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Abstract
Background Observational studies reported altered levels of plasma metabolites in attention-deficit/hyperactivity 
disorder (ADHD). We aim to explore the causal link between plasma metabolites and ADHD.

Methods We utilized Mendelian randomization (MR) analysis to assess the causal relationship between plasma 
metabolites and ADHD and the Genome-wide association study (GWAS) summary datasets were sourced from 
public databases. GWAS summary datasets were used in the study, including ADHD (n = 292,548) and 871 plasma 
metabolites (n = 8,299). Moreover, we used DrugBank and ChEMBL to evaluate whether the identified metabolites are 
potential therapeutic targets, and in addition, Bayesian colocalization analyses were conducted to assess the shared 
genetic signals between these metabolites and ADHD.

Results Our MR analysis identified 20 plasma metabolites that conferred protective effects against the risk of ADHD, 
including dimethylglycine, 3-methoxytyramine sulfate, and adenosine 3’,5’-cyclic monophosphate (OR: 0.97–0.98). 
Additionally, 22 metabolites were associated with an increased risk of ADHD, including N-acetylneuraminate and 
3-indoleglyoxylic acid (OR:1.01–1.03). Druggability evaluation showed that 12 of the ADHD-related metabolites have 
been targeted by pharmacological interventions. For example, doconexent has been used to increase the levels of 
docosahexaenoic acid. Our reverse MR analysis showed that genetic liability to ADHD may affect the abundance 
of 91 metabolites. Notably, several plasma metabolites had bidirectional causal associations with ADHD, including 
docosahexaenoate (DHA; 22:6n3), docosatrienoate (22:3n3), N1-methyladenosine, S-adenosylhomocysteine, and 
4-allylcatechol sulfate.

Conclusions Our study supported a causal role of plasma metabolites in the susceptibility to ADHD, and the 
identified metabolites may provide a new avenue for the prevention and treatment of ADHD.

Clinical trial number Not applicable.
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Introduction
Attention-deficit/hyperactivity disorder (ADHD) is a 
common neurodevelopmental disorder that typically 
appears in childhood and may persist into adulthood, 
with a prevalence rate of up to 5%, its characteristics are 
inattention, hyperactivity, and impulsivity [1, 2]. People 
with ADHD may have difficulty concentrating, follow-
ing instructions, and organizing tasks, and its impact 
goes beyond individuals, affecting families, teachers, and 
the broader social structure [3, 4]. The exact causes of 
ADHD are not yet fully understood, involving genetic, 
environmental, and neurological factors. Treatment is 
usually multi-faceted, including a combination of behav-
ioral intervention, psychological education, and medica-
tion therapy [5]. The individualized nature of treatment 
emphasizes the importance of customized interventions 
for comorbidities and specific symptoms [6].

Advances in neuroimaging and genetic research have 
greatly enhanced our understanding of ADHD, structural 
and functional brain imaging has further revealed dis-
tinct morphological and functional differences in brain 
regions governing attention, impulse control, and execu-
tive functions among ADHD patients [7–9]. As ADHD is 
increasingly recognized as a multi-dimensional disorder 
influenced by both genetic and environmental factors, 
there has been a growing impetus to explore its underly-
ing biological mechanisms [10].

Metabolites are small molecules formed during bio-
chemical reactions. These molecules may be either 
intermediates or end products such as amino acids, 
nucleotides, lipids, hormones, and exogenous substances 
participating in human metabolism. The levels of indi-
vidual metabolites are influenced by inherited genetic 
variants, diet, and other environmental exposures [11]. 
In previous studies of neuropsychiatric conditions, the 
levels of plasma or serum metabolites were found altered. 
Zhang et al. associated the levels of 38 plasma metabo-
lites with an increased risk of dementia [12]. Guo et al. 
detected 7 specific differential metabolites in bipolar 
depression, among which glycine may be its character-
istic biomarker [13]. In addition, a prospective cohort 
study found that the metabolite 5-methoxytryptophol in 
umbilical cord plasma was associated with a reduced risk 
of ADHD, while tryptophan, 5-HTP, and N-acetyltrypt-
ophan were associated with a higher risk of ADHD [14].

For many metabolites, their serum levels are highly 
heritable, the biological characteristics of metabo-
lites detected in human biological fluids bridge the gap 
between genotype, environment, and phenotype, and 
can serve as biomarkers for clinical diagnosis, progno-
sis, and disease classification [15, 16]. Plasma metabolites 
may have an impact on neural development, neuronal 
transmission, and immune regulation within the brain 
through the bidirectional signaling along the gut-brain 

axis [17–20]. Metabolomic biomarkers may serve as 
objective and quantitative indicators of ADHD-related 
physiological changes [21], helping to distinguish comor-
bidities and reveal pathological mechanisms.

Mendelian Randomization (MR), now widely used to 
infer causality from a genetic perspective, has emerged 
as a crucial tool for evaluating disease causality, with its 
scope of application encompassing both somatic and 
mental disorders [22–25]. Leveraging the random assort-
ment of genetic variants in an individual’s diploid genome 
to minimize ADHD–related confounding factors and 
reverse causality [26–28]. This feature, combined with its 
use of Genome-Wide Association Study (GWAS) sum-
mary data, provides a flexible and convenient approach 
to analyzing causal relationships between diseases [29]. 
In MR studies, genetic variants act as instrumental vari-
ables, allowing researchers to evaluate causal effects on 
outcomes, much like randomized clinical trials [30]. This 
methodology reduces the influence of confounders such 
as age, drug or environmental exposures, and reverse 
causation. Therefore, we used the MR method to analyze 
the genetic link between plasma metabolites and ADHD. 
We also performed Bayesian colocalization analyses to 
assess shared genetic signals and determine if identi-
fied ADHD - related metabolites could be modulated by 
pharmacological or other interventions.

Methods
Data sources and study design
The genome-wide association study (GWAS) summary 
results used for this analysis were all from publicly avail-
able data. Demontis et al. expanded the sample size in 
2022 [31] which encompassed 38,691 cases and 275,986 
control participants, making it one of the most compre-
hensive GWAS studies on ADHD currently available. 
Information on ADHD cases was obtained from the Psy-
chiatric Genomics Consortium (https://pgc.unc.edu/), 
and each participant had a European background.

For metabolites, we focused on data from the Cana-
dian Longitudinal Study of Aging (CLSA). The research 
targeted 8,299 unrelated European subjects within the 
CLSA, all of whom underwent genome-wide genotyp-
ing and blood metabolite measurement. The CLSA tracks 
over 50,000 Canadians aged 45–85 (with 50.9% being 
females) for various types of information such as biologi-
cal and medical data [32]. Among the plasma metabo-
lites that were tested, those with known identities were 
distributed across eight super-pathways: lipids, amino 
acids, xenobiotics, nucleotides, cofactors and vitamins, 
carbohydrates, peptides, and energy. After excluding the 
metabolites labeled as “X-” (unknown), we tested 871 
metabolites. The statistical summary of GWAS data for 
each metabolite was taken from the European GWAS 
website (http://www.ebi.ac.uk/gwas/; registration  n u m b 
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e r from GCST90199621 to GCST90200707). When ana-
lyzing the metabolic pathways, we referred to the original 
research literature, which contained the metabolic path-
ways of these metabolites. Ethical approval was obtained 
in all original studies. The flowchart of the current study 
is described in Fig. 1.

