G., Boeve, B. F., Dickson, D. W., Halliday, G., Taylor, J. P., Weintraub, D., et al. (2017). Diagnosis and management of dementia with Lewy bodies. Neurology 89, 88–100. doi: 10.1212/WNL.0000000000004058 

 McKhann, G. M., Knopman, D. S., Chertkow, H., Hyman, B. T., Jack, C. R., Kawas, C., et al. (2011). The diagnosis of dementia due to Alzheimer’s disease: recommendations from the National Institute on Aging-Alzheimer’s association workgroups on diagnostic guidelines for Alzheimer’s disease. Alzheimers Dement. 7, 263–269. doi: 10.1016/j.jalz.2011.03.005 

 Menni, C., Zierer, J., Valdes, A. M., and Spector, T. D. (2017). Mixing omics: combining genetics and metabolomics to study rheumatic diseases. Nat. Rev. Rheumatol. 13, 174–181. doi: 10.1038/nrrheum.2017.5 

 Mielke, M. M., and Haughey, N. J. (2012). Could plasma sphingolipids be diagnostic or prognostic biomarkers for Alzheimer’s disease? Clin Lipidol. 7, 525–536. doi: 10.2217/clp.12.59 

 Mielke, M. M., Maetzler, W., Haughey, N. J., Bandaru, V. V. R., Savica, R., Deuschle, C., et al. (2013). Plasma ceramide and glucosylceramide metabolism is altered in sporadic Parkinson’s disease and associated with cognitive impairment: a pilot study. PloS One. 8:e73094. doi: 10.1371/journal.pone.0073094 

 Mioshi, E., Dawson, K., Mitchell, J., Arnold, R., and Hodges, J. R. (2006). The Addenbrooke’s cognitive examination revised (ACE-R): a brief cognitive test battery for dementia screening. Int. J. Geriatr. Psychiatry 21, 1078–1085. doi: 10.1002/gps.1610 

 Molina, J. A., Leza, J. C., Ortiz, S., Moro, M. A., Pérez, S., Lizasoaín, I., et al. (2002). Cerebrospinal fluid and plasma concentrations of nitric oxide metabolites are increased in dementia with Lewy bodies. Neurosci. Lett. 333, 151–153. doi: 10.1016/S0304-3940(02)01026-1 

 Mueller, C., Perera, G., Rajkumar, A. P., Bhattarai, M., Price, A., O'Brien, J. T., et al. (2018). Hospitalization in people with dementia with Lewy bodies: frequency, duration, and cost implications. Alzheimers Dement (Amst). 10, 143–152. doi: 10.1016/j.dadm.2017.12.001 

 O’Brien, J. T., McKeith, I. G., Thomas, A. J., Bamford, C., Vale, L., Hill, S., et al. (2020). Introduction of a management toolkit for Lewy body dementia: a pilot cluster-randomized trial. Mov. Disord. 36, 143–151. doi: 10.1002/mds.28282

 Ozaki, T., Yoshino, Y., Tachibana, A., Shimizu, H., Mori, T., Nakayama, T., et al. (2022). Metabolomic alterations in the blood plasma of older adults with mild cognitive impairment and Alzheimer’s disease (from the Nakayama study). Sci. Rep. 12:15205. doi: 10.1038/s41598-022-19670-y 

 Pang, Z., Chong, J., Zhou, G., Lima, Anderson de, Morais, D., Chang, L., et al. (2021). MetaboAnalyst 5.0: narrowing the gap between raw spectra and functional insights. Nucleic Acids Res. 49, W388–W396. doi: 10.1093/nar/gkab382

 Price, A., Farooq, R., Yuan, J. M., Menon, V. B., Cardinal, R. N., and O'Brien, J. T. (2017). Mortality in dementia with Lewy bodies compared with Alzheimer’s dementia: a retrospective naturalistic cohort study. BMJ Open 7:e017504. doi: 10.1136/bmjopen-2017-017504 

