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Xiamen University, Xiamen, China, 2State Key Laboratory of Cellular Stress Biology, School of
Medicine, Faculty of Medicine and Life Sciences, Xiamen University, Xiamen, China, 3The Third Clinical
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Background: Autoimmune diseases (ADs) are a category of conditions

characterized by misrecognition of autologous tissues and organs by the

immune system, leading to severe impairment of patients’ health and quality of

life. Increasing evidence suggests a connection between fluctuations in plasma

metabolites and ADs. However, the existence of a causal relationship behind

these associations remains uncertain.

Methods: Applying the two-sample mendelian randomization (MR) method, the

reciprocal causality between plasmametabolites and ADs was analyzed. We took

the intersection of two metabolite genome-wide association study (GWAS)

datasets for GWAS-meta and obtained 1,009 metabolites’ GWAS data using

METAL software. We accessed GWAS summary statistics for 5 common ADs,

inflammatory bowel disease (IBD), multiple sclerosis (MS), type 1 diabetes (T1D),

systemic lupus erythematosus (SLE) and rheumatoid arthritis (RA) from published

GWAS data. MR analyses were performed in discovery and replication stage

simultaneously. Meanwhile, the reverse MR analysis was conducted to investigate

the possibility of reverse causal association. Furthermore, a series of sensitivity

analyses were conducted to validate the robustness of the results. These

statistical analyses were conducted using R software. Finally, the web version

of MetaboAnalyst 5.0. was applied to analyze metabolic pathways. Ultimately, we

conducted ELISA assays on plasma samples from patients to validate the results.

Results: 4 metabolites were identified to have causal relationships with IBD, 2

metabolites with MS, 13 metabolites with RA, and 4 metabolites with T1D. In the

reverse MR analysis, we recognized causality between SLE and 22 metabolites,

IBD and 4 metabolites, RA and 22 metabolites, and T1D and 37 metabolites.

Additionally, 4 significant metabolic pathways were identified in RA by metabolic

pathway analysis in the forward MR analysis. Correspondingly, in the reverse, 11

significant metabolic pathways in RA, 8 in SLE, and 4 in T1D were obtained using

identical approaches. Furthermore, the protective role of glutamate was

confirmed through ELISA assays.
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Conclusions: Our research established a reciprocal causality between plasma

metabolites and ADs. Furthermore, diverse metabolic pathways correlated with

ADs were uncovered. Novel insights into the prediction and diagnosis were

provided, as well as new targets for precise treatment of these conditions

were discovered.
KEYWORDS
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1 Introduction

Autoimmune diseases (ADs) are a group of disorders in which

the immune system mistakenly targets and destroys healthy tissues

and organs within the body. This can result in inflammation, tissue

damage, and dysfunction of multiple organ systems (1). The

number of people affected by autoimmune diseases is

approximately 10% of the population worldwide and is expected

to continue to increase globally (2). Autoimmune diseases

frequently impact multiple organs within the body, posing

significant challenges and financial burdens in terms of treatment.

This is undoubtedly a heavy pressure on both individuals and

society (3). The etiology of ADs is believed to involve an intricate

combination of hereditary, external, hormonal, mental stress and

immune factors (4). However, the exact causes of autoimmune

diseases are currently not understood completely.

Plasma encompasses a spectrum of small molecule metabolites

that frequently engage in diverse biological processes and contribute

to the pathogenesis of various diseases. The application of these

metabolites in the diagnosis of human diseases is increasingly

recognized and is a focal point of contemporary medical research

(5, 6). Plasma metabolites play a significant role in their native state.

Valine, as an example, is an essential amino acid in its natural state,

playing a crucial role in protein synthesis (7). Homocitrulline, as

another example, is a derivative of an amino acid that facilitates in

the cellular removal of excess ammonia, thereby maintaining

ammonia homeostasis (8). Although the pathogenesis of ADs is

still unclear, in recent years, more and more evidence has shown

that metabolic abnormalities are closely related to the development

of ADs. For example, a metabolomics study on systemic lupus

erythematosus (SLE) found a significant decrease in many serum

metabolites including valine (9). Similarly, in another study on

amino acid analysis in patients with inflammatory bowel disease

(IBD), significant changes in valine levels were also observed (10).

At the same time, previous studies have demonstrated significant

variations of plasma homocitrulline level in Type 1 diabetes (T1D)

patients with various symptoms (11). These previous studies have

suggested that there is some correlation between metabolites and
02
ADs, and even that metabolite levels may be related to the severity

of disease symptoms. Nevertheless, due to the presence of

numerous confounding factors, it is hard to determine whether

the potential causal relationship exist between plasma metabolites

and ADs through traditional cross-sectional studies.

With the development of high-throughput technology, it has

become feasible to simultaneously evaluate a vast number of plasma

metabolites. Metabolomics is progressively assuming a crucial role in

the investigation of disease occurrence and progression in ADs (12).

Genome-wide association study (GWAS) greatly facilitates the

comprehensive investigation of the underlying genetic factors

contributing to complex diseases. Mendelian randomization (MR),

a statistical method, provides confounder-free estimates effectively. It

employs genetic variation as an unbiased instrumental variable (IV)

to study the casual relationship between exposure and outcome (13).

MR has been proved to be a powerful statistical approach, as the

outcomes are less susceptible to be affected by unknown confounding

variables or reverse causality (14). MR analysis has been extensively

utilized in diverse situations, encompassing some studies related to

plasma metabolites or ADs (15, 16).

In this study, we conducted a comprehensive two-sample

bidirectional MR analysis to (1) assess the causality of human

plasma metabolites on 5 ADs, including IBD, multiple sclerosis

(MS), T1D, SLE and rheumatoid arthritis (RA). (2) reversely

determine the causal relationship of 5 ADs on plasma

metabolites. (3) explore potential metabolic pathways that may

contribute to elucidate the mechanisms of ADs.
2 Materials and methods

2.1 Study design

We conducted a comprehensive evaluation of the potential

causal relationship between human plasma metabolites and the

likelihood of ADs using a bidirectional two-sample MR design. A

well-executed MR study should adhere to three fundamental

assumptions: (1) instrumental variable assumption—the genetic
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variation should exhibit a direct association with exposure;

(2) independence assumption—the genetic variant is randomly

assigned and is independent of any confounding factors that may

affect the outcome; (3) exclusion restriction assumption—the

genetic variation have no direct effect on the outcome, and affect

the outcome variable only through the effect of the exposure

variable. To ensure data integrity, we acquired individual GWAS

datasets for plasma metabolites and ADs, thereby avoiding overlap

of samples. The summary of this study was depicted in Figure 1. The

overview of the research workflow.
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2.2 Human plasma metabolites GWAS
summary statistics

The genetic statistics for plasma metabolites come from two

different GWAS data: One is from a German Chronic Kidney

Disease (referred to as GCKD below) involving a cohort of 5023

German individuals, and summary statistics for study

GCST90264176-GCST90266872 (17) were obtained from the

NHGRI-EBI GWAS Catalog (18) on 05/06/2023. We only

selected plasma metabolites for further study and urine
FIGURE 1

The summary of the research process.
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metabolites were excluded. The other is from a Canadian

Longitudinal Study of Aging (referred to as CLSA below)

including 8,299 Canadian individuals, and summary statistics for

study GCST90199621-GCST90200711 (19) were also acquired from

the NHGRI-EBI GWAS Catalog (18) on 05/06/2023. These are the

two large-scale GWAS data published to date for plasma

metabolites which were published in 2023 and they shared the

same platform called Metabolon HD4 thus perfectly increasing the

data consistency. We meta-analyzed summary statistics from

GCKD and CLSA cohorts using METAL software (20).
2.3 Autoimmune diseases GWAS summary
statistics (discovery samples)

During the discovery phase, summary statistics for each of the 5

ADs were obtained from the NHGRI-EBI GWAS Catalog:

GCST004131 (25,042 IBD cases and 34,915 controls) (21),

GCST90132223 (22,350 RA cases and 74,823 controls) (22),

GCST003156 (5,201 SLE cases and 9,066 controls) (23) and

GCST010681 (9,266 T1D cases and 15,574 controls) (24). In

order to facilitate correspondence with diseases, these GWAS

datasets were named as fol lowed: IBD_GCST004131,

RA_GCST90132223, SLE_GCST003156 and T1D_GCST010681.

Data for MS was obtained from the IEU Open GWAS Project, so

we called MS_IEU (47,429 MS cases and 68,374 controls)

below (25).
2.4 Autoimmune diseases GWAS summary
statistics (replication samples)

For the replication phase, the FinnGen study provided the

replication outcome samples for IBD, RA, T1D, and MS. To

distinguish these GWAS datasets, we have all prefixed them with

the name of the disease: IBD_Finngen (8,704 IBD cases and 300,450

controls), RA_Finngen (12,555 RA cases and 240,862 controls),

T1D_Finngen (8,671 T1D cases and 255,466 controls) and

MS_Finngen (2,182 MS cases and 373,987 controls) (26). The

samples for SLE were obtained from the NHGRI-EBI GWAS

Catalog: GCST90014462 (624 SLE cases and 324,074 controls),

then we called it SLE _GCST90014462 below (27).
2.5 Selection of IVs

Initially, we identified single nucleotide polymorphisms (SNPs)

for each plasma metabolite, which met the association threshold of

P < 5 × 10–6 (28–30). The commonly employed threshold for

genome-wide significance, P < 5 × 10–8 is applied to select genetic

instruments. However, imposing such conditions will result in a

significant reduction in the quantity of metabolites that can be

analyzed. To obtain a more comprehensive evaluation, we relaxed

the threshold to P < 5 × 10–6. In reverse, as a standard practice,

SNPs were selected with association thresholds at P < 5 × 10–8 for

each AD analyzed. Next, link-age disequilibrium between the SNPs
Frontiers in Immunology 04
was calculated, and we only retained those SNPs with a r2 < 0.001

(clumping window size = 10,000 kb). In addition, SNPs with minor

allele frequency (MAF) ≤ 0.01, SNPs with alleles that form a

palindrome and have intermediate allele frequencies and SNPs

with F-statistics ≤ 10 were all excluded. Then, we removed SNPs

associated with disease and potential confounding factors, which

were checked in the Phenoscanner of R software (31, 32). Finally,

SNPs that exhibited a stronger correlation with the outcome rather

than with the exposure were removed based on the Steiger Test (33).
2.6 MR analyses

In our MR analyses, the standard inverse variance weighted (IVW)

method, Simple mode test, MR Egger test, Weighted mode test and

Weighted-median method were employed to evaluate the causal

relationship between plasma metabolites and ADs, and IVW method

is the primary and most significant approach among them.

Subsequently, we carried out diverse sensitivity analyses

simultaneously to ensure the reliability and robustness of the results:

(1) Cochran’s Q was calculated to assess heterogeneity among the

individual causal correlation, where pleiotropy is considered present

when P < 0.05. (2) MR-Egger and MR-PRESSO regression tests were

applied to examine the potential impact of horizontal pleiotropy. In

both methods, we delete the data with a P < 0.05.

Statistical analyses were conducted using R software (version 4.3.1).

Forest plot was performed using package “forestploter” (version 1.1.0)

(https://CRAN.R-project.org/package=forestploter). We conducted

MR analyses using the “TwoSampleMR” package (version 0.5.6)

(34). We used “ieugwasr” package (version 0.1.5) (https://

github.com/MRCIEU/ieugwasr) to analyze linkage disequilibrium.
2.7 Metabolic pathway analyses

Metabolic pathways were investigated using the web version of

MetaboAnalyst 5.0. (https://www.metaboanalyst.ca/) (35). To

identify potential metabolite groups or pathways that may be

associated with ADs’ biological process, pathway analyses

modules and functional enrichment analyses were employed. In

this study, the Kyoto Encyclopedia of Genes and Genomes (KEGG)

database was utilized, and a significance level of 0.05 was applied for

pathway analyses.
2.8 Patients

This study has been approved by the Ethics Committee of The

First Affiliated Hospital of Xiamen University (Xiamen, China;

approval number: XMYY-2022KY121). Informed consent was

obtained from all patients. Plasma samples were collected from a

control group of 12 patients without ADs who had internal fixation

removed (6 males, 6 females), as well as two groups of patients who

underwent joint replacement surgery: one group with 12 patients

with RA (4 males, 8 females), and another group with 12 patients

with SLE (3 males, 9 females).
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2.9 Glutamate ELISA

Glutamate concentrations were quantified in human plasma

according to manufacturer’s instructions (Glutamate ELISA kit

KA1909, Novus Biologicals).
2.10 Statistical analysis

Experimental data analysis was conducted using SPSS v29.0

(SPSS Inc.) or GraphPad Prism v10.0.2 (GraphPad Inc.). Data were

tested for normality and equal variances, followed by 2-sample, 2-

tailed t tests or 3-way ANOVA with Dunnett’s post hoc tests. P <

0.05 was considered significant. Mean ± SD or box plots

representing interquartile range, median, and all data points are

presented in the figures.
3 Results

3.1 Selection of IVs

Our workflow is summarized in Figure 1. The genetic statistics

for plasma metabolites come from two different GWAS data, each

with 1,296 and 1,091 metabolites, respectively. 1,009 metabolites

were obtained after intersection using METAL software. To

investigate the impact of metabolites on diseases, we selected

SNPs as IVs after a set of quality assurance procedures. To be

specific, in the discovery stage, for IBD, 683 SNPs (P < 5.0 × 10−6, r2

< 0.001) involved with 64 metabolites were extracted from

IBD_GCST004131. In the case of RA, 1,489 SNPs associated with

97 metabolites were selected from RA_GCST90132223. For SLE,

540 SNPS were selected from SLE_GCST003156, covering 55

metabolites. Regarding T1D, a total of 933 SNPs were chosen

from T1D_GCST010681, encompassing 69 metabolites. Lastly, in

the case of MS, 357 SNPs related to 47 metabolites were chosen

from the MS_IEU study. Then, in the replication stage, the same

screening criteria for selecting IVs are applied (Supplementary

Tables S1–S10).

At the same time, we also wanted to explore the effects of

autoimmune diseases on plasma metabolites, so a reverse MR

analysis was performed. Among the SNPs associated with each

genus, those that reached the locus-wide significance threshold (P <

5.0 × 10−8) were selected as potential IVs (Supplementary Tables

S11–S20). Statistically, all F-statistics for the validity test were all

above the standard threshold of 10, indicating a strong

genetic instrument.
3.2 Causal effects of plasma metabolites
on autoimmune diseases

Next, we employed five methodologies, respectively, IVW, MR

Egger, Weighted median, Weighted mode, and Simple mode, to

assess the causal associations of plasma metabolites on ADs as
Frontiers in Immunology 05
shown in Figure 2 and Supplementary Figure S1. During the

discovery phase, 23 diverse metabolites were preliminarily

identified by IVW method to have significant causal relationship

with these autoimmune diseases, including 3 unknown components

and the remaining 20 known metabolites involved in 4 metabolic

pathways. Specifically, they were as follows:

4 metabolites from 2 pathways for IBD: 2-hydroxy-4-(methylthio)

butanoic acid (odds ratio (OR) = 1.095; 95% confidence interval (95%

CI) 1.025-1.171; P = 0.008), sphingomyelin (d18:2/16:0, d18:1/16:1)*

(OR = 0.704; 95% CI 0.557-0.890; P = 0.003), sphingosine (OR = 0.886;

95% CI 0.801-0.979; P = 0.018), X-12839 (OR = 1.161; 95% CI 1.049-

1.285; P = 0.004).