Selection of instrumental variables
We selected single nucleotide polymorphisms (SNPs) 
that were significantly associated with the phenotype and 
met genome-wide significance criteria in the exposure 
dataset. To increase the number of validated instrumental 
variables (IVs) and enhance statistical power, we applied 
a threshold of P < 1 × 10− 5. In the reverse MR analysis, 
the threshold for screening SNPs was more stringent, at 

P < 5 × 10− 8. To avoid the inclusion of weak IV that could 
result in biased effect estimates, SNPs with an F statis-
tic < 10 were excluded. The 1000 Genomes Project Phase 
3 (EUR) reference panel was used for SNP selection. To 
ensure the independence of the IVs, we performed prun-
ing with an r² threshold of 0.001 within a 10 Mb window. 
More details of the selected IVs are presented in Supple-
mentary Table S1-S2.

MR analysis
In this study, we utilized three different models from the 
TwoSampleMR package in the R studio to investigate 
causal relationships [33]. The primary method employed 
was the inverse variance weighted (IVW) approach, 
which improves the accuracy of estimates by assigning 

Fig. 1 Flowchart of the study. MR: Mendelian randomization; ADHD: attention-deficit/hyperactivity disorder; GWAS: genome-wide association studies; 
IVs: instrumental variables; IVW: inverse variance weighted; WM: weighted median
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weights to the individual instrumental variables (IVs) 
based on their precision, helping to minimize random 
errors. However, the IVW model assumes that all IVs are 
valid and that their effect on the outcome is mediated 
solely through the exposure. To verify the robustness 
of our findings, we also applied the Weighted Median 
(WM) and MR-Egger methods as supplementary tech-
niques [34, 35]. The WM method gives more weight to 
IVs with greater precision and provides reliable causal 
estimates even when some IVs may be invalid. The MR-
Egger model, on the other hand, helps to detect and 
adjust for biases arising from the use of invalid IVs.

For sensitivity analysis, we assessed horizontal pleiot-
ropy using the intercept from the MR-Egger regression 
[35]. A significant non-zero intercept in this regression 
indicates the presence of horizontal pleiotropy, suggest-
ing that certain instrumental variables (IVs) may affect 
the outcome through mechanisms other than exposure. 
Additionally, we evaluated heterogeneity using Cochran’s 
Q test and the I² statistic. A P-value < 0.05 and an I²> 0.25 
were considered indicative of significant heterogeneity. 
We used R software and Cytoscape for data lake visual-
ization and plotted related graphs.

Druggability analysis
We explored target and drug data from DrugBank [36] 
and ChEMBL [37] to evaluate the potential of the iden-
tified metabolites as therapeutic targets. These databases 
emphasize druggable targets by combining insights from 
text mining, gene function, drug-gene interactions, and 
expert curation.

Colocalization analysis
Bayesian colocalization analyses were conducted to eval-
uate the shared genetic signals between metabolites and 
ADHD [38]. The colocalization analysis was performed 
on the GWAS summary data with the “coloc” package 
(v5.1.1) in R Studio, which can calculate the posterior 
probabilities for the five hypotheses and assess the sup-
port for each hypothesis. There were five assumptions 
in this approach: H0, no SNPs are significantly associ-
ated with metabolites or ADHD; H1, the SNP is signifi-
cantly associated with the metabolites only; H2, the SNP 
is significantly associated with ADHD only; H3, each 
SNP is significantly associated with both metabolite and 
ADHD, but driven by different causal variants; and H4, 
the SNP is significantly associated with both metabolite 
and MDD, driven by the same causal variants. We chose 
a range of 250  kb up and down each SNP to divide the 
colocalization area, and defined colocalization based on 
high posterior probability (PP.H4.abf > 0.70). In addition, 
we analyzed genes within shared chromosomal regions to 
explore mechanisms and check if they are in causal genes 
of shared regions.

Results
MR analysis
Using IVW, a total of 42 metabolites were identified as 
conferring causal effects on ADHD (Table 1; Figs. 2 and 
3). 22 metabolites were positively associated with the risk 
of ADHD, including N-acetylneuraminate and 3-indo-
leglyoxylic acid (OR: 1.01 ~ 1.03). 20 metabolites were 
associated with a decreased risk of ADHD, including 
dimethylglycine, 3-methoxytyramine sulfate (MTS), and 
adenosine 3’,5’-cyclic monophosphate (OR: 0.97 ~ 0.98).

Reverse MR analysis revealed that genetic liability to 
ADHD is linked to increased levels of 22 metabolites, 
as well as a reduction in 69 metabolites (Supplementary 
Table S3 and Supplementary Fig. 1).

The results demonstrated that metabolites predomi-
nantly clustered at the lipid and amino acid levels. The 
implicated metabolic pathways consisted of long-chain 
polyunsaturated fatty acid biosynthesis, tyrosine metabo-
lism, along with the metabolism of methionine, cysteine, 
S - adenosylmethionine (SAM), and taurine. For details 
on other relevant metabolic pathways, see Supplemen-
tary Table S4.

Five metabolites had bidirectional causal relationships 
with ADHD, including docosahexaenoate (DHA; 22:6n3), 
docosatrienoate (22:3n3), N1-methyladenosine, S-adeno-
sylhomocysteine (SAH), and 4-allylcatechol sulfate.

In the sensitivity analysis, the MR-Egger regression 
results showed that oleoylcarnitine and docosatrienoate 
(22:3n3) had horizontal pleiotropy (P-pleiotropy < 0.05). 
Cochran’s Q test and the I² statistic indicated potential 
heterogeneity in the Mendelian randomization estimates 
(Q_P < 0.05) (Supplementary Table S5-S6).

