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The causal relationship between
serum metabolites and the risk
of psoriasis: a Mendelian
randomization and meta-
analysis study
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Yiyuan Zhong1, Qianqian Luo1, Yang Bi1, Kexin Yang1,
Haixin Zhong1, Haiming Chen1,2,3,4,5* and Chuanjian Lu1,2,3,4,5*

1The Second Clinical College of Guangzhou University of Chinese Medicine, Guangzhou, China,
2State Key Laboratory of Dampness Syndrome of Chinese Medicine, The Second Affiliated Hospital of
Guangzhou University of Chinese Medicine (Guangdong Provincial Hospital of Chinese Medicine),
Guangzhou, China, 3Guangdong Provincial Key Laboratory of Clinical Research on Traditional
Chinese Medicine Syndrome, Guangzhou, China, 4Guangdong Provincial Clinical Medicine Research
Center for Chinese Medicine Dermatology, Guangzhou, China, 5Guangdong-Hong Kong-Macau Joint
Lab on Chinese Medicine and Immune Disease Research, Guangzhou University of Chinese Medicine,
Guangzhou, China
Objective: To explore the influence of serummetabolites on the risk of psoriasis.

Methods: In the initial stage, we applied Mendelian randomization to evaluate the

association between 1,400 serum metabolites and the risk of psoriasis. Causal

effects were primarily assessed through the Inverse-Variance Weighted method

and Wald Ratio’s odds ratios, and 95% confidence intervals. False Discovery Rate

was used for multiple comparison corrections. Sensitivity analyses were

conducted using Cochran’s Q Test, MR-PRESSO. MR-Steiger Test was

employed to check for reverse causality. In the validation stage, we sought

other sources of psoriasis GWAS data to verify the initial results and used meta-

analysis to combine the effect sizes to obtain robust causal relationships. In

addition, we also conducted metabolic pathway enrichment analysis on known

metabolites that have a causal relationship with the risk of psoriasis in

both stages.

Results: In the initial stage, we identified 112 metabolites causally associated with

psoriasis, including 32 metabolite ratios and 80 metabolites (69 known and 11

unknown). In the validation stage, 24 metabolites (16 known, 1 unknown, and 7

metabolite ratios) were confirmed to have a causal relationship with psoriasis

onset. Meta-analysis results showed that the overall effect of combined

metabolites was consistent with the main analysis in direction and robust in

the causal relationship with psoriasis onset. Of the 16 known metabolites, most

were attributed to lipid metabolism, with 5 as risk factors and 8 as protective

factors for psoriasis. Peptidic metabolite Gamma-glutamylvaline levels had a

negative causal relationship with psoriasis, while exogenous metabolite Catechol

sulfate levels and amino acid 3-methylglutaconate levels had a positive causal

relationship with the disease onset. The metabolites associated with psoriasis risk

in the two stages are mainly enriched in the following metabolic pathways:
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Glutathione metabolism, Alpha Linolenic Acid and Linoleic Acid Metabolism,

Biosynthesis of unsaturated fatty acids, Arachidonic acid metabolism,

Glycerophospholipid metabolism.

Conclusion: Circulating metabolites may have a potential causal relationship

with psoriasis risk, and targeting specific metabolites may benefit psoriasis

diagnosis, disease assessment, and treatment.
KEYWORDS

psoriasis, Mendelian randomization, metabolites, causal effect, implication
1 Introduction

Psoriasis is a chronic inflammatory disease that affects the skin

and joints and is now considered a systemic condition due to its

frequent association with multiple systemic disorders. Metabolic

Syndrome (MetS) is the most common comorbidity of psoriasis and

a risk factor for cardiovascular disease, representing a principal

cause of mortality in patients with psoriasis (1). The prevalence of

MetS in patients with psoriasis ranges from 20% to 50%, and it

increases with the severity of the psoriasis condition (2, 3).

Multiple studies employing metabolomics have identified a

metabolic profile in the plasma of psoriasis patients, uncovering

extensive metabolic disturbances in lipids and amino acids among

these individuals (4–6). Chen et al. observed significant alterations

in the metabolism of amino acids and carnitines in patients with

psoriasis, particularly involving the metabolism of amino acids,

branched-chain amino acids, and carbon monoxide (5). Zeng et al.

found s ign ificant d i ff e rences in the components of

glycerophospholipid metabolism, such as lysophosphatidic acid

(LPA), lysophosphatidylcholine (LysoPC), phosphatidic acid

(PA), phosphatidylinositol (PI), and phosphatidylcholine (PC),

between the plasma of psoriasis patients and healthy individuals

(4). The concurrence of psoriasis and metabolic dysregulation is

increasingly becoming a significant public health issue, yet the

pathomechanisms of their comorbidity remain unclear.

Although a definitive causal relationship has not been established,

genetic susceptibility, common inflammatory pathways, and

environmental factors may contribute to the metabolic abnormalities

observed in patients with psoriasis (1). In the field of genetics research,

numerous single nucleotide polymorphisms have been identified in

proximity to loci associated with innate and adaptive immune genes

relevant to psoriasis, such as antigen-presenting genes (HLA-C,

ERAP1) and Th17 cell activation genes (IL23R, IL23A, IL12B,

TRAF3IP2) (7). Alterations in metabolic processes can lead to

epigenetic abnormalities. Therefore, studying differential metabolic

biomarkers in psoriasis is of significance for identifying potential

therapeutic targets for the disease.

Mendelian randomization (MR) is an epidemiological methodology

that utilizes genetic variants, primarily single nucleotide polymorphisms
02
(SNPs), as instrumental variables (IVs) to proxy for target exposure

variables, with the aim of assessing the causal relationship between

exposures and specific outcomes (8). Published Genome-Wide

Association Studies have integrated the associations between

circulating metabolites and SNPs, facilitating the causal inference of

the relationship between metabolic products and the risk of psoriasis.

Consequently, this study employs Mendelian Randomization to explore

the causal link between circulating metabolites and psoriasis risk from a

genetic variation perspective, aiming to identify potential metabolites

related to the onset of psoriasis in hopes of discovering targets for

disease activity assessment, diagnosis, and treatment.
2 Subjects and methods

2.1 Study design

To elucidate the causal relationship between serum metabolites

and the risk of developing psoriasis, we embarked on this MR study.

Initially, we employed a two-sample MR approach to screen for

causal associations between 1,400 metabolites and psoriasis. We

also conducted multiple sensitivity analyses to ensure the

robustness of our findings. Subsequently, we validated the results

from the initial stage using psoriasis GWAS data from other

sources. Lastly, we applied a meta-analysis to integrate effect sizes

of metabolites with causal effects on both psoriasis outcomes,

thereby obtaining a robust causal inference (Figure 1).
2.2 Data source

The summary statistics for serum metabolites utilized in this study

were sourced from The Canadian Longitudinal Study of Aging (CLSA)

(9). The study conducted genome-wide genotyping and circulating

plasma metabolite assessments on 8,299 unrelated European

individuals. Following stringent pre-GWAS genotype quality control,

approximately 15.4 million SNPs were retained for GWAS assessment.

The levels of 1,458metabolites in plasma samples were quantified using

the Ultrahigh Performance Liquid Chromatography-Tandem Mass
frontiersin.org
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Spectroscopy (UPLC-MS/MS) platform. After standardization, which

involved the removal of entities representing systemic artifacts,

misassignments, and background noise, a rigorous quality control

process ascertained 1,091 metabolites (850 known substances and

241 unknown entities) and 309 metabolite ratios for inclusion in the

genome-wide association analyses. The 850 metabolites with

established identities were categorized into eight super-pathways:

carbohydrates, amino acids, nucleotides, vitamins, lipids, peptides,

energy metabolism products, and xenobiotics. Given that many

metabolites serve as substrates and products of enzymatic reactions,

investigating the genetic determinants of substrate-product ratios can

enhance the understanding of broader biological processes; hence, the

309 metabolite ratios were also incorporated into this study.