2 metabolites from 2 pathways for MS: N-acetylcitrulline (OR =

1.526; 95% CI 1.183-1.968; P = 0.001), threonate (OR = 0.757; 95%

CI 0.589-0.972; P = 0.029).

13 metabolites from 2 pathways for RA: 1-(1-enyl-palmitoyl)-2-

arachidonoyl-GPC (P-16:0/20:4)* (OR = 1.160; 95% CI 1.066-1.262;

P = 0.001), 1-arachidonoyl-GPC (20:4n6)* (OR = 1.184; 95% CI

1.050-1.335; P = 0.006), 1-oleoyl-2-linoleoyl-GPE (18:1/18:2)* (OR

= 0.900; 95% CI 0.845-0.958; P = 0.001), 1-palmitoleoyl-2-

linolenoyl-GPC (16:1/18:3)* (OR = 0.885; 95% CI 0.797-0.982; P

= 0.021), 1-palmitoyl-2-linoleoyl-GPC (16:0/18:2) (OR = 0.615;

95% CI 0.423-0.895, P = 0.011), 1-palmitoyl-2-linoleoyl-GPE

(16:0/18:2) (OR = 0.898; 95% CI 0.838-0.961; P = 0.002), 1-

stearoyl-2-arachidonoyl-GPC (18:0/20:4) (OR = 1.317; 95% CI

1.172-1.480; P = 0.000), 1-stearoyl-2-linoleoyl-GPE (18:0/18:2)*

(OR = 0.897; 95% CI 0.816-0.986; P = 0.024), 1-stearoyl-2-oleoyl-

GPE (18:0/18:1) (OR = 0.893; 95% CI 0.798-1.000; P = 0.050),

5alpha-androstan-3beta,17beta-diol monosulfate (2) (OR = 0.890;

95% CI 0.813-0.974; P = 0.011), androsterone sulfate (OR = 0.937;

95% CI 0.891-0.985; P = 0.011), metabolonic lactone sulfate (OR =

0.946; 95% CI 0.905-0.989; P = 0.014), X-26109 (OR = 0.923; 95%

CI 0.881-0.967; P = 0.001).

4 me tabo l i t e s f rom 2 pa thways fo r T1D: be t a -

hydroxyisovaleroylcarnitine (OR = 0.709; 95% CI 0.531-0.946; P

= 0.020), 1-palmitoyl-2-dihomo-linolenoyl-GPC (16:0/20:3n3 or 6)

* (OR = 0.622; 95% CI 0.427-0.905; P = 0.013), glycohyocholate (OR

= 1.236; 95% CI 1.045-1.463; P = 0.014), X-21310 (OR = 0.653; 95%

CI 0.516-0.825; P = 0.000).

These causal relationships were further supported by the

replication samples, as depicted in Figure 3. Two samples were

used to enhance the confidence of causal association. We only

established a causal relationship between a metabolite and an AD

when the metabolite was identified as a protective factor or a risk

factor simultaneously by discovery and replication sets, and both sets

of results have statistical significance (P < 0.05). The graphs showing

the intersection of discovery and replication samples in the forward

analysis are listed in Supplementary Figure S3.
3.3 Causal effects of autoimmune diseases
on plasma metabolites

After exploring the causal effects of autoimmune diseases on

plasma metabolites, we further conducted a reverse MR analysis, as
frontiersin.org
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depicted in Figure 4 and Supplementary Figure S2. According to the

preliminary identification by IVW, IBD had a causal relationship

with 4 metabolites, 2 of which were from the amino acid metabolic

pathway and 1 was from the lipid metabolic pathway.

Furthermore, our analysis also demonstrated a significant

causal correlation between RA and 22 metabolites. These

metabolites encompassed 8 from the amino acid pathways, 8

from the lipid metabolism pathways, 1 from the energy pathways,

and 1 from the xenobiotic pathways.

Similarly, SLE was found to have a causal link with 22

metabolites. These metabolites compromised 7 from the lipid

metabolism pathways, 4 metabolites from the amino acid

pathways, 3 from the nucleotide pathways, 3 from the xenobiotic
Frontiers in Immunology 06
pathways, 2 from the carbohydrate pathways and 1 from the

peptide pathways.

Additionally, a causal relationship between 37 plasma

metabolites and T1D was identified. Among them, 22 were from

the lipid metabolism pathways, 10 were from the amino acid

pathways, 2 were from the partially characterized molecules

pathways, 2 were from the xenobiotic pathways and 1 was from

the carbohydrate pathways. Figures 5–7.

Consistent with the preceding, as was the case with forward MR

analysis, these findings were supported by replication samples. The

graphs displaying the intersection of discovery and replication

samples in the reverse analysis are listed in Supplementary

Figure S4.
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sphingomyelin (d18:2/16:0, d18:1/16:1)*1,2−dilinoleoyl−GPE (18:2/18:2)*epiandrosterone sulfate
androsterone sulfate
5alpha−androstan−3alpha,17beta−diol monosulfate (1)5alpha−androstan−3beta,17alpha−diol disulfate1−palmitoyl−2−linoleoyl−GPC (16:0/18:2)N−palmitoylglycine2−aminoheptanoatelinolenate [alpha or gamma; (18:3n3 or 6)]hexadecadienoate (16:2n6)sphingomyelin (d18:1/19:0, d19:1/18:0)*hexanoylglycine1−oleoyl−GPG (18:1)*tetrahydrocortisol glucuronidehyocholatepregnenediol sulfate (C21H34O5S)*
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malonylcarnitinemyo−inositoldeoxycholate4−hydroxy−2−oxoglutaric acid
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N−acetylserineindolelactatetrans−urocanatecysteineN−acetylvaline

cysteinylglycine disulfide*

N2−acetyl,N6,N6−dimethyllysine
4−hydroxyglutamate

N−acetylphenylalanine

4−methyl−2−oxopentanoateserotoninpipecolateargininate*
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taurinefructosyllysineN−acetylmethionine
ornithinedopamine 4−sulfateN6,N6,N6−trimethyllysine

tryptophanN−lactoyl valine
prolineN,N−dimethylalaninemethylsuccinoylcarnitine
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3−hydroxypyridine sulfate

methyl glucopyranoside (alpha + beta)

4−ethylphenylsulfate

umbelliferone sulfate
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perfluorooctanoate (PFOA)

2,3−dihydroxyisovalerate
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sphingosine 1−phosphate
sphinganine−1−phosphate
eicosapentaenoate (EPA; 20:5n3)
1,2−dilinoleoyl−GPE (18:2/18:2)*
1−palmitoyl−GPC (16:0)
1−palmitoyl−2−linoleoyl−GPC (16:0/18:2)N−palmitoylglycine
2−aminoheptanoate
hexadecadienoate (16:2n6)linolenate [alpha or gamma; (18:3n3 or 6)]sphingomyelin (d18:1/19:0, d19:1/18:0)*hexanoylglycine
1−oleoyl−GPG (18:1)*tetrahydrocortisol glucuronidehyocholate
pregnenediol sulfate (C21H34O5S)*5alpha−pregnan−diol disulfatedocosapentaenoate (n3 DPA; 22:5n3)choline phosphate3−hydroxyoleoylcarnitine1−myristoyl−2−arachidonoyl−GPC (14:0/20:4)*

pregnanediol−3−glucuronide1−oleoyl−2−arachidonoyl−GPE (18:1/20:4)*
1−stearoyl−2−arachidonoyl−GPE (18:0/20:4)

malonylcarnitinemyo−inositoldeoxycholate4−hydroxy−2−oxoglutaric acid
tauro−beta−muricholate3−methyladipatebehenoylcarnitine (C22)*

dihomo−linolenoyl−choline
2S,3R−dihydroxybutyrate
1−stearoyl−2−arachidonoyl−GPC (18:0/20:4)

2−hydroxyoctanoate
docosahexaenoate (DHA; 22:6n3)

dodecenedioate (C12:1−DC)*

campesterol(S)−3−hydroxybutyrylcarnitine

1−palmitoyl−2−oleoyl−GPI (16:0/18:1)*

1−palmitoyl−2−linoleoyl−GPE (16:0/18:2)

glycerophosphorylcholine (GPC)

1−palmitoyl−GPE (16:0)
1−oleoyl−2−linoleoyl−GPE (18:1/18:2)*

1−stearoyl−GPE (18:0)
1−palmitoyl−2−arachidonoyl−GPE (16:0/20:4)*

1−stearoyl−2−docosahexaenoyl−GPE (18:0/22:6)*

1−stearoyl−2−linoleoyl−GPE (18:0/18:2)*

1−palmitoyl−2−oleoyl−GPE (16:0/18:1)

1−palmitoyl−2−docosahexaenoyl−GPE (16:0/22:6)*

etiocholanolone glucuronide

N−acetyl−2−aminooctanoate*

N−stearoyl−sphingadienine (d18:2/18:0)*

adipoylcarnitine (C6−DC)

hexadecenedioate (C16:1−DC)*

2−aminooctanoate
pregnenolone sulfate

5−dodecenoylcarnitine (C12:1)

palmitoleoylcarnitine (C16:1)*

palmitoyl dihydrosphingomyelin (d18:0/16:0)*

myristoyl dihydrosphingomyelin (d18:0/14:0)*

pregnenetriol disulfate*

myristoylcarnitine (C14)

laurylcarnitine (C12)

1−palmitoyl−2−arachidonoyl−GPI (16:0/20:4)*

1−linoleoyl−2−arachidonoyl−GPC (18:2/20:4n6)*

linoleoyl−arachidonoyl−glycerol (18:2/20:4) [2]*

1−stearoyl−2−arachidonoyl−GPI (18:0/20:4)

stearidonate (18:4n3)

1−(1−enyl−stearoyl)−2−arachidonoyl−GPE (P−18:0/20:4)*

1−arachidonoyl−GPE (20:4n6)*

picolinoylglycine

glycosyl−N−palmitoyl−sphingosine (d18:1/16:0)

glycosyl ceramide (d18:1/20:0, d16:1/22:0)*

glycosyl ceramide (d18:2/24:1, d18:1/24:2)*

glycosyl−N−behenoyl−sphingadienine (d18:2/22:0)*

5alpha−androstan−3alpha,17beta−diol monosulfate (2)

myristoleate (14:1n5)

behenoyl dihydrosphingomyelin (d18:0/22:0)*

5alpha−pregnan−3beta,20alpha−diol monosulfate (2)

octadecenedioylcarnitine (C18:1−DC)*

lignoceroylcarnitine (C24)*

hexanoylcarnitine (C6)

1−(1−enyl−palmitoyl)−2−linoleoyl−GPC (P−16:0/18:2)*

1−palmitoyl−2−linoleoyl−GPI (16:0/18:2)

adrenate (22:4n6)

taurodeoxycholate

arachidonoylcholine

1−(1−enyl−palmitoyl)−2−linoleoyl−GPE (P−16:0/18:2)*

lithocholate sulfate (1)

5alpha−androstan−3beta,17alpha−diol disulfate

sphingomyelin (d18:1/17:0, d17:1/18:0, d19:1/16:0)

butyrylcarnitine (C4)

3−hydroxymyristate

decadienedioic acid (C10:2−DC)**

tetradecadienoate (14:2)*

erucate (22:1n9)

3−hydroxybutyroylglycine**

trans−2−hexenoylglycine

sphingomyelin (d18:2/21:0, d16:2/23:0)*

glycosyl−N−(2−hydroxynervonoyl)−sphingosine (d18:1/24:1(2OH))*

glycocholenate sulfate*

taurocholenate sulfate*

cis−3,4−methyleneheptanoylcarnitine

choline2R,3R−dihydroxybutyrate
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taurochenodeoxycholic acid 3−sulfate
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stearoylcholine*
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N−stearoyl−sphingosine (d18:1/18:0)*

N−palmitoyl−sphingosine (d18:1/16:0)

3−hydroxydecanoylcarnitine

linoleoyl−arachidonoyl−glycerol (18:2/20:4) [1]*

7−alpha−hydroxy−3−oxo−4−cholestenoate (7−Hoca)

isoursodeoxycholate

taurolithocholate 3−sulfate

ursodeoxycholate

glycoursodeoxycholate

tetradecanedioate (C14−DC)

glycoursodeoxycholic acid sulfate (1)

(R)−3−hydroxybutyrylcarnitine

11beta−hydroxyandrosterone glucuronide

cis−4−decenoate (10:1n6)*

dodecadienoate (12:2)*

sebacate (C10−DC)
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androstenediol (3beta,17beta) disulfate (2)
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3−hydroxylaurate

5−dodecenoate (12:1n7)

3−hydroxyhexanoylcarnitine (1)

sphingosine

glycochenodeoxycholate 3−sulfate

decanoylcarnitine (C10)

2−hydroxyarachidate*
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1−stearoyl−2−linoleoyl−G
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3−hydroxy−3−m
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itoyl)−G

PE (P−16:0)*

m
aleate

cortisone
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 (18:0/18:1)
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C
)
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P
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P
C

 (P
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3−hydroxybutyrate (B
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B
A

)

3−carboxy−4−m
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M
P

F)

lactosyl−N
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glycodeoxycholate 3−sulfate

branched chain 14:0 dicarboxylic acid**
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m
argaroylcarnitine (C
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18)
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C
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P
C
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1−palmitoyl−GPC (16:0)
sphingosine 1−phosphate
sphinganine−1−phosphate
eicosapentaenoate (EPA; 20:5n3)
sphingomyelin (d18:2/24:1, d18:1/24:2)*
sphingomyelin (d18:2/16:0, d18:1/16:1)*1,2−dilinoleoyl−GPE (18:2/18:2)*5alpha−androstan−3alpha,17beta−diol monosulfate (1)5alpha−androstan−3beta,17alpha−diol disulfateepiandrosterone sulfateandrosterone sulfate1−palmitoyl−2−linoleoyl−GPC (16:0/18:2)N−palmitoylglycine2−aminoheptanoatehexadecadienoate (16:2n6)linolenate [alpha or gamma; (18:3n3 or 6)]

sphingomyelin (d18:1/19:0, d19:1/18:0)*hexanoylglycine1−oleoyl−GPG (18:1)*tetrahydrocortisol glucuronidehyocholatepregnenediol sulfate (C21H34O5S)*
pregnenolone sulfate5alpha−pregnan−diol disulfate
docosapentaenoate (n3 DPA; 22:5n3)
choline phosphate3−hydroxyoleoylcarnitinelignoceroyl sphingomyelin (d18:1/24:0)

1−myristoyl−2−arachidonoyl−GPC (14:0/20:4)*

pregnanediol−3−glucuronide
1−oleoyl−2−arachidonoyl−GPE (18:1/20:4)*

1−stearoyl−2−arachidonoyl−GPE (18:0/20:4)

malonylcarnitinemyo−inositoldeoxycholate4−hydroxy−2−oxoglutaric acid
tauro−beta−muricholate
3−methyladipate1−palmitoyl−2−arachidonoyl−GPC (16:0/20:4n6)

behenoylcarnitine (C22)*
dihomo−linolenoyl−choline

2S,3R−dihydroxybutyrate
1−stearoyl−2−arachidonoyl−GPC (18:0/20:4)

2−hydroxyoctanoate
1−stearoyl−GPI (18:0)
4−cholesten−3−one
docosahexaenoate (DHA; 22:6n3)

dodecenedioate (C12:1−DC)*

campesterol(S)−3−hydroxybutyrylcarnitine

1−palmitoyl−2−oleoyl−GPI (16:0/18:1)*

1−palmitoyl−2−linoleoyl−GPE (16:0/18:2)

glycerophosphorylcholine (GPC)

1−palmitoyl−2−oleoyl−GPE (16:0/18:1)