Druggability evaluation on the potentials of therapeutic 
targets
The druggability analysis showed that 12 of the ADHD-
related metabolites have been targeted by pharma-
cologic intervention (Fig.  4 and Supplementary Table 
S7). Doconexent is a drug that serves as a high-docosa-
hexaenoic acid (DHA) supplement, commonly included 
in a variety of nutritional products to support both a 
healthy brain and a healthy heart. Icosapent ethyl or 
ethyl eicosapentaenoic acid is a synthetic derivative of 
the omega-3 fatty acid eicosapentaenoic acid (EPA). It 
is used as an adjunct therapy for severe hypertriglyceri-
demia and to reduce the risk of cardiovascular events in 
certain patients with elevated triglycerides. In addition, 
Icosapent is a polyunsaturated fatty acid rich in eicosa-
pentaenoic acid, typically found in fish oil and used in 
many supplements. Acetylcysteine is an antioxidant and 
glutathione inducer indicated for mucolytic therapy and 
the treatment of acetaminophen overdose. Acetylcysteine 
has also been studied for a wide variety of off-label indi-
cations with mixed results.
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Colocalization analyses
Evidence from colocalization analysis supported the 
association of one metabolite, 3-phenylpropionate 
(hydrocinnamate), with ADHD. Specifically, the colo-
calization analysis pinpointed a shared genomic region 
at chromosome 16p12.3 (PP.H4.abf = 0.72). This region 
encompasses ten protein-coding genes, which are GP2, 
UMOD, PDILT, ACSM5, ACSM2A, ACSM2B, ACSM1, 

ACSM3, THUMPD1, and ERI2 (Fig.  5 and Supplemen-
tary Table S8).

Discussion
In this study, we investigated potential links between 
human plasma metabolites and ADHD by perform-
ing a two-sample Mendelian randomization (MR) 
analysis using GWAS summary statistics. Our analysis 

Table 1 MR analysis of causal effects of plasma metabolites on ADHD
Exposure Outcome Q_P P_pleiotropy OR [95%CI] P
N-acetylneuraminate ADHD 0.399 0.215 1.03 [1.01–1.05] 2.89 × 10− 4

Dimethylglycine ADHD 0.327 0.508 0.98 [0.97–0.99] 7.68 × 10− 4

3-indoleglyoxylic acid ADHD 0.653 0.211 1.02 [1.01–1.03] 1.59 × 10− 3

N1-methyl-2-pyridone-5-carboxamide ADHD 0.600 0.459 1.04 [1.01–1.06] 5.47 × 10− 3

3-methoxytyramine sulfate ADHD 0.079 0.806 0.97 [0.94–0.99] 5.59 × 10− 3

Beta-alanine ADHD 0.913 0.987 1.02 [1.01–1.04] 6.20 × 10− 3

Docosahexaenoate (DHA; 22:6n3) ADHD 0.438 0.921 0.97 [0.95–0.99] 6.29 × 10− 3

Adenosine 3’,5’-cyclic monophosphate(camp) ADHD 0.865 0.556 0.98 [0.96–0.99] 7.62 × 10− 3

Carnitine ADHD 0.471 0.372 1.02 [1.00-1.03] 8.28 × 10− 3

Oleoylcarnitine ADHD 0.111 0.026 1.03 [1.01–1.05] 9.42 × 10− 3

Docosatrienoate (22:3n3) ADHD 0.145 9.05 × 10− 3 1.02 [1.01–1.04] 9.78 × 10− 3

5alpha-androstan-3alpha,17beta-diol disulfate ADHD 0.580 0.642 0.98 [0.97-1.00] 0.011
Ascorbic acid 3-sulfate ADHD 0.774 0.539 0.97 [0.96–0.99] 0.013
Inosine 5’-monophosphate (IMP) ADHD 0.540 0.980 1.02 [1.00-1.03] 0.013
Alpha-hydroxyisovalerate ADHD 0.045 0.874 1.03 [1.01–1.05] 0.014
1-stearoyl-GPG (18:0) ADHD 0.537 0.065 0.98 [0.97-1.00] 0.014
Palmitoyl dihydrosphingomyelin(d18:0/16:0) ADHD 0.798 0.060 0.98 [0.97-1.00] 0.014
Taurine ADHD 0.916 0.582 1.03 [1.01–1.06] 0.014
N1-methyladenosine ADHD 0.047 0.865 0.98 [0.96-1.00] 0.016
Eicosapentaenoate (EPA; 20:5n3) ADHD 9.06 × 10− 3 0.279 0.97 [0.95-1.00] 0.017
S-adenosylhomocysteine (SAH) ADHD 0.073 0.242 0.98 [0.96-1.00] 0.020
2-hydroxy-4-(methylthio)butanoic acid ADHD 0.022 0.323 1.03 [1.00-1.05] 0.021
Urate ADHD 0.738 0.850 1.02 [1.00-1.03] 0.021
Lignoceroylcarnitine (C24) ADHD 0.275 0.889 1.02 [1.00-1.03] 0.022
Glycocholate glucuronide (1) ADHD 0.771 0.621 1.02 [1.00-1.04] 0.023
Pantothenate ADHD 0.840 0.833 0.98 [0.96-1.00] 0.026
Prolylglycine ADHD 0.043 0.771 1.03 [1.00-1.05] 0.027
Pyridoxate ADHD 0.278 0.344 0.98 [0.95-1.00] 0.031
7-methylguanine ADHD 0.768 0.613 1.02 [1.00-1.04] 0.035
3-phenylpropionate(hydrocinnamate) ADHD 0.253 0.193 1.03 [1.00-1.05] 0.036
Taurochenodeoxycholate ADHD 0.536 0.944 0.98 [0.96-1.00] 0.036
N-acetyl-3-methylhistidine ADHD 0.967 0.198 1.01 [1.00-1.03] 0.039
3-hydroxy-2-methylpyridine sulfate ADHD 0.237 0.777 1.03 [1.00-1.05] 0.039
1,7-dimethyluric acid ADHD 0.796 0.961 0.98 [0.97-1.00] 0.042
1-stearoyl-2-oleoyl-gpc (18:0/18:1) ADHD 3.52 × 10− 3 0.113 1.02 [1.00-1.04] 0.042
Urea ADHD 7.20 × 10− 3 0.658 0.97 [0.95-1.00] 0.042
4-oxo-retinoic acid ADHD 0.310 0.299 0.98 [0.96-1.00] 0.046
Maleate ADHD 0.233 0.271 0.98 [0.96-1.00] 0.047
1-methylhistidine ADHD 0.800 0.387 1.02 [1.00-1.03] 0.048
3-formylindole ADHD 0.652 0.763 1.01 [1.00-1.02] 0.048
4-hydroxycoumarin ADHD 0.518 0.482 0.98 [0.96-1.00] 0.049
4-allylcatechol sulfate ADHD 0.088 0.346 0.97 [0.95-1.00] 0.049
ADHD: attention-deficit/hyperactivity disorder; OR: odds ratio; CI: confidence interval; Q_P: Cochran’s P-value of heterogeneity analysis; P_pleiotropy: P value of 
MR-Egger intercept analysis
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Fig. 2 Forest plot for the causal effects of plasma metabolites on ADHD. ADHD: attention-deficit/hyperactivity disorder; OR: odds ratio; CI: confidence 
interval; N_IV: number of instrumental variables
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highlighted 42 metabolites whose underlying genetic 
variation has a causal relationship with ADHD risks. 
Subsequent druggability assessment emphasizes 12 
metabolites associated with ADHD, such as docosa-
hexaenoate (DHA; 22:6n3), ascorbic acid 3-sulfate, and 
eicosapentaenoate (EPA; 20:5n3), as promising targets 
for therapeutic interventions. Evidence from colocaliza-
tion analysis supported the uncovered association of one 
metabolite, 3-phenylpropionate (hydrocinnamate), with 
ADHD. Additionally, we found that the genetic variation 
associated with ADHD also influences the levels of 91 
metabolites in plasma.