 Scholefield, M., Unwin, R. D., and Cooper, G. J. S. (2020). Shared perturbations in the metallome and metabolome of Alzheimer’s, Parkinson’s, Huntington’s, and dementia with Lewy bodies: a systematic review. Ageing Res. Rev. 63:101152. doi: 10.1016/j.arr.2020.101152 

 Sessa, L., Nardiello, A. M., Santoro, J., Concilio, S., and Piotto, S. (2021). Hydroxylated fatty acids: the role of the sphingomyelin synthase and the origin of selectivity. Membranes 11:787. doi: 10.3390/membranes11100787 

 Shao, Y., and Le, W. (2019). Recent advances and perspectives of metabolomics-based investigations in Parkinson’s disease. Mol. Neurodegener. 14:3. doi: 10.1186/s13024-018-0304-2 

 Sidransky, E., Nalls, M. A., Aasly, J. S., Aharon-Peretz, J., Annesi, G., Barbosa, E. R., et al. (2009). Multicenter analysis of glucocerebrosidase mutations in Parkinson’s disease. N. Engl. J. Med. 361, 1651–1661. doi: 10.1056/NEJMoa0901281 

 Signorelli, P., Conte, C., and Albi, E. (2021). The multiple roles of sphingomyelin in Parkinson’s disease. Biomol. Ther. 11:1311. doi: 10.3390/biom11091311 

 Surendranathan, A., Kane, J., Bentley, A., Barker, S., McNally, R., Bamford, C., et al. (2021). Introduction of an assessment toolkit associated with increased rate of DLB diagnosis. Alzheimers Res. Ther. 13:50. doi: 10.1186/s13195-021-00786-8 

 Surendranathan, A., Kane, J. P. M., Bentley, A., Barker, S. A. H., Taylor, J.-P., Thomas, A. J., et al. (2020). Clinical diagnosis of Lewy body dementia. BJPsych Open. 6:e61. doi: 10.1192/bjo.2020.44 

 Surendranathan, A., Su, L., Mak, E., Passamonti, L., Hong, Y. T., Arnold, R., et al. (2018). Early microglial activation and peripheral inflammation in dementia with Lewy bodies. Brain 141, 3415–3427. doi: 10.1093/brain/awy265 

 Taylor, J.-P., McKeith, I. G., Burn, D. J., Boeve, B. F., Weintraub, D., Bamford, C., et al. (2020). New evidence on the management of Lewy body dementia. Lancet Neurol. 19, 157–169. doi: 10.1016/S1474-4422(19)30153-X 

 Teunissen, C. E., Verberk, I. M. W., Thijssen, E. H., Vermunt, L., Hansson, O., Zetterberg, H., et al. (2022). Blood-based biomarkers for Alzheimer’s disease: towards clinical implementation. Lancet Neurol. 21, 66–77. doi: 10.1016/S1474-4422(21)00361-6 

 Thomas, A. J., Attems, J., Colloby, S. J., O'Brien, J. T., McKeith, I., Walker, R., et al. (2017). Autopsy validation of 123I-FP-CIT dopaminergic neuroimaging for the diagnosis of DLB. Neurology 88, 276–283. doi: 10.1212/WNL.0000000000003512 

 Tiraboschi, P., Salmon, D. P., Hansen, L. A., Hofstetter, R. C., Thal, L. J., Corey-Bloom, J., et al. (2006). What best differentiates Lewy body from Alzheimer’s disease in early-stage dementia? Brain 129, 729–735. doi: 10.1093/brain/awh725 

 Usenko, T. S., Senkevich, K. A., Bezrukova, A. I., Baydakova, G. V., Basharova, K. S., Zhuravlev, A. S., et al. (2022). Impaired sphingolipid hydrolase activities in dementia with Lewy bodies and multiple system atrophy. Mol. Neurobiol. 59, 2277–2287. doi: 10.1007/s12035-021-02688-0 

 van der Lee, S. J., Teunissen, C. E., Pool, R., Shipley, M. J., Teumer, A., Chouraki, V., et al. (2018). Circulating metabolites and general cognitive ability and dementia: evidence from 11 cohort studies. Alzheimers Dement. 14, 707–722. doi: 10.1016/j.jalz.2017.11.012 