The initial stage outcome data were derived from the FinnGen

biobank analysis consortium, comprising 9,267 psoriasis patients

and 364,071 healthy controls (10). Validation data were sourced

from a study published by Stuart PE in 2021, including 15,976

psoriasis cases and 28,194 healthy controls (11). The genetic data

utilized in this study conform to ethical standards and have been

approved by local ethics review committees, representing legally

public research data.
2.3 Selection of instrumental variables

Instrumental variables were selected through the following

steps. (1) Genetic variants associated with metabolic traits were
Frontiers in Immunology 03
identified at a genome-wide significance threshold set at P< 5×10-7.

(2) The independence of the aggregated SNPs was assessed based on

linkage disequilibrium, selecting instrument variables without

linkage effects in the metabolic data (parameters set at r2< 0.01

within a 5000 kb distance). (3) These instrumental variables were

then extracted from the psoriasis dataset, excluding any IVs related

to the outcomes and discarding palindromic SNPs. (4) The strength

of individual SNPs was tested by calculating the F-statistic, retaining

those with an F-statistic > 10.The F-statistic is calculated using the

formula F = R2�(N−K−1)
K(1−R2) , where R2 is the proportion of variance in

the exposure that is explained by the instrumental variables, given

by R2 = 2�EAF�(1−EAF)�b2

2�EAF�(1−EAF)�b2+2�EAF�(1−EAF)�N�SE2 . Within this formula,

N denotes the sample size for the exposure, K represents the

number of instrumental variables, EAF is the effect allele

frequency, b is the effect size, and SE is the standard error of the

effect size (12, 13).
2.3 Two-sample Mendelian randomization

The present study primarily employs the inverse-variance

weighted (IVW) method, weighted median (WM), MR-Egger,

Weighted mode, simple mode, and Wald Ratio for analysis.

The IVW method, assuming all SNPs are valid and independent,

constrains the regression intercept to zero and uses the reciprocal of

the outcome variance as weights for fitting (14). When each genetic

variant satisfies the assumptions of an instrumental variable, IVW is
FIGURE 1

Mendelian randomization’s three hypotheses and research flowchart.
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presumed to provide the most accurate results; hence, the IVW

outcomes are often regarded as the major standard for the

assessment of causal effects (14, 15). In this study, the P-value of

IVW is used as the primary indicator for assessing the causal effect

between exposure and outcome. If only a single instrumental

variable is obtained, the P-value from the Wald Ratio is used for

assessment. Other methods serve to supplement the evaluation of

MR results, and a consistent direction of effect size (b-value) across
different methods indicates robust findings. The False Discovery

Rate (FDR) correction is applied to adjust for multiple testing of all

P-value obtained from IVW and Wald Ratio methods.Pvalueof

FDR less than 0.05 indicates a clear causal relationship between

exposure and outcome, while greater than 0.05 indicates a potential

causal relationship.
2.4 Sensitivity analysis

Diverse methodologies are employed to evaluate the

heterogeneity and pleiotropy of the results. Heterogeneity was

tested by Cochran’s Q statistic where a P-value greater than 0.05

suggests an absence of heterogeneity (16). Pleiotropy can be

evaluated using the MR-PRESSO test and the MR-Egger

regression intercept; if the P-value for the MR-PRESSO global

Test and the MR-Egger intercept are greater than 0.05, this

suggests that pleiotropy is not present (17, 18). It is worth noting

that when the number of SNPs is insufficient (3 for MR-PRESSO, 2

for MR-Egger), pleiotropy test will not be performed.

The Steiger test is used to examine the directionality of the

instrumental variable’s effect on the outcome, avoiding reverse

causation, thereby confirming whether the results support the initial

hypothesis. P-value of Steiger greater than 0.05 for the instrumental

variable indicates the presence of reverse causation (19, 20).
2.5 Replication stage and meta-analysis

We sought additional sources of outcome data for psoriasis and

conducted MR validation on the initial stage results under the same

conditions, retaining metabolites and metabolite ratios that still

exhibited a causal effect with psoriasis. Subsequently, we merged

the two MR results (odds ratios, OR; 95% confidence intervals, CI)

through a meta-analysis. If the merged results showed heterogeneity,

indicated by an I2 value greater than 50%, a random-effects model

was utilized; otherwise, a fixed-effects model was applied. The

statistical threshold for the meta-analysis was set at 0.05. The

aforementioned study was primarily conducted using the Two

Sample MR and meta packages within the R statistical software,

version 4.2.1, with a significance level (alpha) of 0.05.
2.6 Metabolic pathway enrichment analysis

The HMDB IDs of known metabolites were retrieved from The

Human Metabolome Database (https://hmdb.ca/), and enrichment

analysis of the metabolic pathways associated with these metabolites
Frontiers in Immunology 04
was conduc t ed u s ing Me t aboAna l y s t 5 . 0 (h t t p s : / /

www.metaboanalyst.ca/). The pathway libraries selected for this

analysis were the Small Molecule Pathway Database (SMPDB) and

the Kyoto Encyclopedia of Genes and Genomes (KEGG). The

enrichment method employed was the Hypergeometric Test, and

the significance level for metabolic pathway analysis was set at 0.01.
3 Results

3.1 Initial stage Mendelian randomization
analysis results

Within a pool of 1,400 metabolites, 112 metabolites were

discerned to have a causal association with psoriasis, including 32

metabolite ratios and 80 individual metabolites (of which 69 were

identified metabolites and 11 were unidentified) (Figure 2). After

adjustment for FDR, 7 metabolites or metabolite ratios remained

significantly causally associated with psoriasis. Additionally, the 375

SNPs finally associated with psoriasis causality were all linked to

strong instrumental variables (with an F-statistic > 10).Detailed

information of IVs can be found in the Supplementary Table 1.

The 69 identified metabolites predominantly belonged to the

categories of lipids, xenobiotics and amino acids. Of the 35 lipid

metabolites analyzed, the strongest protective effect was

identified as Carnitine C14 levels (OR: 0.49, 95% CI: 0.38-0.64,

PWald Ratio=2.43×10
-7, PFDR=3.13×10

-4), while the metabolite with

the most potent risk effect was Dihomo-linoleate (20:2n6) levels

(OR: 2.07, 95% CI: 1.00-4.28, PWald Ratio =0.049, PFDR=0.559).

Among the 11xenobiotic, the most significant positive and

negative causal association with the onset of psoriasis

was observed with elevated Umbelliferone sulfate levels (OR:

2.06, 95% CI: 1.53-2.79,PWald Ratio=2.49×10
-6, PFDR=0.002) and

elevated 4-vinylphenol sulfate levels (OR: 0.53, 95% CI: 0.28-0.97,

PWald Ratio = 0.041, PFDR= 0.538).

Among the 10amino acids metabolites, the increase in

Spermidine levels exhibited the most significant positive causal

effect on the incidence of psoriasis (OR: 1.37, 95%CI: 1.10-1.71,

PIVW = 0.005, PFDR=0.239), whereas the increase in Histidine levels

was associated with the most significant negative causal effect (OR:

0.8, 95% CI: 0.69-0.92, PIVW=0.002, PFDR=0.192). Additionally, of

the 32 metabolite ratios with a causal link to psoriasis, detailed

information can be found in Supplementary Table 2.