A total of five metabolites were involved in a bidirec-
tional causal relationship with ADHD, including doco-
sahexaenoate (DHA; 22:6n3), docosatrienoate (22:3n3), 
N1-methyladenosine, S-adenosyl-homocysteine (SAH), 
and 4-allylcatechol sulfate, thus, supporting the idea that 
the metabolism and brain function intertwine. Some 
other studies have also observed similar phenomena. 

Yang et al. [39] used different data sources and parameter 
settings than those in our study, and, therefore, produced 
results that cannot be directly compared to ours. On the 
other hand, the study by Jia et al. [40] has reported find-
ings in many ways similar to ours, supporting the effects 
of carnitine, 5alpha-androstan-3alpha,17beta-diol disul-
fate, Alpha-hydroxyisovalerate, and urate on ADHD.

In our study, ADHD-related metabolites were mostly 
belonging to the lipid and amino acid levels, with rel-
evant metabolic pathways involving long-chain polyun-
saturated fatty acid biosynthesis, tyrosine metabolism, 
and the metabolism of methionine, cysteine, SAM, and 
taurine.

One particular metabolic change of interest was an 
ADHD associated altreration in plasma levels of MTS, 
which is a product of tyrosine metabolism and dopamine 
precursor. Genetic variation supporting higher levels of 
MTS in plasma was associated with a reduced risk of 
ADHD. MTS participates in the metabolic pathways of 

Fig. 3 Volcano plot for the causal effects of plasma metabolites on ADHD. Dot colors indicate different effects: red, positive effect; blue, negative effect
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neurotransmitters such as dopamine and norepineph-
rine, as well as in maintenance of their balance, and syn-
ergistically regulates neural function [41]. Its levels can 
serve as a biomarker of neurotransmitter activity [42], 
especially in neurobiological research involving emo-
tion, motor control, and reward mechanisms. Previous 
studies have linked MTS to neuroblastoma [43] and the 
dopamine system altogether to Parkinson’s disease [44], 
suggesting that abnormal changes in MTS may be asso-
ciated with symptoms, pathophysiological changes, and 
clinical manifestations of neurodegeneration [45]. More-
over, intraventricular injections of MTS cause an increase 
in stereotyped behavior, while local injections of MTS 
are not associated with behavioral changes [46]. At lower 
concentrations, it dose-dependently reduced move-
ment time in rats [47]. Future studies should explore the 

mechanisms for the MTS-related effects on the human 
brain and its specific role in the pathogenesis of ADHD.

In our reverse MR study, it was found that an increase 
in N-lactoyltyrosine, homovanilate (hva), and 3-methoxy-
tyrosine, which are involved in tyrosine metabolism, are 
associated with elevated risks of ADHD. The causal link 
seem to be bidirectional, possibly dependent on neuro-
chemical imbalance, diet, and the functioning of the gut-
brain axis [48].

N-acetylneuraminate is a sialic acid derivative that is 
present in a wide array of mammalian cells, particularly 
in the central and peripheral neurons, where it plays 
structural and functional roles in brain development 
[49]. Sialic acid biosynthesis involves four pathways con-
verging on N-acetylneuraminate synthase (NANS) [49]. 
Patients with homozygous mutations in the NANS gene 
have severe developmental delays [50]. Another sialyation 

Fig. 4 Druggability of plasma metabolites with a causal effect on ADHD. The purple nodes represent drugs. The blue and red nodes represent metabo-
lites. The green node represents the disease. The red lines are for positive significance and blue for negative significance, lines thicknesses indicate the 
effect size
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enzyme, alpha-2,8-sialyltransferase, facilitates early brain 
development by adding polysialic acid to various neu-
ronal proteins, mainly neuronal cell adhesion molecule 
(NCAM) [51]. Genes of the ST8Sia family were identified 
as located in susceptibility loci for schizophrenia [52] and 
autism spectrum disorder [53] and also associated with 
an increased risk of bipolar disorder [54].

Our MR analysis shows that higher N-acetylneur-
aminate levels are associated with increased ADHD 
risks. There’s a potential link between the activity of the 

immune system in brain parenchyma and ADHD symp-
toms [55]. Abnormally high availability of N-acetylneu-
raminate may affect the function and development of 
the nervous system by altering the neuroimmune envi-
ronment and promoting inflammatory responses [56]. 
At present, understanding of the relationship between 
N-acetylneuraminate levels and ADHD is relatively lim-
ited, so extension of the research avenue is warranted.

Methionine is an essential amino acid that participates 
in methyl conversion to homocysteine. Subsequently, 

Fig. 5 The colocalized region between metabolites and ADHD. The x-axis represents the genomic coordinates and the y-axis represents the negative 
log10 transform P value for each genetic variant. ADHD: attention-deficit/hyperactivity disorder
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homocysteine is enzymatically converted to cysteine, 
which can be further converted to taurine. These com-
pounds participate in various physiological processes, 
through mutual transformation and metabolism form-
ing a complex metabolic network. Augmentation with 
N-acetylcysteine (NAC) has also been recognized as an 
approach to treating various mental illnesses, including 
attention-deficit/hyperactivity disorder, anxiety, bipo-
lar disorder, and depression [57]. Another interesting, 
potentially therapeutic molecule of methionine path-
ways is taurine, which may be biosynthesized directly in 
the tissue of the brain [58]. predominantly in astrocytes, 
where it takes part in the communication of astrocytes 
to other cells, especially neurons [59]. A study on mag-
netic resonance spectroscopy (MRS) a direct correlation 
between taurine concentrations with glutamate and can-
nabinoid use frequency [60]. In addition, MRS measure-
ments confirmed that the concentrations of taurine are 
elevated in the cerebellar vermis of bipolar patients [61], 
and correlated with disease duration in patients with 
schizophrenia [62]. Intravenous administration of taurine 
became popular in general wellness programs but has not 
been yet tested in individuals with neurological or neuro-
psychiatric disorders.

