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Abstract 

Background  Graft-versus-host disease (GVHD) and relapse are major complications following allogeneic hemat-
opoietic stem cell transplantation (allo-HSCT). Metabolites play crucial roles in immune regulation, but their causal 
relationships with GVHD and relapse remain unclear.

Methods  We utilized genetic variants from genome-wide association studies (GWAS) of 309 known metabolites 
as instrumental variables to evaluate their causal effects on acute GVHD (aGVHD), gut GVHD, chronic GVHD (cGVHD), 
and relapse in different populations. Multiple causal inference methods, heterogeneity assessments, and pleiotropy 
tests were conducted to ensure result robustness. Multivariable MR analysis was performed to adjust for poten-
tial confounders, and validation MR analysis further confirmed key findings. Mediation MR analysis was employed 
to explore indirect causal pathways.

Results  After correction for multiple testing, we identified elevated pyridoxate and proline levels as protective factors 
against grade 3–4 aGVHD (aGVHD3) and relapse, respectively. Conversely, glycochenodeoxycholate increased the risk 
of aGVHD3, whereas 1-stearoylglycerophosphoethanolamine had a protective effect. The robustness and stability 
of these findings were confirmed by multiple causal inference approaches, heterogeneity, and horizontal pleiotropy 
analyses. Multivariable MR analysis further excluded potential confounding pleiotropic effects. Validation MR analyses 
supported the causal roles of pyridoxate and 1-stearoylglycerophosphoethanolamine, while mediation MR revealed 
that pyridoxate influences GVHD directly and indirectly via CD39 + Tregs. Pathway analyses highlighted critical bio-
chemical alterations, including disruptions in bile acid metabolism and the regulatory roles of vitamin B6 derivatives. 
Finally, clinical metabolic analyses, including direct fecal metabolite measurements, confirmed the protective role 
of pyridoxate against aGVHD.

Conclusions  Our findings provide novel insights into the metabolic mechanisms underlying GVHD and relapse 
after allo-HSCT. Identified metabolites, particularly pyridoxate, may serve as potential therapeutic targets for GVHD 
prevention and management.
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Key points 

1. Strong evidence has found the protective effect of pyridoxate against aGVHD and has been validated in patients.

2. Mediated MR analysis suggests that pyridoxate may reduce aGVHD risk by increasing CD39+ Tregs level.

Keywords  Allogeneic hematopoietic cell transplantation, Graft-versus-host disease, Metabolite, Immune cell, 
Mediation, Mendelian randomization

Background
Allogeneic hematopoietic stem cell transplantation 
(allo-HSCT) emerges as a critical modality for treating 
various hematologic malignancies. Simultaneous consid-
eration of post-transplant relapse and graft-versus-host 
disease (GVHD) occurrence holds paramount signifi-
cance in enhancing the prognosis of transplant recipients 
[1]. Recent research suggests that allogeneic immune 
responses are susceptible to host microbiota [2, 3] and 
metabolome [4]. Blood metabolites can enter the cir-
culation system and have a direct impact on the host’s 
metabolic landscape [5–7]. Distinct alterations in blood 
metabolites have been identified among post-transplant 
patients who develop GVHD. In acute GVHD (aGVHD), 
these alterations involve reduced tryptophan and argi-
nine pathway components, along with diminished levels 
of lipids such as lysoplasmalogens, plasmalogens, and 
phospholipids. Concurrently, there is an observed eleva-
tion in various complex lipid products, encompassing 
medium- and long-chain fatty acids, as well as polyun-
saturated fatty acids [6]. In the case of chronic GVHD 
(cGVHD), significant metabolic alterations related to 
lipid, fatty acid, and bile acid metabolism were observed 
1 year after transplantation [8]. Moreover, changes in 
short-chain fatty acids (SCFAs), namely propionate and 
butyrate, manifested 100 days post-transplant [9].