1−stearoyl−2−docosahexaenoyl−GPE (18:0/22:6)*

1−palmitoyl−2−docosahexaenoyl−GPE (16:0/22:6)*

1−stearoyl−2−linoleoyl−GPE (18:0/18:2)*

1−oleoyl−2−linoleoyl−GPE (18:1/18:2)*

1−palmitoyl−2−arachidonoyl−GPE (16:0/20:4)*

1−stearoyl−GPE (18:0)

1−palmitoyl−GPE (16:0)

lignoceroylcarnitine (C24)*

etiocholanolone glucuronide

N−acetyl−2−aminooctanoate*

N−stearoyl−sphingadienine (d18:2/18:0)*

adipoylcarnitine (C6−DC)

hexadecenedioate (C16:1−DC)*

2−aminooctanoate

palmitoleoylcarnitine (C16:1)*

5−dodecenoylcarnitine (C12:1)

palmitoyl dihydrosphingomyelin (d18:0/16:0)*

myristoyl dihydrosphingomyelin (d18:0/14:0)*

pregnenetriol disulfate*

myristoylcarnitine (C14)

laurylcarnitine (C12)

1−linoleoyl−2−arachidonoyl−GPC (18:2/20:4n6)*

1−palmitoyl−2−arachidonoyl−GPI (16:0/20:4)*

1−arachidonoyl−GPE (20:4n6)*

1−(1−enyl−stearoyl)−2−arachidonoyl−GPE (P−18:0/20:4)*

1−stearoyl−2−arachidonoyl−GPI (18:0/20:4)

stearidonate (18:4n3)

linoleoyl−arachidonoyl−glycerol (18:2/20:4) [2]*

picolinoylglycine

glycosyl ceramide (d18:2/24:1, d18:1/24:2)*

glycosyl−N−palmitoyl−sphingosine (d18:1/16:0)

glycosyl−N−behenoyl−sphingadienine (d18:2/22:0)*

glycosyl ceramide (d18:1/20:0, d16:1/22:0)*

5alpha−androstan−3alpha,17beta−diol monosulfate (2)

behenoyl dihydrosphingomyelin (d18:0/22:0)*

5alpha−pregnan−3beta,20alpha−diol monosulfate (2)

octadecenedioylcarnitine (C18:1−DC)*

hexanoylcarnitine (C6)

1−lignoceroyl−GPC (24:0)

1−(1−enyl−palmitoyl)−2−linoleoyl−GPC (P−16:0/18:2)*

1−palmitoyl−2−linoleoyl−GPI (16:0/18:2)

5alpha−androstan−3beta,17beta−diol disulfate

adrenate (22:4n6)

taurodeoxycholate

arachidonoylcholine

1−(1−enyl−palmitoyl)−2−linoleoyl−GPE (P−16:0/18:2)*

lithocholate sulfate (1)

pristanate
sphingomyelin (d18:1/17:0, d17:1/18:0, d19:1/16:0)

butyrylcarnitine (C4)

3−hydroxymyristate

decadienedioic acid (C10:2−DC)**

tetradecadienoate (14:2)*

erucate (22:1n9)

3−hydroxybutyroylglycine**

stearoylcholine*

choline
propionylglycine

glycocholenate sulfate*

cis−3,4−methyleneheptanoylglycine

taurocholenate sulfate*

cis−3,4−methyleneheptanoylcarnitine

trans−2−hexenoylglycine

glycosyl−N−(2−hydroxynervonoyl)−sphingosine (d18:1/24:1(2OH))*

cis−3,4−methyleneheptanoate

2R,3R−dihydroxybutyrate

docosahexaenoylcholine

taurochenodeoxycholic acid 3−sulfate

sphingomyelin (d18:2/21:0, d16:2/23:0)*

glycoursodeoxycholic acid sulfate (1)

1−(1−enyl−palmitoyl)−2−arachidonoyl−GPE (P−16:0/20:4)*

5alpha−pregnan−3beta,20beta−diol monosulfate (1)

pregnenediol disulfate (C21H34O8S2)*

5alpha−pregnan−3beta,20alpha−diol disulfate

21−hydroxypregnenolone disulfate

N−stearoyl−sphingosine (d18:1/18:0)*

N−palmitoyl−sphingosine (d18:1/16:0)

3−hydroxydecanoylcarnitine

linoleoyl−arachidonoyl−glycerol (18:2/20:4) [1]*

taurolithocholate 3−sulfate

isoursodeoxycholate

ursodeoxycholate

glycoursodeoxycholate

7−alpha−hydroxy−3−oxo−4−cholestenoate (7−Hoca)

tetradecanedioate (C14−DC)

(R)−3−hydroxybutyrylcarnitine

11beta−hydroxyandrosterone glucuronide

dodecadienoate (12:2)*

cis−4−decenoate (10:1n6)*

sebacate (C10−DC)

octadecadienedioate (C18:2−DC)*

hexanoylglutam
ine

cerotoylcarnitine (C26)*

xim
enoylcarnitine (C26:1)*

3−hydroxyoctanoate

1−oleoyl−2−docosahexaenoyl−GPC (18:1/22:6)*

glycosyl−N−stearoyl−sphingosine (d18:1/18:0)

1−stearoyl−2−oleoyl−GPI (18:0/18:1)*

androstenediol (3alpha, 17alpha) m
onosulfate (3)

2−hydroxysebacate

linoleoylcholine*

taurodeoxycholic acid 3−sulfate

glycolithocholate sulfate*

glycochenodeoxycholate glucuronide (1)

deoxycarnitine

16a−hydroxy DHEA 3−sulfate

andro steroid m
onosulfate C19H28O

6S (1)*

1−(1−enyl−palm
itoyl)−2−oleoyl−G

PC (P−16:0/18:1)*

1−(1−enyl−palm
itoyl)−G

PC (P−16:0)*

1−(1−enyl−palm
itoyl)−2−palm

itoyl−G
PC (P−16:0/16:0)*

17alpha−hydroxypregnanolone glucuronide

sphingom
yelin (d18:2/23:0, d18:1/23:1, d17:1/24:1)*

androstenediol (3beta,17beta) disulfate (2)

dehydroepiandrosterone sulfate (DHEA−S)

3−hydroxylaurate

5−dodecenoate (12:1n7)

3−hydroxyhexanoylcarnitine (1)

sphingosine

glycochenodeoxycholate 3−sulfate

decanoylcarnitine (C10)

2−hydroxyarachidate*

oleoyl−linoleoyl−glycerol (18:1/18:2) [2]

1−stearoyl−2−linoleoyl−G
PC

 (18:0/18:2)*

1−linoleoyl−2−linolenoyl−G
PC

 (18:2/18:3)*

arachidonoylcarnitine (C
20:4)

hexadecanedioate (C
16−D

C
)

11beta−hydroxyetiocholanolone glucuronide*

1−oleoylglycerol (18:1)

5alpha−androstan−3alpha,17beta−diol disulfate

3−hydroxy−3−m
ethylglutarate

trim
ethylam

ine N
−oxide

1−(1−enyl−palm
itoyl)−G

PE (P−16:0)*

linolenoylcarnitine (C
18:3)*

m
aleate

cortisone

caprylate (8:0)

1−linolenoyl−G
PC

 (18:3)*

1−palm
itoleoyl−2−linolenoyl−G

PC
 (16:1/18:3)*

sphingom
yelin (d18:1/25:0, d19:0/24:1, d20:1/23:0, d19:1/24:0)*

1−stearoyl−2−oleoyl−G
PC

 (18:0/18:1)

1−linoleoylglycerol (18:2)

1−stearoyl−G
P

C
 (18:0)

oleoyl ethanolam
ide

palm
itoyl sphingom

yelin (d18:1/16:0)

octadecanedioate (C
18−D

C
)

sphingom
yelin (d18:1/18:1, d18:2/18:0)

arachidate (20:0)

1−(1−enyl−stearoyl)−2−linoleoyl−G
P

E
 (P

−18:0/18:2)*

eicosenedioate (C
20:1−D

C
)*

taurocholate

palm
itoylcholine

oleoylcholine

hydroxypalm
itoyl sphingom

yelin (d18:1/16:0(O
H

))**

palm
itoyl−sphingosine−phosphoethanolam

ine (d18:1/16:0)

sphingom
yelin (d18:0/18:0, d19:0/17:0)*

sphingom
yelin (d18:0/20:0, d16:0/22:0)*

ceram
ide (d18:1/14:0, d16:1/16:0)*

1−stearoyl−2−oleoyl−G
P

E
 (18:0/18:1)

sphingadienine

caprate (10:0)

N
−palm

itoyl−sphinganine (d18:0/16:0)

stearate (18:0)

1−palm
itoyl−G

P
G

 (16:0)*

sphingom
yelin (d17:2/16:0, d18:2/15:0)*

1−linoleoyl−G
P

E
 (18:2)*

N
−oleoyltaurine

glycerol

1−palm
itoleoyl−G

P
C

 (16:1)*

glycocholate

docosapentaenoate (n6 D
PA

; 22:5n6)

dihom
o−linolenoylcarnitine (C

20:3n3 or 6)*

deoxycholic acid 12−sulfate*

1−dihom
o−linolenylglycerol (20:3)

cholate

N
−palm

itoyl−sphingadienine (d18:2/16:0)*

1−(1−enyl−palm
itoyl)−2−arachidonoyl−G

P
C

 (P
−16:0/20:4)*

palm
itoylcarnitine (C

16)

3−hydroxybutyrate (B
H

B
A

)

suberate (C
8−D

C
)

3−carboxy−4−m
ethyl−5−propyl−2−furanpropanoate (C

M
P

F
)

lactosyl−N
−nervonoyl−sphingosine (d18:1/24:1)*

10−undecenoate (11:1n1)

1−(1−enyl−stearoyl)−2−oleoyl−G
P

E
 (P

−18:0/18:1)

1−(1−enyl−palm
itoyl)−2−oleoyl−G

P
E

 (P
−16:0/18:1)*

1−palm
itoyl−2−docosahexaenoyl−G

P
C

 (16:0/22:6)

glutarate (C
5−D

C
)

nervonoylcarnitine (C
24:1)*

cortisol

sphingom
yelin (d18:2/24:2)*

nonanoylcarnitine (C
9)

chiro−inositol

androstenediol (3beta,17beta) m
onosulfate (1)

octanoylcarnitine (C
8)

sphingom
yelin (d18:1/20:0, d16:1/22:0)*

glycolithocholate

9,10−D
iH

O
M

E

m
yristate (14:0)

eicosanedioate (C
20−D

C
)

3−hydroxyhexanoate

10−nonadecenoate (19:1n9)

(16 or 17)−m
ethylstearate (a19:0 or i19:0)

docosadienoate (22:2n6)

m
argarate (17:0)

1−stearoyl−2−oleoyl−G
P

S
 (18:0/18:1)

taurochenodeoxycholate

acetylcarnitine (C
2)

glycohyocholate

glycodeoxycholate

2−
palm

itoleoyl−
G

P
C

 (16:1)*

sphingom
yelin (d18:1/20:2, d18:2/20:1, d16:1/22:2)*

1−palm
itoleoylglycerol (16:1)*

1−arachidonoyl−G
P

C
 (20:4n6)*

m
yristoleoylcarnitine (C

14:1)*

oleoylcarnitine (C
18:1)

dihom
o−

linoleoylcarnitine (C
20:2)*

linoleoylcarnitine (C
18:2)*

1−
(1−

enyl−
oleoyl)−

G
P

E
 (P

−
18:1)*

1−oleoyl−G
P

E
 (18:1)

tetradecadienedioate (C
14:2−

D
C
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undecenoylcarnitine (C
11:1)

3−
hydroxysebacate

androsterone glucuronide

5alpha−
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diol m
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3−
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4−
m
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C

M
P

F
P
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1−
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2−
dihom
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C
 (16:0/20:3n3 or 6)*
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se
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e
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ate

3−methy
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cre

atin
e

hist
idine

2,3−dihy
drox

y−
5−methy

lth
io−4−pentenoate (D

MTPA
)*

betaine

alpha−ke
toglutaramate*

alpha−hy
drox

yis
oca

proate

N6,N
6−dim

ethy
lly

sin
e

3−methy
lhist

idine

4−ace
tamidobutanoate

ca
rbox

ye
thy

l−GABA

N−ace
tyl

putre
sc

ine

3−methoxy
tyr

osin
e

2−aminobutyr
ateurea

2−hyd
roxy

butyr
ate/2−hyd

roxy
iso

butyr
ate

N−ace
tyl

arginine

N−ace
tyl

prolin
e

N−ace
tyl

taurin
e

N−ace
tylt

yro
sin

e

N−ace
tylt

hreonine

indoleace
toylc

arnitin
e*

2−hyd
roxy−

4−(m
ethylth

io)butanoic a
cid

5−hyd
roxyl

ysi
ne

N−lacto
yl l

eucin
e

N−ace
tyli

so
leucin

e

1−methyl−4−imidazoleacetate

guanidinoacetate

cysteine−glutathione disulfid
e

methylsuccinate

catechol glucuronidecystine

3−hydroxy−2−ethylpropionate
kynurenine

2−hydroxy−3−methylva
lerate

5−(galactosylhydroxy)−L−lysine

phenol sulfate

S−methylcysteine sulfoxide

succinoyltaurine

N−acetylhistidine
isoleucine

4−hydroxyphenylacetoylcarnitin
e

N−acetyl−aspartyl−glutamate (N
AAG)

4−hydroxyphenylpyruvate

beta−hydroxyisovaleroylcarnitin
e

N−acetylcitru
lline

dimethylglycine
xanthurenate

N−lactoyl phenylalanine
homocitru

lline

S−methylcysteine

4−guanidinobutanoatethyroxine
aspartate

N−acetylglutamine

tiglylcarnitine (C5:1−DC)

3−(4−hydroxyphenyl)lactate

N−methylhydroxyproline**

imidazole lactate

phenyllactate (PLA)

cysteine s−sulfate

S−1−pyrroline−5−carboxylate

N−delta−acetylornithine

N−formylmethionine

cys−gly, o
xidizedtyrosine

methionine

6−oxopiperidine−2−carboxylate

hydroxyasparagine**
2−methylserineasparagine

phenylpyruvate

N2−acetyl,N6−methyllysinekynurenate
cysteinylglycine

N−acetylaspartate (NAA)

N−acetylkynurenine (2)

trans−4−hydroxyproline
phenol glucuronide

N−formylanthranilic acid

3−amino−2−piperidone

indoleacetylglutaminecitrullinecystathionine
tryptophan betaine

N−formylphenylalanine
N−lactoyl tyrosineN−acetylserineindolelactatetrans−urocanatecysteineN−acetylvaline

cysteinylglycine disulfide*

N2−acetyl,N6,N6−dimethyllysine
4−hydroxyglutamate

N,N−dimethylalanine
N−acetylphenylalanine

4−methyl−2−oxopentanoateserotoninargininate*pipecolate
beta−hydroxyisovalerateN−acetylglutamatetyramine O−sulfate3−indoxyl sulfatephenylacetate2−oxoarginine*4−hydroxyphenylacetatephenylalanine