 Walker, R. W. H., and Walker, Z. (2009). Dopamine transport single photon emission computerized tomography in the diagnosis of dementia with Lewy bodies. Mov. Disord. 24, S754–S759. doi: 10.1002/mds.22591

 Wang, H., Tang, C., Jiang, Z., Zhou, X., Chen, J., Na, M., et al. (2017). Glutamine promotes Hsp 70 and inhibits α-synuclein accumulation in pheochromocytoma PC12 cells. Exp. Ther. Med. 14, 1253–1259. doi: 10.3892/etm.2017.4580 

 Xiao, Y., Ma, D., Yang, Y. S., Yang, F., Ding, J. H., Gong, Y., et al. (2022). Comprehensive metabolomics expands precision medicine for triple-negative breast cancer. Cell Res. 32, 477–490. doi: 10.1038/s41422-022-00614-0 

 Zöller, I., Meixner, M., Hartmann, D., Büssow, H., Meyer, R., Gieselmann, V., et al. (2008). Absence of 2-hydroxylated sphingolipids is compatible with normal neural development but causes late-onset axon and myelin sheath degeneration. J. Neurosci. 28, 9741–9754. doi: 10.1523/JNEUROSCI.0458-08.2008 



OPS/images/fnagi-15-1326780-t002.jpg
Metabolites/metabolism indicators
TG(22:6_34:1)
TG(18:1_38:6)

Sum of neurotransmitters (Dopamine + histamine + serotonin)

Serotonin

TG(22:6_34:3)

PCaa C36:5

Taurine

Serotonin synthesis (Serotonin/tryptophan)
TG(16:0_40:7)

PCaa C406

TG(226_32:1)

TG(22:6_34:2)

PCae C38:0

PCaa C366

TG(18:2_38:6)

Taurine Synthesis (Taurine/cysteine)
TG(160_387)

Putrescine Synthesis (Putrescine/ornithine)
TG(16:0_40:8)

TG(226_320)

SM-OH C24:1/ SM C24:1
SM-OHs/SM-Non OHs (SM (OH) C24:1/SM C24:1

Glutamine

Value of p

1.26E-

5
L96E-05
3.27E-05
3.94E-05
7.50E-05
7.61E-05
8.76E-05
LOIE-04
153E-04
1.78E-04
315E-04
347E-04
493E-04
5.57E-04
7.42E-04
7.55E-04
941E-04
9.67E-04
LO3E-03
LOGE-03
145E-03
155E-03

1L91E-03

FDR (q)
0,003
0003

0.015(K-W)
0.015(K-W)
0.015(K-W)
0007
0.015(K-W)
0.015(K-W)
0.009
0010
0.034(K-W)
0.034(K-W)
0018
0.041(K-W)
0.043(K-W)
0.024
0.043(K-W)
0.043(K-W)
0.043(K-W)
0.043(K-W)
00376
0039

0.045

Tukey's HSD
DLB-Ctel; AD-Ctrl
DLB-Ctrl; AD-Ctrl
DLB-Ctrl; AD-Ctrl
DLB-Ctel; AD-Ctrl
DLB-Ctrl; AD-Ctrl
DLB-Ctrl; AD-Ctrl
DLB-Ctrl; AD-Ctrl
DLB-Ctrl; AD-Ctrl
DLB-Ctrl; AD-Ctrl
DLB-Ctrl; AD-Ctrl
DLB-Ctel; AD-Ctrl
DLB-Ctrl; AD-Ctrl
DLB-Ctrl; AD-Ctrl
DLB-Ctrl; AD-Ctrl
DLB-Crls AD-Curl
DLB-Ctrl; AD-Ctrl
DLB-Ctrl; AD-Ctrl
DLB-Crls AD-Curl
DLB-Ctrl; AD-Ctrl
DLB-Ctel; AD-Ctrl
DLB-Cul
DLB-Cul

DLB-AD; DLB-Ctrl





OPS/images/fnagi-15-1326780-t003.jpg
Apa2/

Ap40

p-taul81

NfL

Striatal R
SBR

Striatal L
SBR

Putaminal R
SBR

Putaminal L
SBR

Glutamine

Taurine

Serotonin

PCae C38:0

TG(16:0_40:8)