In recent years, several studies utilizing clinical cohorts 
have explored the relationship between metabolic path-
ways and the development of aGVHD [10–13]. For 
instance, Tyszka et al. identified a potential link between 
lipid metabolism, including bile acid transformation and 
cholesterol synthesis, and the risk of aGVHD. While 
these observational studies provide valuable insights, 
they are inherently limited in their ability to infer causal 
relationships due to confounding factors and the rela-
tively small sample sizes of clinical cohorts. Also, experi-
mental evidence highlights the pivotal role of certain 
metabolites in influencing the progression of GVHD 
[4, 14, 15]. Recent research has investigated the role of 
microbiome-derived metabolites in modulating clinical 
outcomes in patients undergoing allo-HSCT, revealing 
how specific bacterial families and their associated bac-
teriophages contribute to protective immunomodulatory 
metabolites that influence survival and relapse rates. To 
date, no large-scale metabolomic risk factor screening 

studies for GVHD have been reported. A significant 
knowledge gap exists regarding the causal relationship 
between metabolites and post-transplant outcomes. Fur-
thermore, traditional studies exploring risk factors for 
allo-HSCT outcomes are often confounded by variables 
such as donor types and preventive strategies, making it 
challenging to effectively and accurately identify poten-
tial biomarkers [16].

Mendelian randomization (MR) has emerged as a 
powerful tool for exploring causal relationships between 
exposures and diseases [17–19], such as osteoarthritis 
[20] and psychiatric disorders [21, 22]. Unlike obser-
vational studies, MR can provide less biased estimates 
by leveraging the fact that genotypes are determined at 
conception and are generally unaffected by confound-
ers. This approach also enables the linkage of exposures 
and outcomes from different populations, such as con-
necting exposures in healthy populations to various sec-
ondary outcomes, including postpartum depression [23] 
and post-traumatic stress disorder [24]. Recent advance-
ments in GWAS have expanded the metabolome, result-
ing in the creation of a comprehensive map of genetically 
determined metabotypes (GDMs). These GDMs allow 
the evaluation of the causal effects of genetically deter-
mined, untargeted metabolites on complex traits [21, 
25, 26]. To address these limitations, our study adopts 
a MR approach, leveraging large-scale GWAS datasets 
to systematically assess the causal effects of hundreds 
of metabolites on GVHD and relapse outcomes. This 
method enables us to overcome confounding factors and 
establish direct causal links, providing a more robust and 
comprehensive understanding of the metabolic pathways 
underlying GVHD.

Utilizing the GDMs and the latest GWAS findings on 
GVHD and relapse after allo-HSCT, we conducted a 
two-sample MR approach, where genetic associations 
with the exposure and outcome are measured in differ-
ent cohorts, to achieve the following objectives: (1) assess 
the causal effects of human blood metabolites on major 
allo-HSCT outcomes, including aGVHD, cGVHD, and 
relapse; (2) identify common metabolites that have causal 
effects across multiple allo-HSCT outcomes; (3) identify 
metabolic pathways that might contribute to the develop-
ment of GVHD and relapse; (4) estimate both the direct 
and indirect effects of metabolites on outcomes through 
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immune traits by employing a two-step MR approach. 
Additionally, fecal samples were also included in the 
analysis to assess the role of the gut metabolites in mod-
ulating immune responses from another prospective, in 
the context of GVHD. Previous studies have suggested a 
link between blood metabolites and fecal-derived metab-
olites [27], and this complementary approach provides 
insights into the metabolites to systemic immune regula-
tion. Workflow is presented in Fig. 1.

Methods
Genome‑wide association study (GWAS) data sources
Metabolite profiles
We obtained summary association data from the most 
extensive genetic study examining the impact on human 
metabolism, which is publicly accessible via the Metabo-
lomics GWAS Server (http://​metab​olomi​cs.​helmh​oltz-​
muenc​hen.​de/​gwas/) [28]. This research involving 7824 
adults from two European population studies identi-
fied 145 significant genetic loci associated with human 
metabolism, with metabolite levels measured by liquid-
phase chromatography (LC–MS) and gas chromatog-
raphy separation (GC–MS) coupled with tandem mass 
spectrometry, expressed as − log10 (relative abundance) 
to ensure standardized, normalized data across samples. 
We focused on the 309 known metabolites, defined as 
those with identified chemical structures, categorized 
into 60 subclasses and 8 broad classes based on KEGG 
pathways (e.g., amino acids, carbohydrates, cofactors and 
vitamins, energy, lipids, nucleotides, peptides, xenobiotic 
metabolism). The remaining 196 metabolites (37%) were 
classified as “unknown” due to undetermined chemi-
cal identities at the time of analysis [29]. We extracted 
details such as effect size, standard error, P value, and 
sample size for each SNP from the full GWAS summary 
statistics. The GWAS summary statistics for validation 
MR analysis were selected for specific metabolites and 
included 8089 individuals for pyridoxine levels, glycoche-
nodeoxycholate, and proline [30], and 4959 individuals 
for 1-stearoylglycerophosphoethanolamine [31].