S−adenosylhomocysteine (SAH)6−bromotryptophan
taurinefructosyllysineN−acetylmethionine

ornithinedopamine 4−sulfateN6,N6,N6−trimethyllysine
tryptophanN−lactoyl valine

prolinemethylsuccinoylcarnitine
argininebeta−citrylglutamatedimethylarginine (SDMA + ADMA)N−acetylasparagine2,3−dihydroxy−2−methylbutyrate

lanthionine
indoleacetate

spermidine
1−methyl−5−imidazoleacetate

indole−3−carboxylate
N−acetyl−1−methylhistidine*

glutamate
methionine sulfoxide

creatinine
indolepropionate

vanillylmandelate (VMA)
leucine

mannitol/sorbitol
fructose

N−acetylglucosaminylasparagine
sucrose
glycerate

glucose

N−acetylneuraminate

1,5−anhydroglucitol (1,5−AG)
ribitol

mannose

erythronate*

arabitol/xylitol

xylose

N−acetylglucosamine/N−acetylgalactosamine
pyruvate

lactate

glucuronate

arabonate/xylonate

galactonate

3−phosphoglycerate

nicotinamide

bilirubin (E,Z or Z,E)*

bilirubin (E,E)*

carotene diol (3)

ascorbic acid 2−sulfate

retinol (Vitamin A)

2−O−methylascorbic acid

alpha−tocopherol

gulonate*

carotene diol (1)

carotene diol (2)

biliverdin

gamma−CEHC

N1−Methyl−2−pyridone−5−carboxamide

bilirubin (Z,Z)

threonate

oxalate (ethanedioate)

1−methylnicotinamide

beta−cryptoxanthin

ascorbic acid 3−sulfate*

pantothenate

pyridoxate

trigonelline (N'−methylnicotinate)

pantoate

quinolinate

gamma−tocopherol/beta−tocopherol

citrate

malate

citraconate/glutaconate

succinylcarnitine (C4−DC)

phosphate

succinate

alpha−ketoglutarate

aconitate [cis or trans]

2'−O−methylcytidine

2'−deoxyuridine

2'−O−methyluridine

dihydroorotate

inosine

3−aminoisobutyrate

3−ureidopropionate

5,6−dihydrothymine

N−acetyl−beta−alanine

7−methylguanine

beta−alanine

urate

5,6−dihydrouridine

N2,N2−dimethylguanosine

N4−acetylcytidine

uridine

N1−methyladenosine

xanthine

5−methyluridine (ribothymidine)

3−(3−amino−3−carboxypropyl)uridine*

orotidine

orotate

N1−methylinosine

allantoin

pseudouridine

adenosine 5'−monophosphate (AMP)

pentose acid*

bilirubin degradation product, C17H18N2O4 (1)**

bilirubin degradation product, C16H18N2O5 (1)**

glutamine conjugate of C6H10O2 (1)*

metabolonic lactone sulfate

glutamine_degradant*

glutamine conjugate of C7H12O2*

bilirubin degradation product, C17H18N2O4 (2)**

bilirubin degradation product, C17H18N2O4 (3)**

glutamine conjugate of C6H10O2 (2)*

bilirubin degradation product, C16H18N2O5 (4)**

bilirubin degradation product, C16H18N2O5 (2)**

glucuronide of C10H18O2 (7)*

bilirubin degradation product, C17H20N2O5 (1)**

branched−chain, straight−chain, or cyclopropyl 12:1 fatty acid*

glycine conjugate of C10H14O2 (1)*

bilirubin degradation product, C17H20N2O5 (2)**

branched−chain, straight−chain, or cyclopropyl 10:1 fatty acid (1)*

gam
m

a−glutam
ylglycine

gam
m

a−glutam
ylcitrulline*

gam
m

a−glutam
ylhistidine

phenylacetylcarnitine

gam
m
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yltryptophan
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m
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ylthreonine
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m
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ylvaline
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m
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4−hydroxyphenylacetylglutam
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3−hydroxyphenylacetoylglutam
ine

prolylglycine
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ate
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a−glutam
ylisoleucine*
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a−glutam
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m
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phenylacetylglutam
ate

phenylacetylglutam
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a−glutam
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gam
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a−glutam
yltyrosine
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ylm

ethionine
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4−acetylphenol sulfate

4−vinylguaiacol sulfate

salicyluric glucuronide*

ethylparaben sulfate

glucuronide of piperine metabolite
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perfluorooctanoate (PFOA)

2,3−dihydroxyisovalerate
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1−palmitoyl−GPC (16:0)
sphingosine 1−phosphate
sphinganine−1−phosphate
eicosapentaenoate (EPA; 20:5n3)
sphingomyelin (d18:2/24:1, d18:1/24:2)*
sphingomyelin (d18:2/16:0, d18:1/16:1)*1,2−dilinoleoyl−GPE (18:2/18:2)*epiandrosterone sulfate
5alpha−androstan−3alpha,17beta−diol monosulfate (1)5alpha−androstan−3beta,17alpha−diol disulfateandrosterone sulfate1−palmitoyl−2−linoleoyl−GPC (16:0/18:2)N−palmitoylglycine2−aminoheptanoatelinolenate [alpha or gamma; (18:3n3 or 6)]hexadecadienoate (16:2n6)sphingomyelin (d18:1/19:0, d19:1/18:0)*hexanoylglycine1−oleoyl−GPG (18:1)*tetrahydrocortisol glucuronidehyocholatepregnenediol sulfate (C21H34O5S)*

pregnenolone sulfate5alpha−pregnan−diol disulfate
docosapentaenoate (n3 DPA; 22:5n3)
choline phosphatelignoceroyl sphingomyelin (d18:1/24:0)

1−myristoyl−2−arachidonoyl−GPC (14:0/20:4)*

pregnanediol−3−glucuronide
1−oleoyl−2−arachidonoyl−GPE (18:1/20:4)*

1−stearoyl−2−arachidonoyl−GPE (18:0/20:4)

malonylcarnitinemyo−inositoldeoxycholate4−hydroxy−2−oxoglutaric acid
tauro−beta−muricholate

3−methyladipate1−palmitoyl−2−arachidonoyl−GPC (16:0/20:4n6)

behenoylcarnitine (C22)*
dihomo−linolenoyl−choline
2S,3R−dihydroxybutyrate
1−stearoyl−2−arachidonoyl−GPC (18:0/20:4)

2−hydroxyoctanoate
1−stearoyl−GPI (18:0)
4−cholesten−3−one
docosahexaenoate (DHA; 22:6n3)

dodecenedioate (C12:1−DC)*

campesterol(S)−3−hydroxybutyrylcarnitine

1−palmitoyl−2−oleoyl−GPI (16:0/18:1)*

1−palmitoyl−2−linoleoyl−GPE (16:0/18:2)

glycerophosphorylcholine (GPC)

1−palmitoyl−GPE (16:0)

1−palmitoyl−2−arachidonoyl−GPE (16:0/20:4)*

1−palmitoyl−2−oleoyl−GPE (16:0/18:1)

1−oleoyl−2−linoleoyl−GPE (18:1/18:2)*

1−palmitoyl−2−docosahexaenoyl−GPE (16:0/22:6)*

1−stearoyl−2−linoleoyl−GPE (18:0/18:2)*

1−stearoyl−2−docosahexaenoyl−GPE (18:0/22:6)*

1−stearoyl−GPE (18:0)

lignoceroylcarnitine (C24)*

etiocholanolone glucuronide

N−acetyl−2−aminooctanoate*

N−stearoyl−sphingadienine (d18:2/18:0)*

adipoylcarnitine (C6−DC)

hexadecenedioate (C16:1−DC)*

2−aminooctanoate

palmitoleoylcarnitine (C16:1)*

5−dodecenoylcarnitine (C12:1)

palmitoyl dihydrosphingomyelin (d18:0/16:0)*

myristoyl dihydrosphingomyelin (d18:0/14:0)*

pregnenetriol disulfate*

myristoylcarnitine (C14)

laurylcarnitine (C12)

1−palmitoyl−2−arachidonoyl−GPI (16:0/20:4)*

1−linoleoyl−2−arachidonoyl−GPC (18:2/20:4n6)*

stearidonate (18:4n3)

1−stearoyl−2−arachidonoyl−GPI (18:0/20:4)

linoleoyl−arachidonoyl−glycerol (18:2/20:4) [2]*

1−(1−enyl−stearoyl)−2−arachidonoyl−GPE (P−18:0/20:4)*

1−arachidonoyl−GPE (20:4n6)*

picolinoylglycine

glycosyl−N−behenoyl−sphingadienine (d18:2/22:0)*

glycosyl−N−palmitoyl−sphingosine (d18:1/16:0)

glycosyl ceramide (d18:1/20:0, d16:1/22:0)*

glycosyl ceramide (d18:2/24:1, d18:1/24:2)*

5alpha−androstan−3alpha,17beta−diol monosulfate (2)

myristoleate (14:1n5)

behenoyl dihydrosphingomyelin (d18:0/22:0)*

5alpha−pregnan−3beta,20alpha−diol monosulfate (2)

octadecenedioylcarnitine (C18:1−DC)*

hexanoylcarnitine (C6)

1−lignoceroyl−GPC (24:0)

1−(1−enyl−palmitoyl)−2−linoleoyl−GPC (P−16:0/18:2)*

1−palmitoyl−2−linoleoyl−GPI (16:0/18:2)

5alpha−androstan−3beta,17beta−diol disulfate

adrenate (22:4n6)

taurodeoxycholate

1−(1−enyl−palmitoyl)−2−linoleoyl−GPE (P−16:0/18:2)*

lithocholate sulfate (1)

pristanate
sphingomyelin (d18:1/17:0, d17:1/18:0, d19:1/16:0)

butyrylcarnitine (C4)

3−hydroxymyristate

decadienedioic acid (C10:2−DC)**

tetradecadienoate (14:2)*

erucate (22:1n9)

3−hydroxybutyroylglycine**

glycoursodeoxycholic acid sulfate (1)

taurocholenate sulfate*

1−(1−enyl−palmitoyl)−2−arachidonoyl−GPE (P−16:0/20:4)*

21−hydroxypregnenolone disulfate

pregnenediol disulfate (C21H34O8S2)*

5alpha−pregnan−3beta,20alpha−diol disulfate

5alpha−pregnan−3beta,20beta−diol monosulfate (1)

N−stearoyl−sphingosine (d18:1/18:0)*

N−palmitoyl−sphingosine (d18:1/16:0)

3−hydroxydecanoylcarnitine

linoleoyl−arachidonoyl−glycerol (18:2/20:4) [1]*

taurolithocholate 3−sulfate

glycoursodeoxycholate

ursodeoxycholate

7−alpha−hydroxy−3−oxo−4−cholestenoate (7−Hoca)

isoursodeoxycholate

tetradecanedioate (C14−DC)

(R)−3−hydroxybutyrylcarnitine
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2,3−dihydroxy−5−methylthio−4−pentenoate (D
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tiglylcarnitine (C
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3−(4−hydroxyphenyl)la
ctate

N−methylhydroxyproline**betaine
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cysteine s−sulfate

S−1−pyrroline−5−carboxylate

N−delta−acetylornithine
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4−hydroxyphenylacetatephenylalanine
S−adenosylhomocysteine (SAH)6−bromotryptophan
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ornithinedopamine 4−sulfateN6,N6,N6−trimethyllysine

tryptophanN−lactoyl valine
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lanthionine
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glutamate
methionine sulfoxide
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bilirubin (E,E)*
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FIGURE 2

Circle diagrams of the discovery sample in the forward MR analysis. The complete results of the forward MR analysis, showing the causal effects of
plasma metabolites on ADs. (A) IBD, (B) MS, (C) RA, (D) T1D. Five statistical methods, respectively, IVW, MR Egger, Weighted median, Weighted mode,
and Simple mode, are represented by five circles from inner to outer.
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3.4 Sensitivity analyses

A series of sensitivity analyses were conducted to minimize the

impact of horizontal pleiotropy on the MR estimate as possible,

aiming to obtain more robust results. We utilized MR-Egger and

MR-PRESSO regression tests to examine the potential horizontal

pleiotropy impact. Through screening, samples with P < 0.05 in

both methods were deleted to provide more reliable results.

Horizontal pleiotropy was not found in all relevant metabolites

applied in Figures 3, 5–7.

At the same time, in order to quantify the heterogeneity among

the individual causation effects Cochran’s Q was calculated.

Through this test, in the forward MR analysis, Cochran’ Q-

derived P values indicated the absence of detected heterogeneity

in the causal relationships 11 metabolites with RA, 3 metabolites

with T1D and all metabolites with IBD and MS (Supplementary

Table S21-S28). At the same time, in the reverse MR analysis, no

heterogeneity was detected in the causal association in 21

metabolites with SLE, 36 metabolites with T1D and all

metabolites with IBD and RA (Supplementary Tables S29–36).
3.5 Metabolic pathway analyses

In the forward MR analysis, metabolic pathway analysis

revealed that, only in RA, 4 significant metabolic pathways were
Frontiers in Immunology 07
found, as shown in Figure 8A. Our results show that the

“Glycosylphosphatidylinositol (GPI)-anchor biosynthesis”, “alpha-

Linolenic acid metabolism”, “Linoleic acid metabolism”, and

“Glycerophospholipid metabolism” pathways were found to be

involved in the pathogenetic process of RA (Supplementary

Table S37).

In the reverse MR analysis, as shown in Figures 8B–D, 14

significant metabolic pathways involved 3 ADs were identified

(Supplementary Tables S38–S40). Specifically, “Arginine

biosynthesis”, “Aminoacyl-tRNA biosynthesis”, “Arginine and

proline metabolism”, “Alanine, aspartate and glutamate

metabolism”, “Butanoate metabolism”, “Cysteine and methionine

metabolism”, “D-Glutamine and D-glutamate metabolism”,

“Glycine, serine and threonine metabolism”, “Nitrogen metabolism

pathways”, “Valine, leucine and isoleucine biosynthesis” and “Valine,

leucine and isoleucine degradation”were noticed to be involved in the

pathogenetic process of RA. Meanwhile, SLE is observed to be

associated with the “Aminoacyl-tRNA biosynthesis”, “alpha-

Linolenic acid metabolism”, “D-Glutamine and D-glutamate

metabolism”, “Glycerophospholipid metabolism”, “Linoleic acid

metabolism”, “Nitrogen metabolism”, “Valine, leucine and

isoleucine degradation” and “Valine, leucine and isoleucine

biosynthesis” pathways. And T1D is associated with the “alpha-

Linolenic acid metabolism” , “Arginine biosynthesis” ,

“Glycerophospholipid metabolism” and “Linoleic acid

metabolism” pathways.
FIGURE 3

Forest plots showing the causal relationships between plasma metabolites and ADs outcomes. All causal relationships were derived from the fixed-
effect IVW analysis and can be supported by both discovery and replication samples.
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3.6 Differential plasma glutamate
concentrations in normal controls and
ADs patients