The direction of effect estimates for most metabolites was

consistent across multiple analytical methods, rendering the

results more reliable. Specific MR analysis results for different

methods are presented in Figure 3 and Supplementary Table 2.
3.2 Sensitivity and reverse causality analysis

3 metabolites were identified with heterogeneous results

usedCochran’s Q test. Pleiotropy evaluation through the MR-

PRESSO method detected horizontal pleiotropy in the exogenous

metabolite Threonine levels. Detailed information is shown in

Supplementary Table 2.
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The MR-Steiger directionality test confirmed the accuracy of

the exposure to outcome direction with all instrumental variables

showing PSteiger< 0.05. P-values for testing the reverse relationship

between each metabolite and psoriasis were all less than 0.05,

suggesting no evidence of potential reverse causation. Detailed

information is shown in Supplementary Tables 2, 3.
3.3 Replication stage Mendelian
randomization results and meta-analysis

Out of 112 metabolites with a putative causal relationship with

psoriasis, 24 (7 metabolite ratios, 16 known metabolites, and 1

unknown metabolite) were successfully validated. Figure 4A

visualizes the sensitivity analysis results of 24 metabolites.

Detailed information of main MR Results of 24 metabolites are

shown in the Supplementary Table 4 and Figure 5.

For meta-analysis, heterogeneity test revealed heterogeneity in

the metabolite Arachidoylcarnitine (C20) levels (I2 = 51%), while

the rest of the metabolites showed no evidence of heterogeneity. The

meta-analysis results indicated that the combined overall effect of

the 24 metabolites was consistent with the direction of effect

observed in two stages MR analysis and confirmed astable causal

relationship between these metabolites and psoriasis (P<0.05).

Meta-analysis showed that among the 13 lipid metabolites, the

increase of 1-(1-enyl-palmitoyl)-2-linoleoyl-GPE (p-16:0/18:2) was
Frontiers in Immunology 05
a strong risk factor for psoriasis (OR: 1.17, 95% CI: 1.07-1.28,

P<0.001). Considering the insufficient phenotypic interpretation of

a single SNP, the increase of Arachidoylcarnitine (C20) was a strong

protective factor for psoriasis (OR: 0.74, 95% CI: 0.64-0.86,

P=0.004). Additionally, the peptide metabolite Gamma-

glutamylvaline levels were inversely associated with the risk of

psoriasis (OR: 0.71, 95% CI: 0.59-0.85, P<0.001), while the

xenobiotics Catechol sulfate levels (OR: 1.34, 95% CI: 1.15-1.55,

P<0.001) and the amino acid metabolite 3-methylglutaconate levels

(OR: 1.11, 95% CI: 1.05-1.16, P<0.001) were associated with an

increased risk of psoriasis. Further details can be found in Figure 5.
3.4 Results of metabolic pathway
enrichment analysis

We queried the HMDB IDs for the 69 known metabolites (16

for replication stage) associated with psoriasis risk in the initial

stage and conducted metabolic pathway enrichment analysis on the

52 (11 for replication stage) identifiable compounds. Two stages’

enrichment results highlighted the primary metabolic pathways as

Glutathione metabolism, Biosynthesis of unsaturated fatty acids

Alpha Linolenic Acid and Linoleic Acid Metabolism (initial stage)

and Glycerophospholipid metabolism, Arachidonic acid

metabolism (replication stage). Due to the limited amount of

metabolites, the SMPDB database was unable to perform
FIGURE 2

Classification of 112 metabolites.
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enrichment analysis in the replication stage. Specific enrichment

results are presented in Supplementary Table 3 and Figures 4B, C.
4 Discussion

To our knowledge, there has been no study reported that

investigates the causal relationship between serum metabolites

and psoriasis using MR analysis. Our study pioneers the

systematic exploration of the association between serum

metabolites and the risk of psoriasis through MR analysis,

complemented by pathway enrichment analysis. We strengthened

our preliminary findings with validation analyses and meta-

analyses, identifying 17 metabolites (16 known and 1 unknown)

causally linked to the risk of developing psoriasis. The known

metabolites are predominantly involved in lipid metabolism

pathways. Pathway analysis highlighted the importance of

glutathione metabolism, alpha-linolenic and linoleic acid

metabolism, biosynthesis of unsaturated fatty acids etc. We

reviewed the literature on 16 known metabolites and summarized

the reported roles of 9 searchable metabolites in different diseases

in Table 1.
Frontiers in Immunology 06
Numerous observational studies have identified a pervasive

dysregulation of lipid metabolism in patients with psoriasis, and

our research has also discerned a causal link between 13 lipid

metabolites and the onset of psoriasis. Lipid metabolites such as

Docosapentaenoate n3 (DPA 22:5n3), commonly referred to as n-3

DPA, and Eicosapentaenoate (EPA; 20:5n3), known as EPA, are

omega-3 polyunsaturated fatty acids. n-3 DPA is an intermediate

between EPA and DHA. On the one hand, lower n-3 DPA

concentrations have been found to correlate with higher levels of

the inflammatory marker CRP (32), and n-3 DPA can reduce the

expression of pro-inflammatory factors IL-6, IL-1b in RAW264.7

macrophages stimulated by LPS (33). Therefore, n-3 DPA has a

certain anti-inflammatory effect, which may play a role by reducing

the inflammatory response of psoriasis lesions. On the other hand,

it has been reported that the disturbance of intestinal flora can

destroy the intestinal mucosal barrier, increase intestinal mucosal

permeability, and reduce the metabolism of probiotics and short

chain fatty acids, thus aggravating the intestinal inflammatory

response in patients with psoriasis (61). n-3 DPA and EPA play

an important role in maintaining the integrity of intestinal barrier,

increasing the diversity of intestinal microbiota, and regulating

intestinal immunity (23, 29), both may play an important role in
FIGURE 3

Heat map of the results of six Mendelian randomization analysis methods in the initial stage.
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the gut-cutaneous axis by maintaining the balance between the gut

microbiota, repairing the intestinal barrier, and reducing

inflammation. Additionally, EPA has been shown to reduce the

proportion of IL-17A producing T-cells and diminish the

production of inflammatory mediators by psoriatic keratinocytes

and T-cells, thus exerting its anti-inflammatory effects (25, 26).

Moreover, supplementation with EPA can increase the content of

EPA and n-3 DPA in the dermal and epidermal phospholipids,

balance the production of epidermal lipid mediators, promote

normal differentiation of psoriatic epidermis, and restore

homeostasis at psoriatic skin lesions (25). The elevated levels of

DPA and EPA found in our study correlate with a reduced risk of

psoriasis, aligning with previous research. Supplementation of DPA

and EPA may mitigate the risk of psoriasis by regulating intestinal

immunity, modulating the balance of the gut microbiome,
Frontiers in Immunology 07
inh ib i t ing inflammatory re sponse s , and promot ing

epidermal differentiation.

Gamma-glutamylvaline (g-EV) is a dietary peptide ubiquitously

found in various foods. As demonstrated in Table 1, g-EV has been

identified to play a role in multiple inflammatory animal and cell

models, such as colitis in murine intestinal epithelial cells, adipocytes,

and human aortic endothelial cells (50, 52, 62). Additionally, research

by Chee et al. has shown that oral administration of g-EV can reduce

the expression levels of pro-inflammatory cytokines TNF-a, IL-6, and
IL-1b in the serum and small intestine of sepsis-induced mice by LPS,

exhibiting anti-septic systemic inflammatory activity (22) Zhang and

colleagues have also discovered that supplementation with g-EV can

alleviate intestinal inflammation in a porcine model of colitis (51).