GVHD and relapse risk
In this study, we utilized GWAS data from previous 
research [32] to identify genetic factors influencing out-
comes in aGVHD, cGVHD, gastrointestinal GVHD 
(gut GVHD), and relapse. aGVHD was classified based 
on peak severity into three categories: grade 2 to 4 
(aGVHD2), grade 2b to 4 (aGVHD2b), and grade 3 to 4 
(aGVHD3). Additionally, the classification encompassed 
stage 2 to 4 gut GVHD, cGVHD, and cases of recurrent 
or progressive malignancy, referred to as relapse. The 
aGVHD2b category, as defined in the original study, spe-
cifically excluded isolated stage 1 gut GVHD to enhance 

specificity and focus on cases with more significant sys-
temic or organ involvement, addressing a condition 
frequently observed at the research center. We only con-
sidered the genotype of the receptor for subsequent anal-
yses, as genetically determined risk is carried at birth. 
Donor types include (1) all kinds of donors (ALL); (2) 
matched siblings (FS); and (3) matched unrelated donors 
(URD). Detailed information on allo-HSCT outcomes 
definitions were presented in Additional file  1: Sup-
plemental Methods and elsewhere [32]. Detailed infor-
mation of GWAS summary statistics was provided in 
Additional file 2: Table S1.

Untargeted metabolite profiling of fecal samples
Fecal samples collected from the Department of Hema-
tology of the First Affiliated Hospital of Soochow Uni-
versity were selected for LC–MS analysis. This study, 
titled “Alterations in Intestinal Microbiota, Metabolites, 
and Immune Cells in Allo-HSCT,” is an ongoing cohort 
study (2020–present), which includes 38 patients diag-
nosed with aGVHD and 52 patients without aGVHD 
(NCT06143501). Samples were collected at multiple time 
points: before transplantation (Pre), 1–2 weeks post-
transplantation (P1), 2–4 weeks post-transplantation 
(P2), and 4–6 weeks post-transplantation (P3). The Eth-
ics Committee of the First Affiliated Hospital of Soo-
chow University granted approval for sample collection 
(Approval No. 2023369). Metabolites extracted were ana-
lyzed using a Dionex U3000 UHPLC system coupled with 
a QE Plus high-resolution mass spectrometer (Thermo 
Fisher). Samples after quality control were used to evalu-
ate the pre-treatment, sample loading, and stability of the 
mass spectrometry system.

Mixed lymphocyte reaction
To induce T cell activation, a mixed lymphocyte reac-
tion (MLR) was performed using BALB/c (H2-Kd) and 
C57BL/6 (H2-Kb) mouse strains. Spleens from BALB/c 
mice were harvested and treated with 10  µg/ml mito-
mycin C for 30  min at 37 °C to inhibit cellular prolif-
eration. The mitomycin C-treated BALB/c spleen cells 
were used as allogeneic stimulators. T cells were isolated 
from the spleens of C57BL/6 mice using the EasySep™ 
Mouse T Cell Isolation Kit (19,851, Stemcell Technolo-
gies), according to the manufacturer’s instructions. Iso-
lated T cells were then co-cultured with BALB/c spleen 
cells in a 1:1 ratio at a concentration of 4 × 105 cells per 
well in 96-well plates, with RPMI-1640 medium supple-
mented with 10% FBS, 1% penicillin–streptomycin, and 
2  mM L-glutamine. Pyridoxate (P464801, Aladdin) was 
dissolved in dimethyl sulfoxide (DMSO) and added to 

http://metabolomics.helmholtz-muenchen.de/gwas/
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Fig. 1  Workflow of our research
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the co-culture system at gradient concentrations. DMSO 
alone was added to the control group. The cultures were 
incubated for 72 h at 37 °C with 5% CO2.