TG(18:1_387)

TG(18:3_38:6)

Putrescine synthesis

Taurine synthesis

Serotonin synthesis

Sum of

neurotransmitters

SM-OHs/SM-Non
OHs

SM-OH/SM-Non OH
ca4l

Bold values are statistically si

Pearson r
value of p
Pearson r
value of p
Pearson r
value of p
Pearson t
value of p
Pearson r
value of p
Pearson r
value of p
Pearson r
value of p
Pearson r
value of p
Pearson r
value of p
Pearson r
value of p
Pearson t
value of p
Pearson r
value of p
Pearson r

value of p

—0536+*
0.004
-0235
0239
0279
0.160
0.090
0.657
0.094
0.642
0192
0338
0357
0.068
~0.266
0.181
~o0111
0.580
0.249
0210
0285
0.149
0.464%
0015
0523+

0.005

~0.186
0342
—0.448"
0017
~0.401%
0034
~0.306
0113
~0.163
0.406
~0.139
0480
-0213
0276
0.166
0.400
—0.488°
0.008
—0.428"
0023
~0.392%
0039
0018
0926
~0.169

0391

~0.173
0378
—0.421%
0,026
—0.532%%
0.004
~0.391%
0.010
—0245
0.209
-0.143
0.469
~0358
0.062
0223
0254
~0365
0,056
~0.539%%
0.003
~0.526+*
0.004
0.08
0.687
~0.099

0617

0011

0.962

0.026

0.894

~0273

0.160

~0.192

0327

~0.140

0479

~0.010

0961

~0.286

0.141

0113

0.567

0233

0232

-0275

0.156

~0.275

0156

0.091

0.644

012

0543

0.126

0524

—0.148

0452

0012

0951

0130

0509

~0.346

0071

-0.223

0255

0018

0928

~0.054

0.786

~0.194

0323

0.087

0.660

0075

0.706

0177

0.368

0.067

0.736

0319
0.098
~0.274
0158
~0.06
0761
~0.013
0947
~0.303
o7
~0.304
0116
0035
0859
~0.165
0.402
-0.323
0.093
-0.012
0.95
~0.049
0.806
—0.415*
0.028
—0.445"

0018

0.566%*
0.002
0.032
0873

~0.191
0331

~0.192
0327

—0.397%
0.037

—~0.389%
0.041

~0.399%

0.809
-0084
067
~0.158
0421
—0.486"*
0.009
—0.591%*

0.001

—0.588%*
0.002
~0205
0326
0410
0042
0.142
0.498
~0.053
0801
~0.038
0858
0328
0.109
~0.208
0318
-0.230
0368
0357
0080
0.429%
0032
0.491%
0013
0.626"

0001

—0.521%*
0.008
~0.296
0151
0359
0078
0.161
0.441
~0.063
0.765
0044
0835
0354
0.083
0202
0333
-0311
0.130
0327
o111
0373
0.066
0525%
0.007
0.620%

0.001

—0.593+*
0.002
0224
0282
0.407%
0.043
0.157
0723
—0.050
0812
~0.001
0.995
0341
0.095
0234
0.260
-0245
0238
0355
0.082
0.425%
0.034
0.509%%
0.009
0.645%*

0.001

~0510%*
0.009
-0302
0142
0337
0.100
0.158
0454
—0075
0720
0.068
0.746
0338
0.099
0237
0.254
-0315
0125
0309
0132
0349
0.087
05215
0.008
0.628%*

0.001





OPS/images/fnagi-15-1326780-g003.jpg
oe

oste
Ratio of SM.OMs 1o SM.Non OMs C24:1

ans.