Although there is no explicit research evidence directly linking g-EV
with psoriasis or its impact, psoriasis is globally recognized as a chronic
A

B C

FIGURE 4

(A) displays the heterogeneity and pleiotropy analysis results of 24 metabolites that have been successfully validated. (B) displays the enrichment
pathways of metabolites in KEGG and (C) displays the enrichment pathways of metabolites in SMPDE database.
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inflammatory skin disease, and the interplay of inflammation and

response is a crucial pathogenic mechanism. Our study results have

found Gamma-glutamylvaline (g-EV) to be a protective factor for

psoriasis (OR:0.71, 95%CI:0.59-0.85, P<0.001). g-EV may exert a

therapeutic effect by reducing the level of inflammation in epidermal

cells. Therefore, the supplementation of g-glutamylvaline could

potentially be beneficial for psoriasis management.
Frontiers in Immunology 08
Our study also identified exogenous metabolite catechol sulfate

levels and the amino acid metabolite 3-methylglutaconate levels as

risk factors for the onset of psoriasis. Catechol sulfate is recognized

as one of the biomarkers for the intake of ultra-processed foods,

with its metabolite levels significantly correlating with the

consumption of such foods (48) The increased consumption of

ultra-processed foods has been reported to elevate the risk of
frontiersin.or
FIGURE 5

Forest map displays the results of Meta Analysis, where * is the result of Verification data.
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various diseases, including diabetes, depression, and cancer (63–

65). Therefore, individuals with psoriasis should limit their intake of

ultra-processed foods to prevent the potential risk increase

associated with high levels of catechol sulfate metabolites.

Dysregulation of 3-methylglutaconic acid metabolism has been

noted in conditions such as 3-methylglutaconic aciduria and

various congenital metabolic defects where mitochondrial energy

metabolism is impaired (44, 45). Elevated levels of 3-

methylglutaconic acid detected in various inherited metabolic

diseases could lead to dysfunctions in the nervous system, heart,

liver, and other organs (66, 67). Leipnitz and colleagues have further

found through in vitro experiments that the accumulation of 3-

methylglutaconic aciduria metabolites can increase oxidative stress

in cerebral cortical epithelial cells, potentially contributing to

mechanisms inducing brain damage (46). At present, there are no

studies on the correlation between these two metabolites and

psoriasis, and our results confirm that increased levels of catechol
Frontiers in Immunology 09
sulfate and 3-methylglutaconate increase the risk of psoriasis, but

further mechanism studies are still to be conducted.

Additionally, we found two metabolites that are risk factors in

other diseases, yet are protective factors in our results. As

demonstrated in Table 1, research by van et al. has indicated a

positive correlation between the levels of 1-palmitoyl-2-

palmitoleoyl-gpc (16:0/16:1) and the risk of depression (42).

Although psoriasis patients often have mental illnesses such as

depression, our results suggest a negative correlation between 1-

palmitoyl-2-palmitoleoyl-gpc (16:0/16:1) levels and the incidence of

psoriasis. Carnitine C14 may activate pro-inflammatory pathways

to induce inflammatory responses and is positively associated with

the risk of diabetic cardiovascular disease (56, 58), suggesting that

Carnitine C14 may be a potential risk factor, which is inconsistent

with our results. This could potentially be due to a bias from the

single SNP obtained under the current screening criteria, therefore,

it is necessary to relax the screening criteria to include more SNPS
TABLE 1 The known interaction effects of metabolites in different diseases from previous studies.

Metabolite Biological function Ref.

Eicosapentaenoate (EPA, 20:5n3) 1.Anti-inflammatory benefits for various diseases.
2.Maintains gut health and immune function.
3.Boosts muscle function and athletic recovery.
4.Protects the heart and prevents blood clots.
5.Reduces lipid oxidation and enhances the effects of statins.
6.Alleviates psoriasis symptoms and lowers lipid toxicity.
7.Reduces inflammation by decreasing IL-17A T cells.
8.Enhances skin lipid balance and promotes skin health.

(21–28)

Docosapentaenoate (n3 DPA,
22:5n-3)

1. Promotes endothelial migration.
2. Regulates gut flora for colitis relief.
3. n-3 DPA reduces macrophage inflammation.
4. Low n-3 DPA correlates with increased CRP and triglycerides.
5. Higher DPA reduces RSV risk in infants.

(29–33)

linoleoyl-arachidonoyl-glycerol
(18:2/20:4)

Linoeloyl-arachidonoyl-glycerol (18:2/20:4) correlates positively with serum a-tocopherol concentrations. (34)

Arachidonate (20:4n6) 1.Regulates blood pressure, diabetes.
2. Crucial for infant growth, neural, immune maturation.
3.Marker for COPD, nephrotic syndrome, prostate cancer.
4.Affects hBMSC immunomodulation.

(35–39)

1-palmitoyl-2-palmitoleoyl-gpc
(16:0/16:1)

1. Correlates with increased depression risk.
2. Potential biomarker for diagnosis of colorectal cancer.
3.Aids in surgical boundary definition of oral cancer

(40–42)

3-methylglutaconate 1.Linked to aciduria and congenital metabolic defects in mitochondrial energy metabolism
2.Induces hepatic lipid peroxidation, disrupts redox balance by altering enzymatic/non-enzymatic antioxidants.
3.Reduces non-enzymatic antioxidant defense in brain cortical cells, triggers lipid oxidative damage.

(43–46)

Catechol sulfate 1.Biomarker for ultra-processed food intake.
2.Assesses renal function and dialysis efficacy in CKD.

(47, 48)

Gamma-glutamylvaline 1.Reducing colitis inflammation
2.Rrevents TNF-a-induced inflammatory cytokines in adipocytes, protecting against inflammation-induced insulin
resistance
3. Inhibiting the gamma-glutamyl cycle, exhibiting anticancer activity.
4.Suppresses LPS-induced pro-inflammatory cytokines in sepsis.
5.Lowers TNF-a-induced vascular inflammation by activating endothelial CaSR and reducing adhesion molecules
and cytokines.

(22,
49–53)

Carnitine C14 1.Induce inflammation via cytokine expression and JNK/ERK phosphorylation.
2.Limits autophagosome-lysosome fusion, reduces autophagy.
3.Correlates with increased risk of diabetic cardiovascular disease.
4.Potential biomarker for conditions like neonatal hypoxic-ischemic encephalopathy, liver injury, knee cartilage
volume loss.

(54–60)
fro
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to increase the interpretation of phenotypes. Of course, in order to

better understand the role of metabolites in psoriasis, further

clinical research or experimental verification is more necessary.

It is noteworthy that the metabolites identified in our study

results are primarily enriched in glutathione metabolism, as well as

alpha-linolenic and linoleic acid metabolism pathways. Glutathione is

a vital metabolic regulator with intracellular antioxidative and anti-

inflammatory functions, playing a role in maintaining normal

immunity. Oxidative stress markers are established to be elevated

in psoriasis and correlate with the disease’s course and severity (68),

which may be associated with the abnormal levels of the antioxidant

glutathione in the skin lesions and peripheral blood of patients with

psoriasis, as well as dysregulation of related transferase activities (69).

Furthermore, basic experimental evidence confirms that levels of

antioxidant markers such as glutathione (GSH) and superoxide

dismutase (SOD) are decreased in psoriasis mouse and cell models,

which are reversed upon treatment (70, 71). Impairment of

glutathione metabolism in psoriasis may relate to an imbalance in

the oxidative-antioxidative system, inflammatory responses, and

immune system dysregulation. Research reveals a strong positive

correlation between glutathione and inflammatory cytokines,

angiogenic initiators in psoriasis (72), and it plays a significant role

in various psoriasis-associated cells. Liu et al. found increased

numbers of MDSCs and M-MDSCs in the peripheral blood and

skin lesions of psoriasis patients, and acitretin promotes the

differentiation of MDSCs by increasing the expression of

glutathione synthetase (GSS) and accumulation of glutathione

(GSH), thus reducing ROS levels (73). Campione et al. reported

increased activity of glutathione-S-transferase (GST) in the lesional

areas of psoriasis, exerting anti-inflammatory effects in the

hyperproliferative keratinocytes characteristic of psoriasis (69).

Additionally, GSH can regulate the expression levels of IkBz in

macrophages (74). The oxidative stress levels in dendritic cells and

neutrophils are increased in the IMQ-induced psoriasis model (72).