Fatty acids are commonly discussed as prominent play-
ers in the pathophysiology of ADHD, but specific rela-
tionships of particular fatty acids with this condition are 
not yet clear. Polyunsaturated fatty acids (PUFAs), impor-
tant components of neuronal membranes, may influence 
neuronal activity by altering membrane fluidity and func-
tion [63]. Both docosahexaenoate (DHA, 22:6n-3) and 
eicosapentaenoate (EPA, 20:5n-3) are present and abun-
dant in the brain [64, 65], and our MR study suggests that 
increases in their levels are associated with a reduced risk 
of ADHD. In a previous observational study, the clini-
cal severity of ADHD was negatively correlated with the 
levels of EPA and DHA in plasma and the membranes of 
red blood cells, while the levels of phosphatidylcholine 
form of DHA in plasma, were significantly correlated 
with symptoms of inattention and hyperactivity [66]. 
However, another study showed that the levels of DHA 
and EPA are positively correlated with inattention [67]. 
Our reverse MR analysis results indicate that the risks 
of ADHD causally depend on a reduction in long-chain 
polyunsaturated fatty acids. These findings suggest that 
fatty acid metabolism in ADHD patients may be abnor-
mal, and supportive of the pathophysiology of ADHD.

The identified metabolites can be regulated through 
pharmacological interventions or modifiable factors. Spe-
cifically, acetylcysteine is an antioxidant and glutathione 
inducer indicated for mucolytic therapy and the treat-
ment of acetaminophen overdose. As derivatives of long-
chain polyunsaturated fatty acid, doconexent, icosapental 

ethyl, and icosapental may effectively improve symptoms 
in ADHD patients.

In the future, more comprehensive validation efforts 
are required to further explore these causal associations, 
determine whether drug mediation is indicated, and fig-
ure out how to regulate the levels of metabolites within 
an appropriate range for corresponding prevention. Our 
research has some limitations. Firstly, the summary data-
sets used in MR analysis mainly include individuals of 
European ancestry, which may limit the generalizabil-
ity of the results to other populations. Future research 
requires more diverse datasets to validate these find-
ings across different racial groups. Secondly, although 
MR analysis is a powerful tool for inferring causal rela-
tionships, it relies on the hypothesis that the selected 
instrumental variables are effective and only affect the 
outcome through exposure. Although we used supple-
mentary methods such as MR Egger to explain pleiot-
ropy, we cannot completely rule out the possibility of 
residual pleiotropy or confounding. Thirdly, heteroge-
neity was observed in certain MR estimates, which may 
stem from differences in genetic tools or underlying 
biology, and further research is needed to explore these 
inconsistencies. MR only considers genetic components 
that contribute to the composition of metabolites and 
ADHD, so caution should be exercised when interpret-
ing the results. The metabolites may be influenced by 
other factors such as dietary habits, health status, and 
BMI. Currently, we cannot conclude whether genetic 
factors are related to these confounding factors. Finally, 
although our study identified certain metabolites associ-
ated with the risk of ADHD, this mainly provides predic-
tive insights that need to be validated through thorough 
examination via comprehensive bioinformatics analysis 
and functional experiments in subsequent research work.

Conclusion
Our research reveals the causal relationship between 
plasma metabolites and ADHD and emphasizes poten-
tial drug intervention strategies. These findings provide 
valuable clues for developing new diagnostic tools and 
therapeutic targets, with the potential to optimize ADHD 
diagnosis and treatment management.

Supplementary Information
The online version contains supplementary material available at  h t t p  s : /  / d o i  . o  r 
g /  1 0 .  1 1 8 6  / s  1 2 8 8 8 - 0 2 5 - 0 6 9 5 1 - 9.

Supplementary Material 1

Supplementary Material 2

Acknowledgements
The authors thank all investigators and participants from the groups for 
sharing these data.

https://doi.org/10.1186/s12888-025-06951-9
https://doi.org/10.1186/s12888-025-06951-9


Page 11 of 12Shi et al. BMC Psychiatry          (2025) 25:498 

Author contributions
FZ: Conceptualization; Investigation; Data Curation; Formal Analysis; 
Supervision; Project Administration. SS: Writing– Original Draft; Writing– 
Review & Editing; Visualization. AB and HC: Validation; Writing– Review & 
Editing. All authors reviewed the manuscript.

Funding
None.

Data availability
Data is provided within the manuscript or supplementary information files.

Declarations

Ethics approval and consent to participate
Ethical approval was obtained in all original studies.

Consent for publication
Not applicable.

Competing interests
The authors declare no competing interests.

Received: 6 February 2025 / Accepted: 8 May 2025

References
1. Salari N, Ghasemi H, Abdoli N, Rahmani A, Shiri MH, Hashemian AH, Akbari H, 

Mohammadi M. The global prevalence of ADHD in children and adolescents: 
a systematic review and meta-analysis. Ital J Pediatr. 2023;49:48.

2. Thapar A, Cooper M. Attention deficit hyperactivity disorder. Lancet. 
2016;387:1240–50.

3. Radu M, Ciucă A, Crișan CA, Pintea S, Predescu E, Șipos R, Moldovan R, 
Băban A. The impact of psychiatric disorders on caregivers: an integrative 
predictive model of burden, stigma, and well-being. Perspect Psychiatr Care. 
2022;58:2372–82.

4. Xu G, Strathearn L, Liu B, Yang B, Bao W. Twenty-Year trends in diagnosed 
Attention-Deficit/Hyperactivity disorder among US children and adolescents, 
1997–2016. JAMA Netw Open. 2018;1:e181471.

5. Tripp G, Wickens JR. Neurobiology of ADHD. Neuropharmacology. 
2009;57:579–89.

6. Meppelink R, de Bruin EI, Bögels SM. Meditation or medication?? Mindfulness 
training versus medication in the treatment of childhood ADHD: a random-
ized controlled trial. BMC Psychiatry. 2016;16:267.

7. Gallo EF, Posner J. Moving towards causality in attention-deficit hyperactiv-
ity disorder: overview of neural and genetic mechanisms. Lancet Psychiatry. 
2016;3:555–67.

8. Banaschewski T, Hollis C, Oosterlaan J, Roeyers H, Rubia K, Willcutt E, Taylor E. 
Towards an Understanding of unique and shared pathways in the psycho-
pathophysiology of ADHD. Dev Sci. 2005;8:132–40.

9. Castellanos FX, Tannock R. Neuroscience of attention-deficit/hyperactivity 
disorder: the search for endophenotypes. Nat Rev Neurosci. 2002;3:617–28.

10. Hamza M, Halayem S, Bourgou S, Daoud M, Charfi F, Belhadj A. Epigenetics 
and ADHD: toward an integrative approach of the disorder pathogenesis. J 
Atten Disord. 2019;23:655–64.

11. Bar N, Korem T, Weissbrod O, Zeevi D, Rothschild D, Leviatan S, Kosower N, 
Lotan-Pompan M, Weinberger A, Le Roy CI, Menni C, Visconti A, Falchi M, 
Spector TD, Adamski J, Franks PW, Pedersen O, Segal E. A reference map 
of potential determinants for the human serum metabolome. Nature. 
2020;588:135–40.