SM.OHSM Aom OH C24:1
.
g






OPS/images/fnagi-15-1326780-t001.jpg
AD DLB Cont

n 15 15 15
Age at consent, mean (+5D) 76.1(6.4) 76.4(7.7) 75.2(69) 0.89°,0.92°
Sex, number male (%) 12(80) 13(87) 11(73) 0.66% 1.00°
ACE-R, mean (5D) 66.8(13.9) 67.2(13.8) 94.8(28) <0.01%,0.94"
MMSE, mean (+5D) 223(33) 219(5.2) 290(11) <0.01%,0.80"
MDS-UPDRS, mean (+5D) 6.2(69) 33.3(24.6) 53(3.0) <0.01',<0.01"
NPI hallucinations subscale, mean (£5D) 0.0(0.0) 21(25) - <0.01"
DCES, mean (£SD) 6.8(23) 112(33) - <0.01°
MSQ Dream enactment (% affirmative) 2(13) 407 = 065"
BADL, mean (+5D) 114(78) 199(11.8) - 003"
IADL, mean (SD) 5.7(45) 44(5.6) - 052"

ACE-R, Addenbrookes cognitive examination ~ revised; AD, Probable Alzheimer’ discase; BADL, Bristol Actvities of Daily Living Scale; Cont, Cognitively healthy controls; DCES, Dementia Cognitive:
Fluctuations Scale; DLB, Probable dementia with Lewy bodies; ADL, Instrumental Activities of Daily Living Scale; MMSE, Minimentalstate examination; MSQ, Mayo Slecp Questionnaire; NP1,
Neuropsychiatric inventory; SD, standard deviation; UPDRS, Unified Parkinson’s Disease Rating Scale motor subscale. *AD/DLB/HC; *AD/DLB. Bold values are statistically significant,






OPS/xhtml/Nav.xhtml




Contents





		Cover



		Plasma metabolites distinguish dementia with Lewy bodies from Alzheimer’s disease: a cross-sectional metabolomic analysis



		Introduction



		Methods



		Recruitment



		Cognitive and clinical assessments



		MIBG cardiac scintigraphy



		Protein biomarker analysis



		Targeted metabolomics analysis



		Statistical analysis









		Results



		Profiling of the plasma metabolome



		Evaluation of the performance of potential biomarkers









		Discussion



		Strengths and limitations









		Conclusion



		Data availability statement



		Ethics statement



		Author contributions



		Funding



		Acknowledgments



		Conflict of interest



		Publisher’s note



		References



















OPS/images/fnagi-15-1326780-g001.jpg
hosis
wors

E Sh-OHISH Non OHs

= T 5 = | SMOH C24:1) SM G241






OPS/images/fnagi-15-1326780-g002.jpg
Sensitivity%

Ctrl vs DLB

Ctrl vs AD

AD vs DLB

et

Sensitivity%
Sensitivity%

-+ Serotonin =06
“# Sum of Neurotransmitters =095 20 # Taurine =052 =

& GinilysoPC a C24:0=0.92
& Glutamine =085

- Serotonin synthesis - TG (22:6.34:3)= 052 & Glycine=0.80
o o
2 4 & s 100 o 2 4 e 8 10 o 2 4 s 80 10
Specificity% ‘Specificity% Specificity%
— P as = AD
wrxk . waax
08 sets 00207 s g 10 = oL
) L] = Ctrl
<« 2
w g 08
< 08 g 0015 £
g 2 E
E] '=' £ 06
= 3 g
£ os @ 0.010 3
c g
H £ 3 04
H 3 £
& o2 B 0005 5
g 02
@ £
@
00 0.000 T 00—
wanx
200 i 10
ns
L s
4 H
z g ©
@ 100 3
£ b
3 &
[ 8
ol ;
o o
d Ve ns
ok _—
80009 L —— 1100 P 500 S
1000
°
3 6000 = o
3 3 o0 g
® A = 300
2 4000 £ g0 0
s £ S 200
2 2w 5
5 2000 o
— 100






OPS/images/cover.jpg
, frontiers | Frontiers in Aging Neuroscience

Plasma metabolites distinguish
dementia with Lewy bodies
from Alzheimer's disease: a

cross-sectional metabolomic
analysis












OPS/images/crossmark.jpg
(®) Check for updates







OPS/images/logo.jpg
, frontiers Frontiers in Aging Neuroscience