In conclusion, glutathione metabolism plays an important role in the

pathological processes of psoriasis such as oxidative stress and

inflammation by affecting a variety of cells, such as keratinocytes,

macrophages, MDSC, and dendritic cells.

Alpha-linolenic acid (ALA) and linoleic acid (LA), as essential

polyunsaturated fatty acids, play a pivotal role in human

metabolism. Vahlquist et al. observed significant reductions in the

levels of linoleic acid (18:2 omega-6) and a-linolenic acid (18:3

omega-3) in the plasma lipid esters of patients with psoriasis

compared to a healthy control group. Notably, these reductions

were even more pronounced in patients with severe psoriasis,

suggesting a possible correlation between fatty acid levels and

disease severity (75). Methotrexate, a cornerstone medication in

psoriasis treatment, has been proven to modulate linoleic acid

metabolism within CD4+ central memory T cells and CD8+

effector memory T cells (76). Experimental studies have

elucidated that ALA and LA, under the action of lipoxygenase

and cyclooxygenase, give rise to eicosanoids such as prostaglandins

(PGs), thromboxanes, and leukotrienes (LTs), which play crucial

roles in inflammation and hemodynamic regulation, mediating

inflammatory and allergic diseases like psoriasis and atopic

dermatitis (76–78). In metabolic pathways associated with
Frontiers in Immunology 10
psoriasis, linoleic acid exhibits a negative correlation with AMPK

and the PI3-Akt signaling pathway. Specifically, ALA has been

shown to mediate the Ras signaling pathway, participating in cell

adhesion and the transendothelial migration of leukocytes (79).

Moreover, ALA interacts directly with the NF-kB pathway and, as a

ligand for PPARs, expresses bioactivities with anti-inflammatory

capacities (80, 81). The perspective of Simopoulos on dietary intake

ratios reveals the inflammatory impact of a high n-6 to n-3 fatty acid

ratio (20:1) prevalent in Western diets, which may enhance the

production of pro-inflammatory mediators. In contrast, a more

balanced intake ratio (approximately 1:1) is considered to have

protective effects against inflammation (82). Synthesizing these

insights regarding the metabolic pathways of ALA and LA unveils

their anti-inflammatory attributes and accentuates the nuanced

effects of varying dietary intake ratios. This body of evidence

provides compelling justification for further investigation into the

therapeutic potential of modulating these fatty acid levels in the

management of inflammatory diseases.

In addition, unsaturated fatty acid related metabolites EPA and

n-3 DPA have been discussed above. Many elements in the glycerol

phospholipid metabolism pathway, such as PA, PC, and PI, have also

been confirmed to undergo significant changes in the plasma of

psoriasis patients (4). Drugs such (R)-salbutamol and Chinese Herbal

formula can alleviate psoriasis by improving glycophoric metabolism

(83, 84). Arachidonic acid (AA) is a polyunsaturated fatty acid that

serves as a precursor to various bioactive lipid mediators, including

prostaglandins, leukotrienes, and thromboxanes. These eicosanoids

are potent regulators of inflammation and immune responses. In

psoriasis, the metabolism of arachidonic acid is often dysregulated.

Clinical studies have found that compared with female psoriasis

patients, psoriatic skin lesions are more severe in male patients and

plasma AA concentration is significantly lower than that in female

patients. AA is positively correlated with DLQI score, which may be

related to estrogen metabolism (85). Ye et al. reported that CD4+ T

cells in patients with psoriatic arthritis (PsA) increased the expression

of the poro-forming calcium channel component ORAI3, thereby

increasing the activity of calcium selective channels regulated by

arachidonic acid, making T cells sensitive to arachidonic acid and

contributing to the chronic inflammatory response of PsA (86). In

addition, inflammatory mediators such as PGE2 and LTB4 produced

by Arachidonic acid and its derivatives catalyzed by cycoperoxidase

can recruit and activate T cells to participate in inflammation (26,

87).Therefore, arachidonic acid and its derivatives may play a key role

in the pathogenesis of psoriasis by influencing the function and

sensitivity of T cells and activating the inflammatory response.

Our study has several limitations: Firstly, we used strict

screening conditions (P< 5×10-8, r2< 0.001 within a 10000 kb

distance) and the SNPS of many metabolites could not be

extracted. After we broadened the screening criteria (P< 5×10-7,

r2< 0.01 within a 5000kb distance), some metabolites still obtained

fewer SNPs under the currently set screening conditions, which may

lead to a bias in the results. Secondly, many metabolites filtered

during the initial stage failed to achieve significance post-rigorous

multiple testing adjustments. Thirdly, the population data comes

from European ancestry, and there may be differences when the

findings generalize to other ethnicities. Therefore, more people with
frontiersin.org

https://doi.org/10.3389/fimmu.2024.1343301
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Yang et al. 10.3389/fimmu.2024.1343301
different genetic backgrounds should be analyzed to improve the

generality of the results. Lastly, the employment of genetic variants

linked to metabolites as instrumental variables reflects prolonged

exposure scenarios; conversely, transient dietary supplementation

may elicit disparate effects on the delineated results.

In conclusion, our study found that 24 metabolites (7

metabolite ratios, 16 known metabolites, and 1 unknown

metabolite) are associated with psoriasis risk, and most of these

metabolites belong to lipid metabolism. These metabolites may be

biomarkers to predict the onset and development of psoriasis. This

study also provides recommendations for dietary adjustment and

nutritional intervention in clinical psoriasis patients, such as

increasing the intake of g-EV or Omega-3 fatty acids such as

DPA, EPA, and reducing the intake of ultra-processed foods to

reduce the production of catechol sulfate have a positive effect on

the control of psoriasis.
Data availability statement

The original contributions presented in the study are included

in the article/Supplementary Materials, further inquiries can be

directed to the corresponding authors.
Author contributions

YY: Data curation, Formal analysis, Writing – original draft.

XZ: Data curation, Visualization, Writing – original draft. HL:

Methodology, Formal analysis, Writing – original draft. BT: Data

curation, Visualization, Writing – original draft. YZ: Writing –

review & editing, Validation. QL: Software, Writing – review &

editing. YB: Methodology, Writing – review & editing. KY:

Resources, Writing – review & editing. HZ: Investigation,

Writing – review & editing. HC: Funding acquisition,

Supervision, Writing – review & editing. CL: Supervision,

Writing – review & editing.
Frontiers in Immunology 11
Funding

The author(s) declare financial support was received for the

research, authorship, and/or publication of this article. This study

was supported by grants from Research Fund for Bajian Talents of

Guangdong Provincial Hospital of Chinese Medicine

(No.BJ2022KY02), Science and Technology Planning Project of

Guangzhou (Nos.202201020353 & 202206080006 & 202201020332),

Innovation Team and Talents Cultivation Program of National

Administration of Traditional Chinese Medicine (No.ZYYCXTD-C-

202204), National Natural Science Foundation of China (No.