To validate our findings, we experimentally confirmed the role

of glutamate, identified as a protective factor in both SLE and RA

from our previous results (Figures 5, 6). In previous studies,

glutamate has been identified as a pivotal excitatory

neurotransmitter in the central nervous system, essential for

cognitive function, memory, mood regulation, stress response,

and immune modulation via its anti-inflammatory properties and

involvement in glutathione synthesis (36–39). Using an ELISA kit,

we found that the glutamate concentration in the control group

(healthy individuals) was the highest at 57.18 ± 13.54 µM,

significantly higher than those in the RA group (39.70 ± 10.95

µM, P < 0.01, n=12) and the SLE group (43.52 ± 9.321 µM, P < 0.05,
Frontiers in Immunology 08
n=12) (Figure 9A). Additionally, no significant differences in

glutamate concentrations were observed between male and female

plasma (Figure 9B). The consistency of these experimental results

with our MR data corroborates the reliability and robustness of

our findings.
4 Discussion

During this study, a bidirectional two-sample MR analysis was

performed to assess the reciprocal causal correlation between

plasma metabolites and 5 prevalent ADs (IBD, MS, T1D, SLE and

RA). Furthermore, the results of pleiotropy at the gene level were

excluded by sensitivity analysis, rendering the results of the study

more robust and reliable. Through the Combination of evidence

from both discovery and replication samples, we identified 4
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(16 or 17)−methylstearate (a19:0 or i19:0)
(2 or 3)−decenoate (10:1n7 or n8)
(R)−3−hydroxybutyrylcarnitine
(S)−3−hydroxybutyrylcarnitine
1−(1−enyl−oleoyl)−GPE (P−18:1)*
1−(1−enyl−palmitoyl)−2−arachidonoyl−GPC (P−16:0/20:4)*1−(1−enyl−palmitoyl)−2−arachidonoyl−GPE (P−16:0/20:4)*1−(1−enyl−palmitoyl)−2−linoleoyl−GPC (P−16:0/18:2)*1−(1−enyl−palmitoyl)−2−linoleoyl−GPE (P−16:0/18:2)*1−(1−enyl−palmitoyl)−2−oleoyl−GPC (P−16:0/18:1)*1−(1−enyl−palmitoyl)−2−oleoyl−GPE (P−16:0/18:1)*1−(1−enyl−palmitoyl)−2−palmitoyl−GPC (P−16:0/16:0)*1−(1−enyl−palmitoyl)−GPC (P−16:0)*1−(1−enyl−palmitoyl)−GPE (P−16:0)*1−(1−enyl−stearoyl)−2−arachidonoyl−GPE (P−18:0/20:4)*

1−(1−enyl−stearoyl)−2−linoleoyl−GPE (P−18:0/18:2)*
1−(1−enyl−stearoyl)−2−oleoyl−GPE (P−18:0/18:1)
1−(1−enyl−stearoyl)−GPE (P−18:0)*1−arachidonoyl−GPC (20:4n6)*1−arachidonoyl−GPE (20:4n6)*1−arachidonylglycerol (20:4)1−dihomo−linolenylglycerol (20:3)

1−lignoceroyl−GPC (24:0)1−linolenoyl−GPC (18:3)*1−linoleoyl−2−arachidonoyl−GPC (18:2/20:4n6)*

1−linoleoyl−2−linolenoyl−GPC (18:2/18:3)*

1−linoleoyl−GPC (18:2)1−linoleoyl−GPE (18:2)*1−linoleoyl−GPG (18:2)*1−linoleoyl−GPI (18:2)*
1−linoleoylglycerol (18:2)
1−myristoyl−2−arachidonoyl−GPC (14:0/20:4)*

1−myristoyl−2−palmitoyl−GPC (14:0/16:0)

1−oleoyl−2−arachidonoyl−GPE (18:1/20:4)*

1−oleoyl−2−docosahexaenoyl−GPC (18:1/22:6)*

1−oleoyl−2−linoleoyl−GPE (18:1/18:2)*

1−oleoyl−GPC (18:1)
1−oleoyl−GPE (18:1)
1−oleoyl−GPG (18:1)*
1−oleoyl−GPI (18:1)
1−oleoylglycerol (18:1)
1−palmitoleoyl−2−linolenoyl−GPC (16:1/18:3)*

1−palmitoleoyl−GPC (16:1)*

1−palmitoleoylglycerol (16:1)*

1−palmitoyl−2−arachidonoyl−GPC (16:0/20:4n6)

1−palmitoyl−2−arachidonoyl−GPE (16:0/20:4)*

1−palmitoyl−2−arachidonoyl−GPI (16:0/20:4)*

1−palmitoyl−2−dihomo−linolenoyl−GPC (16:0/20:3n3 or 6)*

1−palmitoyl−2−docosahexaenoyl−GPC (16:0/22:6)

1−palmitoyl−2−docosahexaenoyl−GPE (16:0/22:6)*

1−palmitoyl−2−linoleoyl−GPC (16:0/18:2)

1−palmitoyl−2−linoleoyl−GPE (16:0/18:2)

1−palmitoyl−2−linoleoyl−GPI (16:0/18:2)

1−palmitoyl−2−oleoyl−GPC (16:0/18:1)

1−palmitoyl−2−oleoyl−GPE (16:0/18:1)

1−palmitoyl−2−oleoyl−GPI (16:0/18:1)*

1−palmitoyl−2−palmitoleoyl−GPC (16:0/16:1)*

1−palmitoyl−2−stearoyl−GPC (16:0/18:0)

1−palmitoyl−GPC (16:0)

1−palmitoyl−GPE (16:0)

1−palmitoyl−GPG (16:0)*

1−palmitoyl−GPI (16:0)

1−stearoyl−2−arachidonoyl−GPC (18:0/20:4)

1−stearoyl−2−arachidonoyl−GPE (18:0/20:4)

1−stearoyl−2−arachidonoyl−GPI (18:0/20:4)

1−stearoyl−2−docosahexaenoyl−GPC (18:0/22:6)

1−stearoyl−2−docosahexaenoyl−GPE (18:0/22:6)*

1−stearoyl−2−linoleoyl−GPC (18:0/18:2)*

1−stearoyl−2−linoleoyl−GPE (18:0/18:2)*

1−stearoyl−2−linoleoyl−GPI (18:0/18:2)

1−stearoyl−2−oleoyl−GPC (18:0/18:1)

1−stearoyl−2−oleoyl−GPE (18:0/18:1)

1−stearoyl−2−oleoyl−GPI (18:0/18:1)*

1−stearoyl−2−oleoyl−GPS (18:0/18:1)

1−stearoyl−GPC (18:0)

1−stearoyl−GPE (18:0)

1−stearoyl−GPG (18:0)

1−stearoyl−GPI (18:0)

1,2−dilinoleoyl−GPC (18:2/18:2)

1,2−dilinoleoyl−GPE (18:2/18:2)*

1,2−dipalmitoyl−GPC (16:0/16:0)

10−heptadecenoate (17:1n7)

10−nonadecenoate (19:1n9)

10−undecenoate (11:1n1)

11beta−hydroxyandrosterone glucuronide

11beta−hydroxyetiocholanolone glucuronide*

12,13−DiHOME

13−HODE + 9−HODE

16a−hydroxy DHEA 3−sulfate

17alpha−hydroxypregnanolone glucuronide

2−aminoheptanoate

2−aminooctanoate

2−hydroxyarachidate*

2−hydroxydecanoate

2−hydroxyglutarate

2−hydroxyoctanoate

2−hydroxypalmitate

2−hydroxysebacate

2−hydroxystearate

2−linoleoylglycerol (18:2)

2−palmitoleoyl−GPC (16:1)*

2−palmitoyl−GPC (16:0)*

2−stearoyl−GPE (18:0)*

21−hydroxypregnenolone disulfate

2R,3R−dihydroxybutyrate

2S,3R−dihydroxybutyrate

3−carboxy−4−methyl−5−pentyl−2−furanpropionate (3−CMPFP)**

3−carboxy−4−methyl−5−propyl−2−furanpropanoate (CMPF)

3−hydroxy−3−methylglutarate

3−hydroxybutyrate (BHBA)

3−hydroxybutyroylglycine**

3−hydroxydecanoate

3−hydroxydecanoylcarnitine

3−hydroxydodecanedioate*

3−hydroxyhexanoate

3−hydroxyhexanoylcarnitine (1)

3−hydroxylaurate

3−hydroxymyristate

3−hydroxyoctanoate

3−hydroxyoctanoylcarnitine (1)

3−hydroxyoctanoylcarnitine (2)

3−hydroxyoleoylcarnitine

3−hydroxysebacate

3−methyladipate

3,4−dihydroxybutyrate

3beta−hydroxy−5−cholestenoate

4−cholesten−3−one

4−hydroxy−2−oxoglutaric acid

4−methylhexanoylglutamine

5−dodecenoate (12:1n7)

5−dodecenoylcarnitine (C12:1)

5alpha−androstan−3alpha,17alpha−diol monosulfate

5alpha−androstan−3alpha,17beta−diol disulfate

5alpha−androstan−3alpha,17beta−diol monosulfate (1)

5alpha−androstan−3alpha,17beta−diol monosulfate (2)

5alpha−androstan−3beta,17alpha−diol disulfate

5alpha−androstan−3beta,17beta−diol disulfate

5alpha−androstan−3beta,17beta−diol monosulfate (2)

5alpha−pregnan−3beta,20alpha−diol disulfate

5alpha−pregnan−3beta,20alpha−diol monosulfate (2)

5alpha−pregnan−3beta,20beta−diol monosulfate (1)

5alpha−pregnan−diol disulfate

7−alpha−hydroxy−3−oxo−4−cholestenoate (7−Hoca)

9−hydroxystearate

9,10−DiHOM
E

acetylcarnitine (C2)

adipoylcarnitine (C6−DC)

adrenate (22:4n6)

andro steroid m
onosulfate C19H28O6S (1)*

androstenediol (3alpha, 17alpha) m
onosulfate (3)

androstenediol (3beta,17beta) disulfate (1)

androstenediol (3beta,17beta) disulfate (2)

androstenediol (3beta,17beta) m
onosulfate (1)

androstenediol (3beta,17beta) m
onosulfate (2)

androsterone glucuronide

androsterone sulfate

arachidate (20:0)

arachidonate (20:4n6)

arachidonoylcarnitine (C20:4)

arachidonoylcholine

arachidoylcarnitine (C20)*

behenoyl dihydrosphingom
yelin (d18:0/22:0)*

behenoyl sphingom
yelin (d18:1/22:0)*

behenoylcarnitine (C22)*

branched chain 14:0 dicarboxylic acid**

butyrate/isobutyrate (4:0)

butyrylcarnitine (C4)

cam
pesterol

caprate (10:0)

caprylate (8:0)

carnitine

ceram
ide (d18:1/14:0, d16:1/16:0)*

cerotoylcarnitine (C26)*

chiro−inositol

cholate

cholesterol

cholic acid glucuronide

choline phosphate

choline

cis−3,4−m
ethyleneheptanoate

cis−3,4−m
ethyleneheptanoylcarnitine

cis−3,4−m
ethyleneheptanoylglycine

cis−4−decenoate (10:1n6)*

cis−4−decenoylcarnitine (C
10:1)

cortisol

cortisone

cortolone glucuronide (1)

decadienedioic acid (C
10:2−D

C
)**

decanoylcarnitine (C
10)

dehydroepiandrosterone sulfate (D
H

EA−S)

deoxycarnitine

deoxycholate

deoxycholic acid 12−sulfate*

deoxycholic acid glucuronide

dihom
o−linoleate (20:2n6)

dihom
o−linolenate (20:3n3 or n6)

dihom
o−linolenoyl−choline

dihom
o−linolenoylcarnitine (C

20:3n3 or 6)*

dihom
o−linoleoylcarnitine (C

20:2)*

docosadienoate (22:2n6)

docosadioate (C
22−D

C
)

docosahexaenoate (D
H

A
; 22:6n3)

docosahexaenoylcholine

docosapentaenoate (n3 D
PA

; 22:5n3)

docosapentaenoate (n6 D
PA

; 22:5n6)

docosatrienoate (22:3n6)*

dodecadienoate (12:2)*

dodecanedioate (C
12−D

C
)

dodecenedioate (C
12:1−D

C
)*

eicosanedioate (C
20−D

C
)

eicosapentaenoate (E
PA

; 20:5n3)

eicosenedioate (C
20:1−D

C
)*

eicosenoate (20:1)

eicosenoylcarnitine (C
20:1)*

epiandrosterone sulfate

erucate (22:1n9)

etiocholanolone glucuronide

glutarate (C
5−D

C
)

glycerol 3−phosphate

glycerol

glycerophosphoethanolam
ine

glycerophosphorylcholine (G
P

C
)

glyco−beta−m
uricholate**

glycochenodeoxycholate 3−sulfate

glycochenodeoxycholate glucuronide (1)

glycochenodeoxycholate

glycocholate

glycocholenate sulfate*

glycodeoxycholate 3−sulfate

glycodeoxycholate

glycohyocholate

glycolithocholate

glycolithocholate sulfate*

glycosyl ceram
ide (d18:1/20:0, d16:1/22:0)*

glycosyl ceram
ide (d18:2/24:1, d18:1/24:2)*

glycosyl−N
−(2−hydroxynervonoyl)−sphingosine (d18:1/24:1(2O

H
))*

glycosyl−N
−behenoyl−sphingadienine (d18:2/22:0)*

glycosyl−N
−palm

itoyl−sphingosine (d18:1/16:0)

glycosyl−N
−stearoyl−sphingosine (d18:1/18:0)

glycoursodeoxycholate

glycoursodeoxycholic acid sulfate (1)

heneicosapentaenoate (21:5n3)

heptenedioate (C
7:1−D

C
)*

hexadecadienoate (16:2n6)

hexadecanedioate (C
16−D

C
)

hexadecenedioate (C
16:1−D

C
)*

hexanoylcarnitine (C
6)

hexanoylglutam
ine

hexanoylglycine

hydroxy−C
M

P
F

*

hydroxypalm
itoyl sphingom

yelin (d18:1/16:0(O
H

))**

hyocholate

isoursodeoxycholate

lactosyl−N
−nervonoyl−sphingosine (d18:1/24:1)*

lactosyl−N
−palm

itoyl−sphingosine (d18:1/16:0)

laurate (12:0)

laurylcarnitine (C
12)

lignoceroyl sphingom
yelin (d18:1/24:0)

lignoceroylcarnitine (C
24)*

linoleate (18:2n6)

linolenate [alpha or gam
m

a; (18:3n3 or 6)]

linolenoylcarnitine (C
18:3)*

linoleoyl−arachidonoyl−glycerol (18:2/20:4) [1]*

linoleoyl−
arachidonoyl−glycerol (18:2/20:4) [2]*

linoleoylcarnitine (C
18:2)*

linoleoylcholine*

lithocholate sulfate (1)

m
aleate

m
alonylcarnitine

m
argarate (17:0)

m
argaroylcarnitine (C

17)*

m
yo−inositol

m
yristate (14:0)

m
yristoleate (14:1n5)

m
yristoleoylcarnitine (C

14:1)*

m
yristoyl dihydrosphingom

yelin (d18:0/14:0)*

m
yristoylcarnitine (C

14)

N
−
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(16 or 17)−methylstearate (a19:0 or i19:0)
(2 or 3)−decenoate (10:1n7 or n8)
(R)−3−hydroxybutyrylcarnitine
(S)−3−hydroxybutyrylcarnitine
1−(1−enyl−oleoyl)−GPE (P−18:1)*
1−(1−enyl−palmitoyl)−2−arachidonoyl−GPC (P−16:0/20:4)*1−(1−enyl−palmitoyl)−2−arachidonoyl−GPE (P−16:0/20:4)*1−(1−enyl−palmitoyl)−2−linoleoyl−GPC (P−16:0/18:2)*1−(1−enyl−palmitoyl)−2−linoleoyl−GPE (P−16:0/18:2)*1−(1−enyl−palmitoyl)−2−oleoyl−GPC (P−16:0/18:1)*1−(1−enyl−palmitoyl)−2−oleoyl−GPE (P−16:0/18:1)*1−(1−enyl−palmitoyl)−2−palmitoyl−GPC (P−16:0/16:0)*1−(1−enyl−palmitoyl)−GPC (P−16:0)*1−(1−enyl−palmitoyl)−GPE (P−16:0)*1−(1−enyl−stearoyl)−2−arachidonoyl−GPE (P−18:0/20:4)*

1−(1−enyl−stearoyl)−2−linoleoyl−GPE (P−18:0/18:2)*
1−(1−enyl−stearoyl)−2−oleoyl−GPE (P−18:0/18:1)
1−(1−enyl−stearoyl)−GPE (P−18:0)*1−arachidonoyl−GPC (20:4n6)*1−arachidonoyl−GPE (20:4n6)*1−arachidonylglycerol (20:4)1−dihomo−linolenylglycerol (20:3)