12. Zhang X, Hu W, Wang Y, Wang W, Liao H, Zhang X, Kiburg KV, Shang X, Bulloch 
G, Huang Y, Zhang X, Tang S, Hu Y, Yu H, Yang X, He M, Zhu Z. Plasma metabo-
lomic profiles of dementia: a prospective study of 110,655 participants in the 
UK biobank. BMC Med. 2022;20:252.

13. Guo XJ, Wu P, Cui XH, Jia J, Bao S, Yu F, Ma LN, Cao XX, Ren Y. Pre- and Post-
treatment levels of plasma metabolites in patients with bipolar depression. 
Front Psychiatry. 2021;12:747595.

14. Raghavan R, Anand NS, Wang G, Hong X, Pearson C, Zuckerman B, Xie 
H, Wang X. Association between cord blood metabolites in Tryptophan 

pathway and childhood risk of autism spectrum disorder and attention-
deficit hyperactivity disorder. Transl Psychiatry. 2022;12:270.

15. Long T, Hicks M, Yu HC, Biggs WH, Kirkness EF, Menni C, Zierer J, Small KS, 
Mangino M, Messier H, Brewerton S, Turpaz Y, Perkins BA, Evans AM, Miller 
LA, Guo L, Caskey CT, Schork NJ, Garner C, Spector TD, Venter JC, Telenti A. 
Whole-genome sequencing identifies common-to-rare variants associated 
with human blood metabolites. Nat Genet. 2017;49:568–78.

16. Hagenbeek FA, Pool R, van Dongen J, Draisma HHM, Jan Hottenga J, Wil-
lemsen G, Abdellaoui A, Fedko IO, den Braber A, Visser PJ, de Geus E, van 
Willems K, Verhoeven A, Suchiman HE, Beekman M, Slagboom PE, van Duijn 
CM, Harms AC, Hankemeier T, Bartels M, Nivard MG, Boomsma DI. Heritability 
estimates for 361 blood metabolites across 40 genome-wide association 
studies. Nat Commun. 2020;11:39.

17. Loh JS, Mak WQ, Tan LKS, Ng CX, Chan HH, Yeow SH, Foo JB, Ong YS, How 
CW, Khaw KY. Microbiota-gut-brain axis and its therapeutic applications in 
neurodegenerative diseases. Signal Transduct Target Ther. 2024;9:37.

18. Schoeler M, Caesar R. Dietary lipids, gut microbiota and lipid metabolism. Rev 
Endocr Metab Disord. 2019;20:461–72.

19. Zhao Q, Baranova A, Cao H, Zhang F. Evaluating causal effects of gut Microbi-
ome on Alzheimer’s disease. J Prev Alzheimers Dis. 2024;11:1843–8.

20. Zhao Q, Baranova A, Cao H, Zhang F. Gut Microbiome and major depressive 
disorder: insights from two-sample Mendelian randomization. BMC Psychia-
try. 2024;24:493.

21. Chen H, Yang Y, Odisho D, Wu S, Yi C, Oliver BG. Can biomarkers be used 
to diagnose attention deficit hyperactivity disorder? Front Psychiatry. 
2023;14:1026616.

22. Liu D, Baranova A, Zhang F. Evaluating the causal effect of type 2 diabetes 
on Alzheimer’s disease using Large-Scale genetic data. J Prev Alzheimers Dis. 
2024;11:1280–2.

23. Baranova A, Cao H, Zhang F. Exploring the influences of education, intel-
ligence and income on mental disorders. Gen Psychiatr. 2024;37:e101080.

24. Chen F, Cao H, Baranova A, Zhao Q, Zhang F. Causal associations between 
COVID-19 and childhood mental disorders. BMC Psychiatry. 2023;23:922.

25. Fu L, Baranova A, Cao H, Zhang F. Exploring the causal effects of depression 
and antidepressants on COVID-19. J Affect Disord. 2024;359:350–5.

26. Baranova A, Zhao Y, Cao H, Zhang F. Causal associations between major 
depressive disorder and COVID-19. Gen Psychiatr. 2023;36:e101006.

27. Sekula P, Del Greco MF, Pattaro C, Köttgen A. Mendelian randomization as 
an approach to assess causality using observational data. J Am Soc Nephrol. 
2016;27:3253–65.

28. Zhao Q, Baranova A, Liu D, Cao H, Zhang F. Bidirectional causal associations 
between plasma metabolites and bipolar disorder. Mol Psychiatry. 2025.  h t t p 
s :   /  / d o  i .  o r  g  /  1 0  . 1 0   3 8  / s 4 1  3 8 0 -  0 2 5 - 0  2 9 7 7 - 3

29. Burgess S, Scott RA, Timpson NJ, Davey Smith G, Thompson SG. Using pub-
lished data in Mendelian randomization: a blueprint for efficient identifica-
tion of causal risk factors. Eur J Epidemiol. 2015;30:543–52.

30. Lawlor DA, Harbord RM, Sterne JA, Timpson N, Davey Smith G. Mendelian 
randomization: using genes as instruments for making causal inferences in 
epidemiology. Stat Med. 2008;27:1133–63.

31. Demontis D, Walters GB, Athanasiadis G, Walters R, Therrien K, Nielsen TT, 
Farajzadeh L, Voloudakis G, Bendl J, Zeng B, Zhang W, Grove J, Als TD, Duan 
J, Satterstrom FK, Bybjerg-Grauholm J, Bækved-Hansen M, Gudmundsson 
OO, Magnusson SH, Baldursson G, Davidsdottir K, Haraldsdottir GS, Agerbo E, 
Hoffman GE, Dalsgaard S, Martin J, Ribasés M, Boomsma DI, Soler Artigas M, 
Roth Mota N, Howrigan D, Medland SE, Zayats T, Rajagopal VM, Nordentoft 
M, Mors O, Hougaard DM, Mortensen PB, Daly MJ, Faraone SV, Stefansson H, 
Roussos P, Franke B, Werge T, Neale BM, Stefansson K, Børglum AD. Genome-
wide analyses of ADHD identify 27 risk loci, refine the genetic architecture 
and implicate several cognitive domains. Nat Genet. 2023;55:198–208.

32. Chen Y, Lu T, Pettersson-Kymmer U, Stewart ID, Butler-Laporte G, Nakanishi 
T, Cerani A, Liang KYH, Yoshiji S, Willett JDS, Su CY, Raina P, Greenwood CMT, 
Farjoun Y, Forgetta V, Langenberg C, Zhou S, Ohlsson C, Richards JB. Genomic 
atlas of the plasma metabolome prioritizes metabolites implicated in human 
diseases. Nat Genet. 2023;55:44–53.

33. Hemani G, Zheng J, Elsworth B, Wade KH, Haberland V, Baird D, Laurin C, 
Burgess S, Bowden J, Langdon R, Tan VY, Yarmolinsky J, Shihab HA, Timpson 
NJ, Evans DM, Relton C, Martin RM, Davey Smith G, Gaunt TR, Haycock PC. The 
MR-Base platform supports systematic causal inference across the human 
phenome. Elife. 2018;7.