U20A20397 & U23A6012 & 82374313), Science and Technology

Planning Project of Guangdong Province (No. 2022A1515110720

& 2023B1212060063).
Conflict of interest

The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could be

construed as a potential conflict of interest.
Publisher’s note

All claims expressed in this article are solely those of the authors

and do not necessarily represent those of their affiliated organizations,

or those of the publisher, the editors and the reviewers. Any product

that may be evaluated in this article, or claim that may be made by its

manufacturer, is not guaranteed or endorsed by the publisher.
Supplementary material

The Supplementary Material for this article can be found online

at: https://www.frontiersin.org/articles/10.3389/fimmu.2024.1343301/

full#supplementary-material
References
1. Wu JJ, Kavanaugh A, Lebwohl MG, Gniadecki R, Merola JF. Psoriasis and
metabolic syndrome: implications for the management and treatment of psoriasis. J
Eur Acad Dermatol Venereol. (2022) 36:797–806. doi: 10.1111/jdv.18044

2. Gisondi P, Fostini AC, Fossà I, Girolomoni G, Targher G. Psoriasis and the
metabol ic syndrome. Clin Dermatol . (2018) 36 :21–8. doi : 10 .1016/
j.clindermatol.2017.09.005

3. Langan SM, Seminara NM, Shin DB, Troxel AB, Kimmel SE, Mehta NN, et al.
Prevalence of metabolic syndrome in patients with psoriasis: a population-based study
in the United Kingdom. J Invest Dermatol. (2012) 132:556–62. doi: 10.1038/
jid.2011.365

4. Zeng C, Wen B, Hou G, Lei L, Mei Z, Jia X, et al. Lipidomics profiling reveals the
role of glycerophospholipid metabolism in psoriasis. GigaScience. (2017) 6:1–11.
doi: 10.1093/gigascience/gix087

5. Chen C, Hou G, Zeng C, Ren Y, Chen X, Peng C. Metabolomic profiling reveals
amino acid and carnitine alterations as metabolic signatures in psoriasis. Theranostics.
(2021) 11:754–67. doi: 10.7150/thno.51154

6. Guo L, Jin H. Research progress of metabolomics in psoriasis. Chin Med J (Engl).
(2023) 136(15):1805–16. doi: 10.1097/CM9.0000000000002504
7. Dand N, Mahil SK, Capon F, Smith CH, Simpson MA, Barker JN. Psoriasis and
genetics. Acta Derm Venereol. (2020) 100:adv00030. doi: 10.2340/00015555-3384

8. Emdin CA, Khera AV, Kathiresan S. Mendelian randomization. Jama. (2017)
318:1925–6. doi: 10.1001/jama.2017.17219

9. Chen Y, Lu T, Pettersson-Kymmer U, Stewart ID, Butler-Laporte G, Nakanishi T,
et al. Genomic atlas of the plasma metabolome prioritizes metabolites implicated in
human diseases. Nat Genet. (2023) 55:44–53. doi: 10.1038/s41588-022-01270-1

10. Kurki MI, Karjalainen J, Palta P, Sipilä TP, Kristiansson K, Donner KM, et al.
FinnGen provides genetic insights from a well-phenotyped isolated population. Nature.
(2023) 613:508–18. doi: 10.1038/s41586-022-05473-8

11. Stuart PE, Tsoi LC, Nair RP, Ghosh M, Kabra M, Shaiq PA, et al. Transethnic
analysis of psoriasis susceptibility in South Asians and Europeans enhances fine-
mapping in the MHC and genomewide. HGG Adv. (2022) 3:100069. doi: 10.1016/
j.xhgg.2021.100069

12. Gill D, Efstathiadou A, Cawood K, Tzoulaki I, Dehghan A. Education protects
against coronary heart disease and stroke independently of cognitive function: evidence
from Mendelian randomization. Int J Epidemiol. (2019) 48:1468–77. doi: 10.1093/ije/
dyz200
frontiersin.org

https://www.frontiersin.org/articles/10.3389/fimmu.2024.1343301/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fimmu.2024.1343301/full#supplementary-material
https://doi.org/10.1111/jdv.18044
https://doi.org/10.1016/j.clindermatol.2017.09.005
https://doi.org/10.1016/j.clindermatol.2017.09.005
https://doi.org/10.1038/jid.2011.365
https://doi.org/10.1038/jid.2011.365
https://doi.org/10.1093/gigascience/gix087
https://doi.org/10.7150/thno.51154
https://doi.org/10.1097/CM9.0000000000002504
https://doi.org/10.2340/00015555-3384
https://doi.org/10.1001/jama.2017.17219
https://doi.org/10.1038/s41588-022-01270-1
https://doi.org/10.1038/s41586-022-05473-8
https://doi.org/10.1016/j.xhgg.2021.100069
https://doi.org/10.1016/j.xhgg.2021.100069
https://doi.org/10.1093/ije/dyz200
https://doi.org/10.1093/ije/dyz200
https://doi.org/10.3389/fimmu.2024.1343301
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Yang et al. 10.3389/fimmu.2024.1343301
13. Papadimitriou N, Dimou N, Tsilidis KK, Banbury B, Martin RM, Lewis SJ, et al.
Physical activity and risks of breast and colorectal cancer: a Mendelian randomisation
analysis. Nat Commun. (2020) 11:597. doi: 10.1038/s41467-020-14389-8

14. Pagoni P, Korologou-Linden RS, Howe LD, Davey Smith G, Ben-Shlomo Y,
Stergiakouli E, et al. Causal effects of circulating cytokine concentrations on risk of
Alzheimer’s disease and cognitive function. Brain Behav Immun. (2022) 104:54–64.
doi: 10.1016/j.bbi.2022.05.006

15. Li S, Xu Y, Zhang Y, Nie L, Ma Z, Ma L, et al. Mendelian randomization analyses
of genetically predicted circulating levels of cytokines with risk of breast cancer. NPJ
Precis Oncol. (2020) 4:25. doi: 10.1038/s41698-020-00131-6

16. Niu PP, Song B, Wang X, Xu YM. Serum uric acid level and multiple sclerosis: A
mendelian randomization study. Front Genet. (2020) 11:254. doi: 10.3389/
fgene.2020.00254

17. Burgess S, Thompson SG. Interpreting findings from Mendelian randomization
using the MR-Egger method. Eur J Epidemiol. (2017) 32:377–89. doi: 10.1007/s10654-
017-0255-x

18. Su D, Ai Y, Zhu G, Yang Y, Ma P. Genetically predicted circulating levels of
cytokines and the risk of osteoarthritis: A mendelian randomization study. Front Genet.
(2023) 14:1131198. doi: 10.3389/fgene.2023.1131198

19. Hemani G, Tilling K, Davey Smith G. Orienting the causal relationship between
imprecisely measured traits using GWAS summary data. PloS Genet. (2017) 13:
e1007081. doi: 10.1371/journal.pgen.1007081

20. Xiao G, He Q, Liu L, Zhang T, Zhou M, Li X, et al. Causality of genetically
determined metabolites on anxiety disorders: a two-sample Mendelian randomization
study. J Transl Med. (2022) 20:475. doi: 10.1186/s12967-022-03691-2

21. Bays HE, Braeckman RA, Ballantyne CM, Kastelein JJ, Otvos JD, Stirtan WG,
et al. Icosapent ethyl, a pure EPA omega-3 fatty acid: effects on lipoprotein particle
concentration and size in patients with very high triglyceride levels (the MARINE
study). J Clin Lipidol. (2012) 6:565–72. doi: 10.1016/j.jacl.2012.07.001

22. Chee ME, Majumder K, Mine Y. Intervention of dietary dipeptide gamma-l-
glutamyl-l-valine (g-EV) ameliorates inflammatory response in a mouse model of LPS-
induced sepsis. J Agric Food Chem. (2017) 65:5953–60. doi: 10.1021/acs.jafc.7b02109

23. Fu Y, Wang Y, Gao H, Li D, Jiang R, Ge L, et al. Associations among dietary
omega-3 polyunsaturated fatty acids, the gut microbiota, and intestinal immunity.
Mediators Inflamm. (2021) 2021:8879227. doi: 10.1155/2021/8879227

24. Mason RP, Libby P, Bhatt DL. Emerging mechanisms of cardiovascular
protection for the omega-3 fatty acid eicosapentaenoic acid. Arteriosclerosis
Thrombosis Vasc Biol. (2020) 40:1135–47. doi: 10.1161/ATVBAHA.119.313286

25. Morin S, Bélanger S, Cortez Ghio S, Pouliot R. Eicosapentaenoic acid reduces the
proportion of IL-17A-producing T cells in a 3D psoriatic skin model. J Lipid Res. (2023)
64:100428. doi: 10.1016/j.jlr.2023.100428