1−lignoceroyl−GPC (24:0)1−linolenoyl−GPC (18:3)*1−linoleoyl−2−arachidonoyl−GPC (18:2/20:4n6)*

1−linoleoyl−2−linolenoyl−GPC (18:2/18:3)*

1−linoleoyl−GPC (18:2)1−linoleoyl−GPE (18:2)*1−linoleoyl−GPG (18:2)*1−linoleoyl−GPI (18:2)*1−linoleoylglycerol (18:2)
1−myristoyl−2−arachidonoyl−GPC (14:0/20:4)*

1−myristoyl−2−palmitoyl−GPC (14:0/16:0)

1−oleoyl−2−arachidonoyl−GPE (18:1/20:4)*

1−oleoyl−2−docosahexaenoyl−GPC (18:1/22:6)*

1−oleoyl−2−linoleoyl−GPE (18:1/18:2)*

1−oleoyl−GPC (18:1)
1−oleoyl−GPE (18:1)
1−oleoyl−GPG (18:1)*
1−oleoyl−GPI (18:1)
1−oleoylglycerol (18:1)
1−palmitoleoyl−2−linolenoyl−GPC (16:1/18:3)*

1−palmitoleoyl−GPC (16:1)*

1−palmitoleoylglycerol (16:1)*

1−palmitoyl−2−arachidonoyl−GPC (16:0/20:4n6)

1−palmitoyl−2−arachidonoyl−GPE (16:0/20:4)*

1−palmitoyl−2−arachidonoyl−GPI (16:0/20:4)*

1−palmitoyl−2−dihomo−linolenoyl−GPC (16:0/20:3n3 or 6)*

1−palmitoyl−2−docosahexaenoyl−GPC (16:0/22:6)

1−palmitoyl−2−docosahexaenoyl−GPE (16:0/22:6)*

1−palmitoyl−2−linoleoyl−GPC (16:0/18:2)

1−palmitoyl−2−linoleoyl−GPE (16:0/18:2)

1−palmitoyl−2−linoleoyl−GPI (16:0/18:2)

1−palmitoyl−2−oleoyl−GPC (16:0/18:1)

1−palmitoyl−2−oleoyl−GPE (16:0/18:1)

1−palmitoyl−2−oleoyl−GPI (16:0/18:1)*

1−palmitoyl−2−palmitoleoyl−GPC (16:0/16:1)*

1−palmitoyl−2−stearoyl−GPC (16:0/18:0)

1−palmitoyl−GPC (16:0)

1−palmitoyl−GPE (16:0)

1−palmitoyl−GPG (16:0)*

1−palmitoyl−GPI (16:0)

1−stearoyl−2−arachidonoyl−GPC (18:0/20:4)

1−stearoyl−2−arachidonoyl−GPE (18:0/20:4)

1−stearoyl−2−arachidonoyl−GPI (18:0/20:4)

1−stearoyl−2−docosahexaenoyl−GPC (18:0/22:6)

1−stearoyl−2−docosahexaenoyl−GPE (18:0/22:6)*

1−stearoyl−2−linoleoyl−GPC (18:0/18:2)*

1−stearoyl−2−linoleoyl−GPE (18:0/18:2)*

1−stearoyl−2−linoleoyl−GPI (18:0/18:2)

1−stearoyl−2−oleoyl−GPC (18:0/18:1)

1−stearoyl−2−oleoyl−GPE (18:0/18:1)

1−stearoyl−2−oleoyl−GPI (18:0/18:1)*

1−stearoyl−2−oleoyl−GPS (18:0/18:1)

1−stearoyl−GPC (18:0)

1−stearoyl−GPE (18:0)

1−stearoyl−GPG (18:0)

1−stearoyl−GPI (18:0)

1,2−dilinoleoyl−GPC (18:2/18:2)

1,2−dilinoleoyl−GPE (18:2/18:2)*

1,2−dipalmitoyl−GPC (16:0/16:0)

10−heptadecenoate (17:1n7)

10−nonadecenoate (19:1n9)

10−undecenoate (11:1n1)

11beta−hydroxyandrosterone glucuronide

11beta−hydroxyetiocholanolone glucuronide*

12,13−DiHOME

13−HODE + 9−HODE

16a−hydroxy DHEA 3−sulfate

17alpha−hydroxypregnanolone glucuronide

2−aminoheptanoate

2−aminooctanoate

2−hydroxyarachidate*

2−hydroxydecanoate

2−hydroxyglutarate

2−hydroxyoctanoate

2−hydroxypalmitate

2−hydroxysebacate

2−hydroxystearate

2−linoleoylglycerol (18:2)

2−palmitoleoyl−GPC (16:1)*

2−palmitoyl−GPC (16:0)*

2−stearoyl−GPE (18:0)*

21−hydroxypregnenolone disulfate

2R,3R−dihydroxybutyrate

2S,3R−dihydroxybutyrate

3−carboxy−4−methyl−5−pentyl−2−furanpropionate (3−CMPFP)**

3−carboxy−4−methyl−5−propyl−2−furanpropanoate (CMPF)

3−hydroxy−3−methylglutarate

3−hydroxybutyrate (BHBA)

3−hydroxybutyroylglycine**

3−hydroxydecanoate

3−hydroxydecanoylcarnitine

3−hydroxydodecanedioate*

3−hydroxyhexanoate

3−hydroxyhexanoylcarnitine (1)

3−hydroxylaurate

3−hydroxymyristate

3−hydroxyoctanoate

3−hydroxyoctanoylcarnitine (1)

3−hydroxyoctanoylcarnitine (2)

3−hydroxyoleoylcarnitine

3−hydroxysebacate

3−methyladipate

3,4−dihydroxybutyrate

3beta−hydroxy−5−cholestenoate

4−cholesten−3−one

4−hydroxy−2−oxoglutaric acid

4−methylhexanoylglutamine

5−dodecenoate (12:1n7)

5−dodecenoylcarnitine (C12:1)

5alpha−androstan−3alpha,17alpha−diol monosulfate

5alpha−androstan−3alpha,17beta−diol disulfate

5alpha−androstan−3alpha,17beta−diol monosulfate (1)

5alpha−androstan−3alpha,17beta−diol monosulfate (2)

5alpha−androstan−3beta,17alpha−diol disulfate

5alpha−androstan−3beta,17beta−diol disulfate

5alpha−androstan−3beta,17beta−diol monosulfate (2)

5alpha−pregnan−3beta,20alpha−diol disulfate

5alpha−pregnan−3beta,20alpha−diol monosulfate (2)

5alpha−pregnan−3beta,20beta−diol monosulfate (1)

5alpha−pregnan−diol disulfate

7−alpha−hydroxy−3−oxo−4−cholestenoate (7−Hoca)

9−hydroxystearate

9,10−DiHOM
E

acetylcarnitine (C2)

adipoylcarnitine (C6−DC)

adrenate (22:4n6)

andro steroid m
onosulfate C19H28O6S (1)*

androstenediol (3alpha, 17alpha) m
onosulfate (3)

androstenediol (3beta,17beta) disulfate (1)

androstenediol (3beta,17beta) disulfate (2)

androstenediol (3beta,17beta) m
onosulfate (1)

androstenediol (3beta,17beta) m
onosulfate (2)

androsterone glucuronide

androsterone sulfate

arachidate (20:0)

arachidonate (20:4n6)

arachidonoylcarnitine (C20:4)

arachidonoylcholine

arachidoylcarnitine (C20)*

behenoyl dihydrosphingom
yelin (d18:0/22:0)*

behenoyl sphingom
yelin (d18:1/22:0)*

behenoylcarnitine (C22)*

branched chain 14:0 dicarboxylic acid**

butyrate/isobutyrate (4:0)

butyrylcarnitine (C4)

cam
pesterol

caprate (10:0)

caprylate (8:0)

carnitine

ceram
ide (d18:1/14:0, d16:1/16:0)*

cerotoylcarnitine (C26)*

chiro−inositol

cholate

cholesterol

cholic acid glucuronide

choline phosphate

choline

cis−3,4−m
ethyleneheptanoate

cis−3,4−m
ethyleneheptanoylcarnitine

cis−3,4−m
ethyleneheptanoylglycine

cis−4−decenoate (10:1n6)*

cis−4−decenoylcarnitine (C
10:1)

cortisol

cortisone

cortolone glucuronide (1)

decadienedioic acid (C
10:2−D

C
)**

decanoylcarnitine (C
10)

dehydroepiandrosterone sulfate (D
H

EA−S)

deoxycarnitine

deoxycholate

deoxycholic acid 12−sulfate*

deoxycholic acid glucuronide

dihom
o−linoleate (20:2n6)

dihom
o−linolenate (20:3n3 or n6)

dihom
o−linolenoyl−choline

dihom
o−linolenoylcarnitine (C

20:3n3 or 6)*

dihom
o−linoleoylcarnitine (C

20:2)*

docosadienoate (22:2n6)

docosadioate (C
22−D

C
)

docosahexaenoate (D
H

A
; 22:6n3)

docosahexaenoylcholine

docosapentaenoate (n3 D
PA

; 22:5n3)

docosapentaenoate (n6 D
PA

; 22:5n6)

docosatrienoate (22:3n6)*

dodecadienoate (12:2)*

dodecanedioate (C
12−D

C
)

dodecenedioate (C
12:1−D

C
)*

eicosanedioate (C
20−D

C
)

eicosapentaenoate (E
PA

; 20:5n3)

eicosenedioate (C
20:1−D

C
)*

eicosenoate (20:1)

eicosenoylcarnitine (C
20:1)*

epiandrosterone sulfate

erucate (22:1n9)

etiocholanolone glucuronide

glutarate (C
5−D

C
)

glycerol 3−phosphate

glycerol

glycerophosphoethanolam
ine

glycerophosphorylcholine (G
P

C
)

glyco−beta−m
uricholate**

glycochenodeoxycholate 3−sulfate

glycochenodeoxycholate glucuronide (1)

glycochenodeoxycholate

glycocholate

glycocholenate sulfate*

glycodeoxycholate 3−sulfate

glycodeoxycholate

glycohyocholate

glycolithocholate

glycolithocholate sulfate*

glycosyl ceram
ide (d18:1/20:0, d16:1/22:0)*

glycosyl ceram
ide (d18:2/24:1, d18:1/24:2)*

glycosyl−N
−(2−hydroxynervonoyl)−sphingosine (d18:1/24:1(2O

H
))*

glycosyl−N
−behenoyl−sphingadienine (d18:2/22:0)*

glycosyl−N
−palm

itoyl−sphingosine (d18:1/16:0)

glycosyl−N
−stearoyl−sphingosine (d18:1/18:0)

glycoursodeoxycholate

glycoursodeoxycholic acid sulfate (1)

heneicosapentaenoate (21:5n3)

heptenedioate (C
7:1−D

C
)*

hexadecadienoate (16:2n6)

hexadecanedioate (C
16−D

C
)

hexadecenedioate (C
16:1−D

C
)*

hexanoylcarnitine (C
6)

hexanoylglutam
ine

hexanoylglycine

hydroxy−C
M

P
F

*

hydroxypalm
itoyl sphingom

yelin (d18:1/16:0(O
H

))**

hyocholate

isoursodeoxycholate

lactosyl−N
−nervonoyl−sphingosine (d18:1/24:1)*

lactosyl−N
−palm

itoyl−sphingosine (d18:1/16:0)

laurate (12:0)

laurylcarnitine (C
12)

lignoceroyl sphingom
yelin (d18:1/24:0)

lignoceroylcarnitine (C
24)*

linoleate (18:2n6)

linolenate [alpha or gam
m

a; (18:3n3 or 6)]

linolenoylcarnitine (C
18:3)*

linoleoyl−arachidonoyl−glycerol (18:2/20:4) [1]*

linoleoyl−
arachidonoyl−glycerol (18:2/20:4) [2]*

linoleoylcarnitine (C
18:2)*

linoleoylcholine*

lithocholate sulfate (1)

m
aleate

m
alonylcarnitine

m
argarate (17:0)

m
argaroylcarnitine (C

17)*

m
yo−

inositol

m
yristate (14:0)

m
yristoleate (14:1n5)

m
yristoleo

ac
ly

r
*)
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gluco
nate

glucu
ronide of p

iperin
e m

etabolite
 C17H21NO3 (3

)*

glucu
ronide of p

iperin
e m

etabolite
 C17H21NO3 (4

)*

glucu
ronide of p

iperin
e m

etabolite
 C17H21NO3 (5

)*

guaiaco
l su

lfate

hippurate

histid
ine betaine (h

ercynine)*

homostachydrin
e*

hydroquinone sulfate

iminodiacetate (ID
A)

levulinoylcarnitin
e

mannonate*

methyl glucopyranoside (a
lpha + beta)

methyl−4−hydroxybenzoate sulfate

N−acetylalliin

o−cresol sulfate

O−sulfo−L−tyrosine

p−cresol sulfate

paraxanthine

perflu
orooctanesulfonate (P

FOS)

perflu
orooctanoate (P

FOA)

phytanate

piperine

propyl 4−hydroxybenzoate sulfate

pyrraline

quinate

S−allylcysteine

salicylate

salicyluric glucuronide*

stachydrine

sulfate of piperine metabolite C16H19NO3 (2)*

sulfate of piperine metabolite C16H19NO3 (3)*

sulfate of piperine metabolite C18H21NO3 (1)*

sulfate of piperine metabolite C18H21NO3 (3)*

sulfate*

tartarate

tartro
nate (hydroxymalonate)

theobromine

theophylline

thioproline

thymol sulfate

umbelliferone sulfate

vanillic acid glycine
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(16 or 17)−methylstearate (a19:0 or i19:0)
(2 or 3)−decenoate (10:1n7 or n8)
(R)−3−hydroxybutyrylcarnitine
(S)−3−hydroxybutyrylcarnitine
1−(1−enyl−oleoyl)−GPE (P−18:1)*
1−(1−enyl−palmitoyl)−2−arachidonoyl−GPC (P−16:0/20:4)*1−(1−enyl−palmitoyl)−2−arachidonoyl−GPE (P−16:0/20:4)*1−(1−enyl−palmitoyl)−2−linoleoyl−GPC (P−16:0/18:2)*1−(1−enyl−palmitoyl)−2−linoleoyl−GPE (P−16:0/18:2)*1−(1−enyl−palmitoyl)−2−oleoyl−GPC (P−16:0/18:1)*1−(1−enyl−palmitoyl)−2−oleoyl−GPE (P−16:0/18:1)*1−(1−enyl−palmitoyl)−2−palmitoyl−GPC (P−16:0/16:0)*1−(1−enyl−palmitoyl)−GPC (P−16:0)*1−(1−enyl−palmitoyl)−GPE (P−16:0)*1−(1−enyl−stearoyl)−2−arachidonoyl−GPE (P−18:0/20:4)*

1−(1−enyl−stearoyl)−2−linoleoyl−GPE (P−18:0/18:2)*
1−(1−enyl−stearoyl)−2−oleoyl−GPE (P−18:0/18:1)
1−(1−enyl−stearoyl)−GPE (P−18:0)*1−arachidonoyl−GPC (20:4n6)*1−arachidonoyl−GPE (20:4n6)*1−arachidonylglycerol (20:4)1−dihomo−linolenylglycerol (20:3)

1−lignoceroyl−GPC (24:0)1−linolenoyl−GPC (18:3)*1−linoleoyl−2−arachidonoyl−GPC (18:2/20:4n6)*