34. Bowden J, Davey Smith G, Haycock PC, Burgess S. Consistent Estimation in 
Mendelian randomization with some invalid instruments using a weighted 
median estimator. Genet Epidemiol. 2016;40:304–14.

https://doi.org/10.1038/s41380-025-02977-3
https://doi.org/10.1038/s41380-025-02977-3


Page 12 of 12Shi et al. BMC Psychiatry          (2025) 25:498 

35. Bowden J, Davey Smith G, Burgess S. Mendelian randomization with invalid 
instruments: effect Estimation and bias detection through Egger regression. 
Int J Epidemiol. 2015;44:512–25.

36. Wishart DS, Feunang YD, Guo AC, Lo EJ, Marcu A, Grant JR, Sajed T, Johnson 
D, Li C, Sayeeda Z, Assempour N, Iynkkaran I, Liu Y, Maciejewski A, Gale N, 
Wilson A, Chin L, Cummings R, Le D, Pon A, Knox C, Wilson M. DrugBank 
5.0: a major update to the drugbank database for 2018. Nucleic Acids Res. 
2018;46:D1074–82.

37. Mendez D, Gaulton A, Bento AP, Chambers J, De Veij M, Félix E, Magariños 
MP, Mosquera JF, Mutowo P, Nowotka M, Gordillo-Marañón M, Hunter F, 
Junco L, Mugumbate G, Rodriguez-Lopez M, Atkinson F, Bosc N, Radoux CJ, 
Segura-Cabrera A, Hersey A, Leach AR. ChEMBL: towards direct deposition of 
bioassay data. Nucleic Acids Res. 2019;47:D930–40.

38. Giambartolomei C, Vukcevic D, Schadt EE, Franke L, Hingorani AD, Wallace C, 
Plagnol V. Bayesian test for colocalisation between pairs of genetic associa-
tion studies using summary statistics. PLoS Genet. 2014;10:e1004383.

39. Yang J, Yan B, Zhao B, Fan Y, He X, Yang L, Ma Q, Zheng J, Wang W, Bai L, Zhu 
F, Ma X. Assessing the causal effects of human serum metabolites on 5 major 
psychiatric disorders. Schizophr Bull. 2020;46:804–13.

40. Jia Y, Hui L, Sun L, Guo D, Shi M, Zhang K, Yang P, Wang Y, Liu F, Shen O, Zhu Z. 
Association between human blood metabolome and the risk of psychiatric 
disorders. Schizophr Bull. 2023;49:428–43.

41. Antkiewicz-Michaluk L, Ossowska K, Romańska I, Michaluk J, Vetulani J. 
3-Methoxytyramine, an extraneuronal dopamine metabolite plays a physi-
ological role in the brain as an inhibitory regulator of catecholaminergic 
activity. Eur J Pharmacol. 2008;599:32–5.

42. Waldmeier PC, Lauber J, Blum W, Richter WJ. 3-Methoxytyramine: its suit-
ability as an indicator of synaptic dopamine release. Naunyn Schmiedebergs 
Arch Pharmacol. 1981;315:219–25.

43. Amano H, Uchida H, Harada K, Narita A, Fumino S, Yamada Y, Kumano S, Abe 
M, Ishigaki T, Sakairi M, Shirota C, Tainaka T, Sumida W, Yokota K, Makita S, 
Karakawa S, Mitani Y, Matsumoto S, Tomioka Y, Muramatsu H, Nishio N, Osawa 
T, Taguri M, Koh K, Tajiri T, Kato M, Matsumoto K, Takahashi Y, Hinoki A. Scoring 
system for diagnosis and pretreatment risk assessment of neuroblastoma 
using urinary biomarker combinations. Cancer Sci. 2024;115:1634–45.

44. Vallianatou T, Nilsson A, Bjärterot P, Shariatgorji R, Slijkhuis N, Aerts JT, Jansson 
ET, Svenningsson P, Andrén PE. Rapid metabolic profiling of 1 ΜL crude 
cerebrospinal fluid by Matrix-Assisted laser desorption/ionization mass spec-
trometry imaging can differentiate de Novo Parkinson’s disease. Anal Chem. 
2023;95:18352–60.

45. Sotnikova TD, Beaulieu JM, Espinoza S, Masri B, Zhang X, Salahpour A, Barak 
LS, Caron MG, Gainetdinov RR. The dopamine metabolite 3-methoxytyramine 
is a neuromodulator. PLoS ONE. 2010;5:e13452.

46. Nakazato T. The medial prefrontal cortex mediates 3-methoxytyramine-
induced behavioural changes in rat. Eur J Pharmacol. 2002;442:73–9.

47. Charlton CG, Crowell B. Jr. Effects of dopamine metabolites on locomotor 
activities and on the binding of dopamine: relevance to the side effects of 
L-dopa. Life Sci. 2000;66:2159–71.

48. Barone H, Bliksrud YT, Elgen IB, Szigetvari PD, Kleppe R, Ghorbani S, Hansen 
EV, Haavik J. Tyrosinemia type 1 and symptoms of ADHD: biochemical 
mechanisms and implications for treatment and prognosis. Am J Med Genet 
B Neuropsychiatr Genet. 2020;183:95–105.

49. Wang B. Sialic acid is an essential nutrient for brain development and cogni-
tion. Annu Rev Nutr. 2009;29:177–222.

50. Bu Q, Dai Y, Zhang H, Li M, Liu H, Huang Y, Zeng A, Qin F, Jiang L, Wang L, 
Chen Y, Li H, Wang X, Zhao Y, Qin M, Zhao Y, Zhang N, Kuang W, Zhao Y, Cen X. 
Neurodevelopmental defects in human cortical organoids with N-acetyl-
neuraminic acid synthase mutation. Sci Adv. 2023;9:eadf2772.

51. Eckhardt M, Mühlenhoff M, Bethe A, Koopman J, Frosch M, Gerardy-Schahn 
R. Molecular characterization of eukaryotic polysialyltransferase-1. Nature. 
1995;373:715–8.

52. Arai M, Yamada K, Toyota T, Obata N, Haga S, Yoshida Y, Nakamura K, Minabe Y, 
Ujike H, Sora I, Ikeda K, Mori N, Yoshikawa T, Itokawa M. Association between 
polymorphisms in the promoter region of the sialyltransferase 8B (SIAT8B) 
gene and schizophrenia. Biol Psychiatry. 2006;59:652–9.