26. Morin S, Tremblay A, Dumais E, Julien P, Flamand N, Pouliot R.
Eicosapentaenoic acid influences the lipid profile of an in vitro psoriatic skin model
produced with T cells. Biomolecules. (2023) 13:1413. doi: 10.3390/biom13091413

27. Simopoulos AP. Omega-3 fatty acids in health and disease and in growth and
development. Am J Clin Nutr. (1991) 54:438–63. doi: 10.1093/ajcn/54.3.438

28. Thielecke F, Blannin A. Omega-3 fatty acids for sport performance-are they
equally beneficial for athletes and amateurs? A Narrative Rev Nutrients. (2020) 12:3712.
doi: 10.3390/nu12123712

29. Dong Y, Huang C, Yang J, Zheng Z, Dai Z. Docosapentaenoic acid (DPA, 22:5n-
3) alleviates ulcerative colitis via modification of gut microbiota and their metabolism.
Nutrients. (2022) 14:4204. doi: 10.3390/nu14194204

30. Hakola L, Oikarinen M, Niinistö S, Cuthbertson D, Lehtonen J, Puustinen L,
et al. Serum 25-hydroxyvitamin D and fatty acids in relation to the risk of microbial
infections in children: The TRIGR Divia study. Clin Nutr. (2022) 41:2729–39.
doi: 10.1016/j.clnu.2022.10.017

31. Kaur G, Cameron-Smith D, Garg M, Sinclair AJ. Docosapentaenoic acid (22:5n-
3): a review of its biological effects. Prog Lipid Res. (2011) 50:28–34. doi: 10.1016/
j.plipres.2010.07.004

32. Skulas-Ray AC, Flock MR, Richter CK, Harris WS, West SG, Kris-Etherton PM.
Red Blood Cell Docosapentaenoic Acid (DPA n-3) is Inversely Associated with
Triglycerides and C-reactive Protein (CRP) in Healthy Adults and Dose-
Dependently Increases Following n-3 Fatty Acid Supplementation. Nutrients. (2015)
7:6390–404. doi: 10.3390/nu7085291

33. Tian Y, Katsuki A, Romanazzi D, Miller MR, Adams SL, Miyashita K, et al.
Docosapentaenoic acid (22:5n-3) downregulates mRNA expression of pro-
inflammatory factors in LPS-activated murine macrophage like RAW264. 7 Cells J
Oleo Sci. (2017) 66:1149–56. doi: 10.5650/jos.ess17111

34. Lawrence WR, Lim JE, Huang J, Sampson JN, Weinstein SJ, Albanes D.
Metabolomic analysis of serum alpha-tocopherol among men in the Alpha-
Tocopherol, Beta-Carotene Cancer Prevention (ATBC) Study. Eur J Clin Nutr.
(2022) 76:1254–65. doi: 10.1038/s41430-022-01112-7

35. Basak S, Mallick R, Banerjee A, Pathak S, Duttaroy AK. Maternal supply of both
arachidonic and docosahexaenoic acids is required for optimal neurodevelopment.
Nutrients. (2021) 13:2061. doi: 10.20944/preprints202104.0665.v3

36. Das UN. Arachidonic acid in health and disease with focus on hypertension and
diabetes mellitus: A review. J Adv Res. (2018) 11:43–55. doi: 10.1016/j.jare.2018.01.002
Frontiers in Immunology 12
37. Hadley KB, Ryan AS, Forsyth S, Gautier S, Salem N Jr. The essentiality of
arachidonic acid in infant development. Nutrients. (2016) 8:216. doi: 10.3390/
nu8040216

38. Tigistu-Sahle F, Lampinen M, Kilpinen L, Holopainen M, Lehenkari P, Laitinen
S, et al. Metabolism and phospholipid assembly of polyunsaturated fatty acids in
human bone marrow mesenchymal stromal cells. J Lipid Res. (2017) 58:92–110.
doi: 10.1194/jlr.M070680

39. Wada H, Hagiwara S, Saitoh E, Ieki R, Yamamoto Y, Adcock IM, et al. Up-
regulation of blood arachidonate (20:4) levels in patients with chronic obstructive
pulmonary disease. Biomarkers. (2012) 17:520–3. doi: 10.3109/1354750X.2012.692393

40. Kurabe N, Hayasaka T, Ogawa M, Masaki N, Ide Y, Waki M, et al. Accumulated
phosphatidylcholine (16:0/16:1) in human colorectal cancer; possible involvement of
LPCAT4. Cancer Sci. (2013) 104:1295–302. doi: 10.1111/cas.12221

41. Uchiyama Y, Hayasaka T, Masaki N, Watanabe Y, Masumoto K, Nagata T, et al.
Imaging mass spectrometry distinguished the cancer and stromal regions of oral
squamous cell carcinoma by visualizing phosphatidylcholine (16:0/16:1) and
phosphatidylcholine (18:1/20:4). Anal Bioanal Chem. (2014) 406:1307–16.
doi: 10.1007/s00216-013-7062-3

42. van der Spek A, Stewart ID, Kühnel B, Pietzner M, Alshehri T, Gauß F, et al.
Circulating metabolites modulated by diet are associated with depression. Mol
Psychiatry. (2023) 28(9):3874–87. doi: 10.1038/s41380-023-02180-2

43. da Rosa-Junior NT, Parmeggiani B, Glänzel NM, de Moura Alvorcem L,
Frusciante MR, Dutra Filho CS, et al. In vivo evidence that bezafibrate prevents
oxidative stress and mitochondrial dysfunction caused by 3-methylglutaric acid in rat
liver. Biochimie. (2020) 171-172:187–96. doi: 10.1016/j.biochi.2020.03.007

44. Jones DE, Klacking E, Ryan RO. Inborn errors of metabolism associated with 3-
methylglutaconic aciduria. Clin Chim Acta Int J Clin Chem. (2021) 522:96–104.
doi: 10.1016/j.cca.2021.08.016

45. Jones DE, Romenskaia I, Kosma DK, Ryan RO. Role of non-enzymatic chemical
reactions in 3-methylglutaconic aciduria. FEBS J. (2022) 289:2948–58. doi: 10.1111/
febs.16316

46. Leipnitz G, Seminotti B, Amaral AU, de Bortoli G, Solano A, Schuck PF, et al.
Induction of oxidative stress by the metabolites accumulating in 3-methylglutaconic
aciduria in cerebral cortex of young rats. Life Sci. (2008) 82:652–62. doi: 10.1016/
j.lfs.2007.12.024

47. Ragi N, Pallerla P, Babi Reddy Gari AR, Lingampelly SS, Ketavarapu V, Addipilli
R, et al. Assessment of uremic toxins in advanced chronic kidney disease patients on
maintenance hemodialysis by LC-ESI-MS/MS. Metabolomics. (2023) 19:14.
doi: 10.1007/s11306-023-01978-z

48. Su D, Chen J, Du S, Kim H, Yu B, Wong KE, et al. Metabolomic markers of ultra-
processed food and incident CKD. Clin J Am Soc Nephrol: CJASN. (2023) 18:327–36.
doi: 10.2215/CJN.0000000000000062

49. Guha S, Alvarez S, Majumder K. Transport of dietary anti-inflammatory peptide,
g-glutamyl valine (g-EV), across the intestinal caco-2 monolayer. Nutrients. (2021)
13:1448. doi: 10.3390/nu13051448

50. Guha S, Paul C, Alvarez S, Mine Y, Majumder K. Dietary g-glutamyl valine
ameliorates TNF-a-induced vascular inflammation via endothelial calcium-sensing
receptors. J Agric Food Chem. (2020) 68:9139–49. doi: 10.1021/acs.jafc.0c04526