1−linoleoyl−2−linolenoyl−GPC (18:2/18:3)*

1−linoleoyl−GPC (18:2)1−linoleoyl−GPE (18:2)*1−linoleoyl−GPG (18:2)*1−linoleoyl−GPI (18:2)*1−linoleoylglycerol (18:2)
1−myristoyl−2−arachidonoyl−GPC (14:0/20:4)*

1−myristoyl−2−palmitoyl−GPC (14:0/16:0)

1−oleoyl−2−arachidonoyl−GPE (18:1/20:4)*

1−oleoyl−2−docosahexaenoyl−GPC (18:1/22:6)*

1−oleoyl−2−linoleoyl−GPE (18:1/18:2)*

1−oleoyl−GPC (18:1)
1−oleoyl−GPE (18:1)
1−oleoyl−GPG (18:1)*
1−oleoyl−GPI (18:1)
1−oleoylglycerol (18:1)
1−palmitoleoyl−2−linolenoyl−GPC (16:1/18:3)*

1−palmitoleoyl−GPC (16:1)*

1−palmitoleoylglycerol (16:1)*

1−palmitoyl−2−arachidonoyl−GPC (16:0/20:4n6)

1−palmitoyl−2−arachidonoyl−GPE (16:0/20:4)*

1−palmitoyl−2−arachidonoyl−GPI (16:0/20:4)*

1−palmitoyl−2−dihomo−linolenoyl−GPC (16:0/20:3n3 or 6)*

1−palmitoyl−2−docosahexaenoyl−GPC (16:0/22:6)

1−palmitoyl−2−docosahexaenoyl−GPE (16:0/22:6)*

1−palmitoyl−2−linoleoyl−GPC (16:0/18:2)

1−palmitoyl−2−linoleoyl−GPE (16:0/18:2)

1−palmitoyl−2−linoleoyl−GPI (16:0/18:2)

1−palmitoyl−2−oleoyl−GPC (16:0/18:1)

1−palmitoyl−2−oleoyl−GPE (16:0/18:1)

1−palmitoyl−2−oleoyl−GPI (16:0/18:1)*

1−palmitoyl−2−palmitoleoyl−GPC (16:0/16:1)*

1−palmitoyl−2−stearoyl−GPC (16:0/18:0)

1−palmitoyl−GPC (16:0)

1−palmitoyl−GPE (16:0)

1−palmitoyl−GPG (16:0)*

1−palmitoyl−GPI (16:0)

1−stearoyl−2−arachidonoyl−GPC (18:0/20:4)

1−stearoyl−2−arachidonoyl−GPE (18:0/20:4)

1−stearoyl−2−arachidonoyl−GPI (18:0/20:4)

1−stearoyl−2−docosahexaenoyl−GPC (18:0/22:6)

1−stearoyl−2−docosahexaenoyl−GPE (18:0/22:6)*

1−stearoyl−2−linoleoyl−GPC (18:0/18:2)*

1−stearoyl−2−linoleoyl−GPE (18:0/18:2)*

1−stearoyl−2−linoleoyl−GPI (18:0/18:2)

1−stearoyl−2−oleoyl−GPC (18:0/18:1)

1−stearoyl−2−oleoyl−GPE (18:0/18:1)

1−stearoyl−2−oleoyl−GPI (18:0/18:1)*

1−stearoyl−2−oleoyl−GPS (18:0/18:1)

1−stearoyl−GPC (18:0)

1−stearoyl−GPE (18:0)

1−stearoyl−GPG (18:0)

1−stearoyl−GPI (18:0)

1,2−dilinoleoyl−GPC (18:2/18:2)

1,2−dilinoleoyl−GPE (18:2/18:2)*

1,2−dipalmitoyl−GPC (16:0/16:0)

10−heptadecenoate (17:1n7)

10−nonadecenoate (19:1n9)

10−undecenoate (11:1n1)

11beta−hydroxyandrosterone glucuronide

11beta−hydroxyetiocholanolone glucuronide*

12,13−DiHOME

13−HODE + 9−HODE

16a−hydroxy DHEA 3−sulfate

17alpha−hydroxypregnanolone glucuronide

2−aminoheptanoate

2−aminooctanoate

2−hydroxyarachidate*

2−hydroxydecanoate

2−hydroxyglutarate

2−hydroxyoctanoate

2−hydroxypalmitate

2−hydroxysebacate

2−hydroxystearate

2−linoleoylglycerol (18:2)

2−palmitoleoyl−GPC (16:1)*

2−palmitoyl−GPC (16:0)*

2−stearoyl−GPE (18:0)*

21−hydroxypregnenolone disulfate

2R,3R−dihydroxybutyrate

2S,3R−dihydroxybutyrate

3−carboxy−4−methyl−5−pentyl−2−furanpropionate (3−CMPFP)**

3−carboxy−4−methyl−5−propyl−2−furanpropanoate (CMPF)

3−hydroxy−3−methylglutarate

3−hydroxybutyrate (BHBA)

3−hydroxybutyroylglycine**

3−hydroxydecanoate

3−hydroxydecanoylcarnitine

3−hydroxydodecanedioate*

3−hydroxyhexanoate

3−hydroxyhexanoylcarnitine (1)

3−hydroxylaurate

3−hydroxymyristate

3−hydroxyoctanoate

3−hydroxyoctanoylcarnitine (1)

3−hydroxyoctanoylcarnitine (2)

3−hydroxyoleoylcarnitine

3−hydroxysebacate

3−methyladipate

3,4−dihydroxybutyrate

3beta−hydroxy−5−cholestenoate

4−cholesten−3−one

4−hydroxy−2−oxoglutaric acid

4−methylhexanoylglutamine

5−dodecenoate (12:1n7)

5−dodecenoylcarnitine (C12:1)

5alpha−androstan−3alpha,17alpha−diol monosulfate

5alpha−androstan−3alpha,17beta−diol disulfate

5alpha−androstan−3alpha,17beta−diol monosulfate (1)

5alpha−androstan−3alpha,17beta−diol monosulfate (2)

5alpha−androstan−3beta,17alpha−diol disulfate

5alpha−androstan−3beta,17beta−diol disulfate

5alpha−androstan−3beta,17beta−diol monosulfate (2)

5alpha−pregnan−3beta,20alpha−diol disulfate

5alpha−pregnan−3beta,20alpha−diol monosulfate (2)

5alpha−pregnan−3beta,20beta−diol monosulfate (1)

5alpha−pregnan−diol disulfate

7−alpha−hydroxy−3−oxo−4−cholestenoate (7−Hoca)

9−hydroxystearate

9,10−DiHOM
E

acetylcarnitine (C2)

adipoylcarnitine (C6−DC)

adrenate (22:4n6)

andro steroid m
onosulfate C19H28O6S (1)*

androstenediol (3alpha, 17alpha) m
onosulfate (3)

androstenediol (3beta,17beta) disulfate (1)

androstenediol (3beta,17beta) disulfate (2)

androstenediol (3beta,17beta) m
onosulfate (1)

androstenediol (3beta,17beta) m
onosulfate (2)

androsterone glucuronide

androsterone sulfate

arachidate (20:0)

arachidonate (20:4n6)

arachidonoylcarnitine (C20:4)

arachidonoylcholine

arachidoylcarnitine (C20)*

behenoyl dihydrosphingom
yelin (d18:0/22:0)*

behenoyl sphingom
yelin (d18:1/22:0)*

behenoylcarnitine (C22)*

branched chain 14:0 dicarboxylic acid**

butyrate/isobutyrate (4:0)

butyrylcarnitine (C4)

cam
pesterol

caprate (10:0)

caprylate (8:0)

carnitine

ceram
ide (d18:1/14:0, d16:1/16:0)*

cerotoylcarnitine (C26)*

chiro−inositol

cholate

cholesterol

cholic acid glucuronide

choline phosphate

choline

cis−3,4−m
ethyleneheptanoate

cis−3,4−m
ethyleneheptanoylcarnitine

cis−3,4−m
ethyleneheptanoylglycine

cis−4−decenoate (10:1n6)*

cis−4−decenoylcarnitine (C
10:1)

cortisol

cortisone

cortolone glucuronide (1)

decadienedioic acid (C
10:2−D

C
)**

decanoylcarnitine (C
10)

dehydroepiandrosterone sulfate (D
H

EA−S)

deoxycarnitine

deoxycholate

deoxycholic acid 12−sulfate*

deoxycholic acid glucuronide

dihom
o−linoleate (20:2n6)
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quinate

S−allylcysteine

salicylate

salicyluric glucuronide*

stachydrine

sulfate of piperine metabolite C16H19NO3 (2)*
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sulfate*

tartarate
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nate (hydroxymalonate)
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theophylline

thioproline

thymol sulfate

umbelliferone sulfate
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(16 or 17)−methylstearate (a19:0 or i19:0)
(2 or 3)−decenoate (10:1n7 or n8)
(R)−3−hydroxybutyrylcarnitine
(S)−3−hydroxybutyrylcarnitine
1−(1−enyl−oleoyl)−GPE (P−18:1)*
1−(1−enyl−palmitoyl)−2−arachidonoyl−GPC (P−16:0/20:4)*1−(1−enyl−palmitoyl)−2−arachidonoyl−GPE (P−16:0/20:4)*1−(1−enyl−palmitoyl)−2−linoleoyl−GPC (P−16:0/18:2)*1−(1−enyl−palmitoyl)−2−linoleoyl−GPE (P−16:0/18:2)*1−(1−enyl−palmitoyl)−2−oleoyl−GPC (P−16:0/18:1)*1−(1−enyl−palmitoyl)−2−oleoyl−GPE (P−16:0/18:1)*1−(1−enyl−palmitoyl)−2−palmitoyl−GPC (P−16:0/16:0)*1−(1−enyl−palmitoyl)−GPC (P−16:0)*1−(1−enyl−palmitoyl)−GPE (P−16:0)*1−(1−enyl−stearoyl)−2−arachidonoyl−GPE (P−18:0/20:4)*

1−(1−enyl−stearoyl)−2−linoleoyl−GPE (P−18:0/18:2)*
1−(1−enyl−stearoyl)−2−oleoyl−GPE (P−18:0/18:1)
1−(1−enyl−stearoyl)−GPE (P−18:0)*1−arachidonoyl−GPC (20:4n6)*1−arachidonoyl−GPE (20:4n6)*1−arachidonylglycerol (20:4)1−dihomo−linolenylglycerol (20:3)

1−lignoceroyl−GPC (24:0)1−linolenoyl−GPC (18:3)*1−linoleoyl−2−arachidonoyl−GPC (18:2/20:4n6)*

1−linoleoyl−2−linolenoyl−GPC (18:2/18:3)*

1−linoleoyl−GPC (18:2)1−linoleoyl−GPE (18:2)*1−linoleoyl−GPG (18:2)*1−linoleoyl−GPI (18:2)*1−linoleoylglycerol (18:2)
1−myristoyl−2−arachidonoyl−GPC (14:0/20:4)*

1−myristoyl−2−palmitoyl−GPC (14:0/16:0)

1−oleoyl−2−arachidonoyl−GPE (18:1/20:4)*

1−oleoyl−2−docosahexaenoyl−GPC (18:1/22:6)*

1−oleoyl−2−linoleoyl−GPE (18:1/18:2)*

1−oleoyl−GPC (18:1)
1−oleoyl−GPE (18:1)
1−oleoyl−GPG (18:1)*
1−oleoyl−GPI (18:1)
1−oleoylglycerol (18:1)
1−palmitoleoyl−2−linolenoyl−GPC (16:1/18:3)*

1−palmitoleoyl−GPC (16:1)*

1−palmitoleoylglycerol (16:1)*

1−palmitoyl−2−arachidonoyl−GPC (16:0/20:4n6)

1−palmitoyl−2−arachidonoyl−GPE (16:0/20:4)*

1−palmitoyl−2−arachidonoyl−GPI (16:0/20:4)*

1−palmitoyl−2−dihomo−linolenoyl−GPC (16:0/20:3n3 or 6)*

1−palmitoyl−2−docosahexaenoyl−GPC (16:0/22:6)

1−palmitoyl−2−docosahexaenoyl−GPE (16:0/22:6)*

1−palmitoyl−2−linoleoyl−GPC (16:0/18:2)

1−palmitoyl−2−linoleoyl−GPE (16:0/18:2)

1−palmitoyl−2−linoleoyl−GPI (16:0/18:2)

1−palmitoyl−2−oleoyl−GPC (16:0/18:1)

1−palmitoyl−2−oleoyl−GPE (16:0/18:1)

1−palmitoyl−2−oleoyl−GPI (16:0/18:1)*

1−palmitoyl−2−palmitoleoyl−GPC (16:0/16:1)*

1−palmitoyl−2−stearoyl−GPC (16:0/18:0)

1−palmitoyl−GPC (16:0)

1−palmitoyl−GPE (16:0)

1−palmitoyl−GPG (16:0)*

1−palmitoyl−GPI (16:0)

1−stearoyl−2−arachidonoyl−GPC (18:0/20:4)

1−stearoyl−2−arachidonoyl−GPE (18:0/20:4)

1−stearoyl−2−arachidonoyl−GPI (18:0/20:4)

1−stearoyl−2−docosahexaenoyl−GPC (18:0/22:6)

1−stearoyl−2−docosahexaenoyl−GPE (18:0/22:6)*

1−stearoyl−2−linoleoyl−GPC (18:0/18:2)*

1−stearoyl−2−linoleoyl−GPE (18:0/18:2)*

1−stearoyl−2−linoleoyl−GPI (18:0/18:2)

1−stearoyl−2−oleoyl−GPC (18:0/18:1)

1−stearoyl−2−oleoyl−GPE (18:0/18:1)

1−stearoyl−2−oleoyl−GPI (18:0/18:1)*

1−stearoyl−2−oleoyl−GPS (18:0/18:1)

1−stearoyl−GPC (18:0)

1−stearoyl−GPE (18:0)

1−stearoyl−GPG (18:0)

1−stearoyl−GPI (18:0)

1,2−dilinoleoyl−GPC (18:2/18:2)

1,2−dilinoleoyl−GPE (18:2/18:2)*

1,2−dipalmitoyl−GPC (16:0/16:0)

10−heptadecenoate (17:1n7)

10−nonadecenoate (19:1n9)

10−undecenoate (11:1n1)

11beta−hydroxyandrosterone glucuronide

11beta−hydroxyetiocholanolone glucuronide*

12,13−DiHOME

13−HODE + 9−HODE

16a−hydroxy DHEA 3−sulfate

17alpha−hydroxypregnanolone glucuronide

2−aminoheptanoate

2−aminooctanoate

2−hydroxyarachidate*

2−hydroxydecanoate

2−hydroxyglutarate

2−hydroxyoctanoate

2−hydroxypalmitate

2−hydroxysebacate

2−hydroxystearate

2−linoleoylglycerol (18:2)

2−palmitoleoyl−GPC (16:1)*

2−palmitoyl−GPC (16:0)*

2−stearoyl−GPE (18:0)*
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3−hydroxydecanoylcarnitine

3−hydroxydodecanedioate*
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3−hydroxyhexanoylcarnitine (1)