53. Anney R, Klei L, Pinto D, Regan R, Conroy J, Magalhaes TR, Correia C, Abra-
hams BS, Sykes N, Pagnamenta AT, Almeida J, Bacchelli E, Bailey AJ, Baird G, 
Battaglia A, Berney T, Bolshakova N, Bölte S, Bolton PF, Bourgeron T, Brennan 
S, Brian J, Carson AR, Casallo G, Casey J, Chu SH, Cochrane L, Corsello C, Craw-
ford EL, Crossett A, Dawson G, de Jonge M, Delorme R, Drmic I, Duketis E, 
Duque F, Estes A, Farrar P, Fernandez BA, Folstein SE, Fombonne E, Freitag CM, 
Gilbert J, Gillberg C, Glessner JT, Goldberg J, Green J, Guter SJ, Hakonarson 

H, Heron EA, Hill M, Holt R, Howe JL, Hughes G, Hus V, Igliozzi R, Kim C, 
Klauck SM, Kolevzon A, Korvatska O, Kustanovich V, Lajonchere CM, Lamb JA, 
Laskawiec M, Leboyer M, Le Couteur A, Leventhal BL, Lionel AC, Liu XQ, Lord 
C, Lotspeich L, Lund SC, Maestrini E, Mahoney W, Mantoulan C, Marshall CR, 
McConachie H, McDougle CJ, McGrath J, McMahon WM, Melhem NM, Meri-
kangas A, Migita O, Minshew NJ, Mirza GK, Munson J, Nelson SF, Noakes C, 
Noor A, Nygren G, Oliveira G, Papanikolaou K, Parr JR, Parrini B, Paton T, Pickles 
A, Piven J, Posey DJ, Poustka A, Poustka F, Prasad A, Ragoussis J, Renshaw K, 
Rickaby J, Roberts W, Roeder K, Roge B, Rutter ML, Bierut LJ, Rice JP, Salt J, San-
som K, Sato D, Segurado R, Senman L, Shah N, Sheffield VC, Soorya L, Sousa 
I, Stoppioni V, Strawbridge C, Tancredi R, Tansey K, Thiruvahindrapduram B, 
Thompson AP, Thomson S, Tryfon A, Tsiantis J, Van Engeland H, Vincent JB, 
Volkmar F, Wallace S, Wang K, Wang Z, Wassink TH, Wing K, Wittemeyer K, 
Wood S, Yaspan BL, Zurawiecki D, Zwaigenbaum L, Betancur C, Buxbaum JD, 
Cantor RM, Cook EH, Coon H, Cuccaro ML, Gallagher L, Geschwind DH, Gill M, 
Haines JL, Miller J, Monaco AP, Nurnberger JI Jr., Paterson AD, Pericak-Vance 
MA, Schellenberg GD, Scherer SW, Sutcliffe JS, Szatmari P, Vicente AM, Vieland 
VJ, Wijsman EM, Devlin B, Ennis S, Hallmayer J. A genome-wide scan for com-
mon alleles affecting risk for autism. Hum Mol Genet. 2010;19:4072–4082.

54. McAuley EZ, Scimone A, Tiwari Y, Agahi G, Mowry BJ, Holliday EG, Donald JA, 
Weickert CS, Mitchell PB, Schofield PR, Fullerton JM. Identification of sialyl-
transferase 8B as a generalized susceptibility gene for psychotic and mood 
disorders on chromosome 15q25-26. PLoS ONE. 2012;7:e38172.

55. Dunn GA, Nigg JT, Sullivan EL. Neuroinflammation as a risk factor for 
attention deficit hyperactivity disorder. Pharmacol Biochem Behav. 
2019;182:22–34.

56. Pearce OM, Läubli H. Sialic acids in cancer biology and immunity. Glycobiol-
ogy. 2016;26:111–28.

57. Smaga I, Frankowska M, Filip M. N-acetylcysteine as a new prominent 
approach for treating psychiatric disorders. Br J Pharmacol. 2021;178:2569–94.

58. Banerjee R, Vitvitsky V, Garg SK. The undertow of sulfur metabolism on gluta-
matergic neurotransmission. Trends Biochem Sci. 2008;33:413–9.

59. Ramírez-Guerrero S, Guardo-Maya S, Medina-Rincón GJ, Orrego-González EE, 
Cabezas-Pérez R, González-Reyes RE. Taurine and astrocytes: A homeostatic 
and neuroprotective relationship. Front Mol Neurosci. 2022;15:937789.

60. Newman SD, Schnakenberg Martin AM, Raymond D, Cheng H, Wilson L, 
Barnes S, O’Donnell BF. The relationship between cannabis use and taurine: A 
MRS and metabolomics study. PLoS ONE. 2022;17:e0269280.

61. Magnotta VA, Xu J, Fiedorowicz JG, Williams A, Shaffer J, Christensen G, Long 
JD, Taylor E, Sathyaputri L, Richards JG, Harmata G, Wemmie J. Metabolic 
abnormalities in the basal ganglia and cerebellum in bipolar disorder: A 
multi-modal MR study. J Affect Disord. 2022;301:390–9.

62. Shirayama Y, Obata T, Matsuzawa D, Nonaka H, Kanazawa Y, Yoshitome E, 
Ikehira H, Hashimoto K, Iyo M. Specific metabolites in the medial prefrontal 
cortex are associated with the neurocognitive deficits in schizophrenia: a 
preliminary study. NeuroImage. 2010;49:2783–90.

63. Predescu E, Vaidean T, Rapciuc AM, Sipos R. Metabolomic markers in atten-
tion-deficit/hyperactivity disorder (ADHD) among children and adolescents: 
a systematic review. Int J Mol Sci. 2024;25.

64. Colter AL, Cutler C, Meckling KA. Fatty acid status and behavioural symptoms 
of attention deficit hyperactivity disorder in adolescents: a case-control study. 
Nutr J. 2008;7:8.

65. Crippa A, Agostoni C, Mauri M, Molteni M, Nobile M. Polyunsaturated fatty 
acids are associated with behavior but not with cognition in children with 
and without ADHD: an Italian study. J Atten Disord. 2018;22:971–83.

66. Kozielec-Oracka BJ, Min Y, Bhullar AS, Stasiak B, Ghebremeskel K. Plasma and 
red blood cell n3 fatty acids correlate positively with the WISC-R verbal and 
full-scale intelligence quotients and inversely with Conner’s parent-rated 
ADHD index t-scores in children with high functioning autism and Asperger’s 
syndrome. Prostaglandins Leukot Essent Fat Acids. 2022;178:102414.

67. Parletta N, Niyonsenga T, Duff J. Omega-3 and Omega-6 polyunsaturated 
fatty acid levels and correlations with symptoms in children with attention 
deficit hyperactivity disorder, autistic spectrum disorder and typically devel-
oping controls. PLoS ONE. 2016;11:e0156432.

Publisher’s note
Springer Nature remains neutral with regard to jurisdictional claims in 
published maps and institutional affiliations.


	Exploring causal associations between plasma metabolites and attention-deficit/hyperactivity disorder
	Abstract
	Introduction
	Methods
	Data sources and study design
	Selection of instrumental variables
	MR analysis
	Druggability analysis
	Colocalization analysis

	Results