51. Zhang H, Kodera T, Eto Y, Mine Y. g-Glutamyl valine supplementation-induced
mitigation of gut inflammation in a porcine model of colitis. J Funct Foods. (2016)
24:558–67. doi: 10.1016/j.jff.2016.04.038

52. Zhang H, Kovacs-Nolan J, Kodera T, Eto Y, Mine Y. g-Glutamyl cysteine and g-
glutamyl valine inhibit TNF-a signaling in intestinal epithelial cells and reduce
inflammation in a mouse model of colitis via allosteric activation of the calcium-
sensing receptor. Biochim Biophys Acta. (2015) 1852:792–804. doi: 10.1016/
j.bbadis.2014.12.023

53. Zhang J, Wang N, Zhou Y, Wang K, Sun Y, Yan H, et al. Oridonin induces
ferroptosis by inhibiting gamma-glutamyl cycle in TE1 cells. Phytother Res. (2021)
35:494–503. doi: 10.1002/ptr.6829

54. Debuf MJ, Carkeek K, Piersigilli F. A metabolomic approach in search of
neurobiomarkers of perinatal asphyxia: A review of the current literature. Front
Pediatr. (2021) 9:674585. doi: 10.3389/fped.2021.674585

55. Fu W, Ge M, Li J. Phospholipase A2 regulates autophagy in gouty arthritis:
proteomic and metabolomic studies. J Transl Med. (2023) 21:261. doi: 10.1186/s12967-
023-04114-6

56. Rutkowsky JM, Knotts TA, Ono-Moore KD, McCoin CS, Huang S, Schneider D,
et al. Acylcarnitines activate proinflammatory signaling pathways. Am J Physiol
Endocrinol Metab. (2014) 306:E1378–87. doi: 10.1152/ajpendo.00656.2013

57. Xie Z, Aitken D, Liu M, Lei G, Jones G, Cicuttini F, et al. Serum metabolomic
signatures for knee cartilage volume loss over 10 years in community-dwelling older
adults. Life (Basel). (2022) 12:869. doi: 10.3390/life12060869

58. Zhao S, Feng XF, Huang T, Luo HH, Chen JX, Zeng J, et al. The association
between acylcarnitine metabolites and cardiovascular disease in chinese patients with
type 2 diabetes mellitus. Front Endocrinol (Lausanne). (2020) 11:212. doi: 10.3389/
fendo.2020.00212

59. Zheng DM, An ZN, Ge MH, Wei DZ, Jiang DW, Xing XJ, et al. Medium & long-
chain acylcarnitine’s relation to lipid metabolism as potential predictors for diabetic
frontiersin.org

https://doi.org/10.1038/s41467-020-14389-8
https://doi.org/10.1016/j.bbi.2022.05.006
https://doi.org/10.1038/s41698-020-00131-6
https://doi.org/10.3389/fgene.2020.00254
https://doi.org/10.3389/fgene.2020.00254
https://doi.org/10.1007/s10654-017-0255-x
https://doi.org/10.1007/s10654-017-0255-x
https://doi.org/10.3389/fgene.2023.1131198
https://doi.org/10.1371/journal.pgen.1007081
https://doi.org/10.1186/s12967-022-03691-2
https://doi.org/10.1016/j.jacl.2012.07.001
https://doi.org/10.1021/acs.jafc.7b02109
https://doi.org/10.1155/2021/8879227
https://doi.org/10.1161/ATVBAHA.119.313286
https://doi.org/10.1016/j.jlr.2023.100428
https://doi.org/10.3390/biom13091413
https://doi.org/10.1093/ajcn/54.3.438
https://doi.org/10.3390/nu12123712
https://doi.org/10.3390/nu14194204
https://doi.org/10.1016/j.clnu.2022.10.017
https://doi.org/10.1016/j.plipres.2010.07.004
https://doi.org/10.1016/j.plipres.2010.07.004
https://doi.org/10.3390/nu7085291
https://doi.org/10.5650/jos.ess17111
https://doi.org/10.1038/s41430-022-01112-7
https://doi.org/10.20944/preprints202104.0665.v3
https://doi.org/10.1016/j.jare.2018.01.002
https://doi.org/10.3390/nu8040216
https://doi.org/10.3390/nu8040216
https://doi.org/10.1194/jlr.M070680
https://doi.org/10.3109/1354750X.2012.692393
https://doi.org/10.1111/cas.12221
https://doi.org/10.1007/s00216-013-7062-3
https://doi.org/10.1038/s41380-023-02180-2
https://doi.org/10.1016/j.biochi.2020.03.007
https://doi.org/10.1016/j.cca.2021.08.016
https://doi.org/10.1111/febs.16316
https://doi.org/10.1111/febs.16316
https://doi.org/10.1016/j.lfs.2007.12.024
https://doi.org/10.1016/j.lfs.2007.12.024
https://doi.org/10.1007/s11306-023-01978-z
https://doi.org/10.2215/CJN.0000000000000062
https://doi.org/10.3390/nu13051448
https://doi.org/10.1021/acs.jafc.0c04526
https://doi.org/10.1016/j.jff.2016.04.038
https://doi.org/10.1016/j.bbadis.2014.12.023
https://doi.org/10.1016/j.bbadis.2014.12.023
https://doi.org/10.1002/ptr.6829
https://doi.org/10.3389/fped.2021.674585
https://doi.org/10.1186/s12967-023-04114-6
https://doi.org/10.1186/s12967-023-04114-6
https://doi.org/10.1152/ajpendo.00656.2013
https://doi.org/10.3390/life12060869
https://doi.org/10.3389/fendo.2020.00212
https://doi.org/10.3389/fendo.2020.00212
https://doi.org/10.3389/fimmu.2024.1343301
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Yang et al. 10.3389/fimmu.2024.1343301
cardiomyopathy: a metabolomic study. Lipids Health Dis. (2021) 20:151. doi: 10.1038/
s41467-020-14389-8

60. Zhou C, Jia HM, Liu YT, Yu M, Chang X, Ba YM, et al. Metabolism of
glycerophospholipid, bile acid and retinol is correlated with the early outcomes of
autoimmune hepatitis. Mol Biosyst. (2016) 12:1574–85. doi: 10.1039/C6MB00092D

61. Yang Y, Zheng X, Lv H, Tang B, Bi Y, Luo Q, et al. A bibliometrics study on the
status quo and hot topics of pathogenesis of psoriasis based onWeb of Science. Skin Res
Technol. (2024) 30:e13538. doi: 10.1111/srt.13538

62. Xing L, Zhang H, Majumder K, Zhang W, Mine Y. g-glutamylvaline prevents
low-grade chronic inflammation via activation of a calcium-sensing receptor pathway
in 3T3-L1Mouse adipocytes. J Agric Food Chem. (2019) 67:8361–9. doi: 10.1021/
acs.jafc.9b02334

63. Delpino FM, Figueiredo LM, Bielemann RM, da Silva BGC, Dos Santos FS,
Mintem GC, et al. Ultra-processed food and risk of type 2 diabetes: a systematic review
and meta-analysis of longitudinal studies. Int J Epidemiol. (2022) 51:1120–41.
doi: 10.1093/ije/dyab247

64. Lane MM, Gamage E, Travica N, Dissanayaka T, Ashtree DN, Gauci S, et al.
Ultra-processed food consumption and mental health: A systematic review and meta-
analysis of observational studies. Nutrients. (2022) 14:2568. doi: 10.3390/nu14132568

65. Isaksen IM, Dankel SN. Ultra-processed food consumption and cancer risk: A
systematic review and meta-analysis. Clin Nutr (Edinburgh Scotland). (2023) 42:919–
28. doi: 10.1016/j.clnu.2023.03.018

66. Roland D, Jissendi-Tchofo P, Briand G, Vamecq J, Fontaine M, Ultré V, et al.
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