3−hydroxylaurate

3−hydroxymyristate
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3−hydroxyoctanoylcarnitine (1)
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4−hydroxy−2−oxoglutaric acid
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5alpha−androstan−3alpha,17beta−diol monosulfate (2)
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5alpha−pregnan−3beta,20alpha−diol monosulfate (2)
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5alpha−pregnan−diol disulfate
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E

acetylcarnitine (C2)

adipoylcarnitine (C6−DC)

adrenate (22:4n6)
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cerotoylcarnitine (C26)*
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eicosenoylcarnitine (C
20:1)*

epiandrosterone sulfate

erucate (22:1n9)
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glycerophosphoethanolam
ine
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)
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glycochenodeoxycholate 3−sulfate

glycochenodeoxycholate glucuronide (1)
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glycocholate

glycocholenate sulfate*

glycodeoxycholate 3−sulfate
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C
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N6,N6,N6−trim
ethylly
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hydroxyasparagine**
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e

imidazole lactate

imidazole propionate

indole−3−carboxylate
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indoleacetoylcarnitin
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indoleacetylglutamine

indolelactate

indolepropionate
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e (C

4)
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e (C

5)

isovalerylglycine
kynurenate

kynurenine
lanthionineleucinelysine

methionine

methionine sulfone

methionine sulfoxide

methylsuccinate

methylsuccinoylcarnitine

N−acetyl−1−methylhistidine*

N−acetyl−3−methylhistidine*

N−acetyl−aspartyl−glutamate (NAAG)

N−acetyl−isoputreanine

N−acetylalanine

N−acetylarginine

N−acetylasparagine

N−acetylaspartate (NAA)

N−acetylcarnosine

N−acetylcitrulline

N−acetylglutamate

N−acetylglutamine

N−acetylglycine

N−acetylhistidine

N−acetylisoleucine

N−acetylkynurenine (2)
N−acetylleucine

N−acetylmethionine

N−acetylphenylalanine
N−acetylproline

N−acetylputrescine
N−acetylserine

N−acetyltaurine

N−acetylthreonine
N−acetyltyrosine
N−acetylvaline

N−alpha−acetylornithine

N−delta−acetylornithine

N−formylanthranilic acid

N−formylmethionine

N−formylphenylalanine
N−lactoyl isoleucine

N−lactoyl leucine

N−lactoyl phenylalanine
N−lactoyl tyrosine

N−lactoyl valine

N−methylhydroxyproline**N−methylproline
N−methyltaurine

N,N−dimethylalanine

N,N,N−trimethyl−5−aminovalerate

N,N,N−trimethyl−alanylproline betaine (TMAP)

N2−acetyl,N6−methyllysine

N2−acetyl,N6,N6−dimethyllysine
N2,N5−diacetylornithineN6−acetyllysineN6−methyllysine
N6,N6−dimethyllysine

N6,N6,N6−trimethyllysineornithine
p−cresol glucuronide*phenol glucuronidephenol sulfatephenylacetatephenylalaninephenyllactate (PLA)phenylpyruvatepicolinatepipecolatepro−hydroxy−pro

prolineS−1−pyrroline−5−carboxylateS−adenosylhomocysteine (SAH)S−carboxyethylcysteineS−methylcysteineS−methylcysteine sulfoxideS−methylmethionine
sarcosine

serine
serotonin

spermidine
succinoyltaurine

taurine
threonine
thyroxinetiglylcarnitine (C5:1−DC)trans−4−hydroxyproline

trans−urocanate
tryptophan betaine

tryptophan
tyramine O−sulfate

tyrosine
urea

valine
vanillactate

vanillic alcohol sulfate
vanillylmandelate (VMA)

xanthurenate

1,5−anhydroglucitol (1,5−AG)

3−phosphoglycerate

arabitol/xylitol

arabonate/xylonate

erythronate*
fructose

galactonate
glucose

glucuronate

glycerate
lactate

mannitol/sorbitol

mannose

N−acetylglucosamine/N−acetylgalactosamine

N−acetylglucosaminylasparagine

N−acetylneuraminate

pyruvate
ribitol

sucrose
xylose

1−methylnicotinamide

2−O−methylascorbic acid

alpha−tocopherol

ascorbic acid 2−sulfate

ascorbic acid 3−sulfate*

beta−cryptoxanthin

bilirubin (E,E)*

bilirubin (E,Z or Z,E)*

bilirubin (Z,Z)

biliverdin

carotene diol (1)

carotene diol (2)

carotene diol (3)

gamma−CEHC

gamma−tocopherol/beta−tocopherol
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N1−Methyl−2−pyridone−5−carboxamide

nicotinamide

oxalate (ethanedioate)
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pantothenate

pyridoxate
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retinol (Vitamin A)
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succinate
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3−(3−amino−3−carboxypropyl)uridine*
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uridine

xanthine

bilirubin degradation product, C16H18N2O5 (1)**

bilirubin degradation product, C16H18N2O5 (2)**

bilirubin degradation product, C16H18N2O5 (4)**

bilirubin degradation product, C17H18N2O4 (1)**

bilirubin degradation product, C17H18N2O4 (2)**

bilirubin degradation product, C17H18N2O4 (3)**

bilirubin degradation product, C17H20N2O5 (1)**

bilirubin degradation product, C17H20N2O5 (2)**
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branched−chain, straight−chain, or cyclopropyl 12:1 fatty acid*
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FIGURE 4

Circle diagrams of the discovery sample in the reverse MR analysis. The complete results of the reverse MR analysis, showing the causal effects of
ADs on plasma metabolites. (A) IBD, (B) RA, (C) SLE, (D) T1D. Five statistical methods, respectively, IVW, MR Egger, Weighted median, Weighted
mode, and Simple mode, are represented by five circles from inner to outer.
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metabolites that have causal relationships with IBD, 2 with MS, 13

with RA, and 4 with T1D. In the reverse MR study, we recognized

causal relationships between SLE and 22 metabolites, IBD and 4

metabolites, RA and 22 metabolites, and T1D and 37 metabolites.

For the last few years, ADs have been increasingly

acknowledged as a metabolism-related disease and changes in

metabolites related to various ADs have been continuously

discovered through metabolomics (12, 40–43). However, the

existing studies have not been able to clarify the specific

relationship between metabolites and ADs. Our research not only

confirmed the presence of specific plasma metabolites causally

related to ADs but also identified key metabolic pathways of ADs.

The finding offered new perspectives into the prediction and

diagnosis of ADs, along with providing potential targets for

precision treatment.

In the results of the study, we first focused on the causality

between lipid metabolites and ADs. Our research results have

shown that there is a causal relationship between lipid-related

metabolites and every type of ADs. In our study, sphingosine was

found to be a protective factor for IBD. Sphingosine can generate
Frontiers in Immunology 09
S1P through a phosphorylation reaction, which is a bioactive lipid

molecule (44). Several studies have shown that sphingosine-1-

phosphate (S1P) has a regulatory effect in IBD, and selective S1P

agonists have anti-inflammatory properties, which also indirectly

validated our study (45, 46). These findings suggested novel targets

for IBD therapy, and our study provided further support for this

notion, highlighting the crucial role of sphingosine as a protective

factor in the management of IBD progression.

In addition, our study indicated that 11 plasma metabolites of

the lipid metabolism pathway participated in the pathogenesis of

RA. In another study of inflammatory bowel disease serum

metabolome, three metabolites overlapped with ours. Contrary to

their study, we believed that 1-oleoyl-2-linoleoyl-GPE (18:1/18:2)*

and 1-stearoyl-2-linoleoyl-GPE (18:0/18:2)* are protective factors

for RA, but they confirmed that they are risk factors for Crohn’s

disease. Interestingly, as revealed in our study, 1-stearoyl-2-

arachidonoyl-GPC (18:0/20:4) was considered to be a risk factor

for RA while they indicated it would be a protective factor for

Crohn’s disease (47). Although the causality between these

metabolites and different diseases is not completely consistent, it
FIGURE 5

Forest plots presenting the results of reverse MR analysis (1). Causal effects of IBD and RA on plasma metabolites using IVW method, which were
supported by both discovery and replication samples.
frontiersin.org

https://doi.org/10.3389/fimmu.2024.1437688
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Yuan et al. 10.3389/fimmu.2024.1437688
is jointly confirmed that these metabolites do have a causal

connection with the occurrence and development of

autoimmune diseases.

Our results also found a causal relationship between alterations

in other metabolites involved in lipid metabolism and ADs, for

example, for T1D, glycohyocholate is a risk factor. In multiple

metabolomic studies related to asthma, it has also been observed

that there are significant differences in levels of glycohyocholate

between diseased children and the control group (48, 49). In a study

on nonalcoholic fatty liver disease, after all confounding factors are

excluded, the proportion of glycohyocholate remains significantly

correlated with the presence of nonalcoholic fatty liver disease (50).

All these pieces of evidence collectively indicated the causal link

between abnormal levels of glycohyocholate and the occurrence of

autoimmune-related diseases.

Undoubtedly, lipid metabolism imbalance plays a crucial role in

the self-immune response, although the specific mechanisms by

which lipid metabolism imbalance leads to inflammatory reactions

and aberrant activation of immune system remain unclear (51–53).

Based on these known evidences and our findings, these plasma

metabolites may hold therapeutic targets for the treatment of ADs

and promising research direction.

At the same time, not only in lipid metabolism, changes in other

metabolites belonging to other pathways such as metabolites from

cofactors and vitamin metabolism pathway are also causally related
Frontiers in Immunology 10
to ADs. According to our research, threonate is a protective factor

for MS. As a chronic autoimmune disease, MS mainly impacts the

central nervous system, which includes brain and spinal cord (54).

In previous studies, threonate was often used as an important

component of L-Threonic acid Magnesium salt, which was crucial

in the treatment of orthopedic diseases and Alzheimer’s disease

(55–57). Research findings point that threonine is a unique

molecule that effectively regulates the structural and synaptic

architecture and function of the central nervous system (58).

According to the research, supplemental intake of threonate may

help improve neurodegenerative conditions and cognitive function

in MS patients. Correspondingly, threonate also has antioxidative

and anti-inflammatory properties, which may potentially benefit

the prevention and treatment of MS.

Furthermore, pathway analyses revealed diverse metabolic

pathways related to autoimmune responses. Our results have

shown that metabolic pathways involved in autoimmune diseases

are often not singular, proving that an AD is often associated

with multiple metabolisms. Furthermore, we have observed an

overlap of metabolic pathways among various autoimmune

diseases, indicating a tendency for the metabolic pathways

involved in ADs to intersect. According to our research,

“Glycerophospholipid metabolism”, “alpha-Linolenic acid

metabolism” and “Linoleic acid metabolism” pathways were all

involved in the pathogenetic process of RA, SLE and T1D.
FIGURE 6

Forest plots presenting the results of reverse MR analysis (2). Causal effects of SLE on plasma metabolites using IVW method, which were supported
by both discovery and replication samples.
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Interestingly, all of these metabolic pathways are interconnected

with lipid metabolism. Lipid metabolites, as elucidated above, exert

a pivotal influence in the etiology and progression of

autoimmunity disorders. In a study based on multi-omics

analysis, glycerophospholipid metabolism was revealed to play a

key role in the occurrence and development of RA (59). Similarly,

in another UPLC-MS/MS-based plasma lipidomics study,

glycerophospholipid metabolism of lipid metabolites was

demonstrated to be upregulated in SLE patients, further

supporting our findings (60). Meanwhile, the previous study has

reported the amelioration of w-3 polyunsaturated fatty acids on

T1D (61). Alpha-Linolenic acid, as a type of w-3 polyunsaturated
Frontiers in Immunology 11
fatty acids, aligns with our findings, providing further evidence that

this metabolic pathway plays a significant role in ADs. Equally,

through another MR Study, the researchers demonstrated that

linoleic acid exerts a protective function in the development of RA

and SLE (62). Human body can consume these lipids from

common food, so these metabolism researches provided dietary

guidelines for the prevention of ADs. The opportunity for

individuals to prevent ADs to some extent through the moderate

intake of lipids in the daily dietary makes this discovery highly

significant. Combined with previous perceptions, we speculated

that it may be due to the occurrence of metabolic pathway

disorders, especially lipid related metabolism disorders, leading
FIGURE 7

Forest plots presenting the results of reverse MR analysis (3). Causal effects of T1D on plasma metabolites using IVW method, which were supported
by both discovery and replication samples.
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to metabolic changes and immune dysfunction (63–66). Whereas,

it also suggests that we can get new directions for prevention and

treatment of ADs through the intervention of these metabolic

pathways and crucial metabolites in the pathways.
Frontiers in Immunology 12
At the level of genetic variation, identifying the causal effects of

metabolites and metabolic pathways on ADs reveals potential

targets for treatment or intervention. Subsequent validation in

cellular and animal models, such as gene overexpression or
FIGURE 8

Enriched key metabolic pathways associated with ADs. (A) Metabolic pathways in RA identified through the forward MR analysis. (B-D) Metabolic
pathways in the reverse MR analysis for different ADs. (B) RA, (C) SLE, (D) T1D.
FIGURE 9

Glutamate concentrations in patients’ plasma. (A) Compared to the control group (healthy individuals, n = 12), the plasma glutamate concentrations
in patients with RA (n = 12) and SLE (n = 12) were significantly reduced. (B) There are no differences in male (n = 13) and female (n = 23) plasma
glutamate concentrations. Data are presented as the mean ± SD; ns: not significant, *P < 0.05, **P < 0.01.
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knockdown experiments, along with metabolite intervention

studies, can further confirm these causal relationships. Based on

these findings, the development of drugs targeting specific

metabolites or pathways can be pursued, potentially involving

small molecule compounds or biologics to modulate the activity

of these metabolites. On the other hand, understanding the causal

influence of disease on metabolites enables the proactive prediction

of individuals at risk of developing autoimmune conditions. Further

development of risk scoring systems or the assessment of

representative biomarkers can be employed to achieve this.

According to the results of these risk predictions, dietary advice

or pharmacological interventions can be provided to high-risk

individuals to delay or prevent the onset of ADs. Of course, the

efficacy and safety of these interventions need to be tested in human

subjects through randomized controlled trials and other clinical

study designs. After clinical application, long-term monitoring of

high-risk individuals can be conducted to assess the onset and the

long-term effects of intervention measures in real-time.

There were several strengths to this MR study. First, the most

up-to-date and extensive databases of metabolites were selected.

Meta-analysis of the two groups of data was conducted employing

METAL software, resulting in 1,009 metabolites obtained through

intersection (20). Meanwhile, the whole-genome data of 5 common

ADs were acquired from 10 GWAS datasets, with each AD

consisting of discovery and validation sets. This enabled us to

conduct a comprehensive and systematic analysis of the metabolic

profiles associated with the development of ADs. Second, our MR

design investigated the causal relationship between plasma

metabolites and ADs from the perspective of forward and reverse

respectively, analyzing both the influence of metabolites on ADs

and the impact of ADs on metabolites, which are mutually causal.

This design facilitates the study more comprehensive, while the

extensive sensitivity analysis ensures the reliability and robustness

of our inferences. Ultimately, we conducted ELISA assays using

plasma samples from the patients. The findings from these assays

were in concordance with the results of the MR analysis, further

substantiating the reliability of our analytical outcomes.

Our study still possessed certain limitations. Firstly, our study

reported the causal relationship between ADs and metabolites,

covering a relatively comprehensive metabolite spectrum, but the

mechanism and function of many metabolites in diseases have not

been fully elaborated, and require further investigation. Secondly,

the data primarily originated from a European population, which

limits the extrapolation of our results across ethnic groups. Thirdly,

beyond the ELISA results, we did not explore gender disparities

within our study. To address this gap, future research should

incorporate a gender-based analysis and consider additional

factors associated with gender, thereby enhancing our

understanding of the mechanisms underlying ADs.
5 Conclusions

From the perspective of genetics, our systematic investigation

revealed the causal relationship between plasma metabolites and

diverse ADs, offering valuable insights into their etiology and
Frontiers in Immunology 13
underlying mechanisms. Furthermore, our findings provided

potential inspiration for further accurate diagnosis and precision

treatment strategies.
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