Flow cytometry analysis
After 72 h of co-culture, cells were harvested and ana-
lyzed for T cell using flow cytometry. The cells were 
first stained with surface antibodies: anti-CD4-BV421 
(100,438, Biolegend), anti-CD8-PE (100,708, Bioleg-
end), anti-H2-Kb-PerCP-Cy5.5 (116,516, Biolegend), 
anti-CD69-FITC (104,506, Biolegend), anti-CD44-PE-
Cy7 (25–0441-82, eBioscience), anti-CD62L-APC-Cy7 
(104,428, Biolegend), and anti-PD-1-Alexa Flour 647 
(566,715, BD Biosciences). Data acquisition was per-
formed on a BD FACS Canto flow cytometer (BD Bio-
sciences), and the data were analyzed using FlowJo 
software. Statistical analysis and data presentation were 
performed using GraphPad Prism 9 (v9.5.0) was used 
for statistical analyses.

Statistical analysis
Two‑sample MR analysis
In line with the methodology outlined in [21, 26], we 
employed a clumping procedure from PLINK (version 
v1.90 b3.38) [33] to choose instrumental variables (IVs) 
for each metabolite, using a relatively lenient criterion 
(P = 1 × 10−5, r2 = 0.01 with window set to 500 kb). We 
employed various methods, including fixed-effect IVW 
[34], random-effect IVW, weighted median-based 
approach [35], D-IVW [36], MR-RAPS method [37], 
and MR-Egger regression [38], to scrutinize the hetero-
geneity and potential pleiotropic effects. Detailed infor-
mation of MR analysis was presented in Additional 
file 1: Supplementary Methods [21, 26, 33–35, 38–46].

To account for the multiple tests inherent in metabo-
lomic analyses, we applied false discovery rate (FDR) 
correction using the Benjamini–Hochberg procedure. 
Metabolites with FDR threshold of q < 0.10 was viewed 
as significantly causal metabolites. The suggestive asso-
ciations between metabolites and allo-HSCT outcomes 
were determined at the nominal significance level with 
the threshold set at P < 0.05, which is mainly used for 
further metabolic pathway analyses. Our results clas-
sified the metabolites into three categories: (1) causal 
metabolites, FDR q < 0.10; (2) suggestive causal metabo-
lites, P < 0.05; (3) other metabolites, P > 0.05. Scatter 
plots were used to identify outliers or genetic variants 
that do not match the expected relationship, which 
marked as outliers. Funnel plots are used to assess the 
presence of horizontal pleiotropy, where the estimate of 
the effect of each genetic variant on the outcome cor-
responds to its precision (the inverse of the standard 

error). Asymmetries in the funnel plot may indicate 
the presence of pleiotropy or other biases. We also con-
ducted reverse MR analysis to estimate the causal effect 
of allo-HSCT outcomes on identified metabolites to 
rule out the possible bi-directional association.

Multivariable and mediation MR analysis
By using MVMR, we evaluated the independent causal 
effects of identified metabolites on GVHD and relapse 
risk after adjusting for common complex traits [47, 48]. 
Detailed information on GWAS summary statistics used 
in MVMR was presented in Additional file 1: Supplemen-
tary method [47–49]. Additionally, based on the MVMR 
framework, we estimated the direct and indirect effect 
of metabolites on allo-HSCT outcomes via immune 
traits [47, 50, 51] by using a two-step MR approach [48]: 
we used SNPs associated with metabolites to estimate 
the causal effects of metabolites on immune cells and 
allo-HSCT outcomes. Then, SNPs associated with both 
metabolites and immune cells were together used to esti-
mate the marginal effect size of metabolites and immune 
cells on allo-HSCT outcomes. Detailed information was 
presented in Additional file  1: Supplementary Methods 
[52–55].

Metabolic pathway analysis
To explore the possible biological functions and pathways 
in which the identified GVHD-related and relapse-related 
causal metabolites may be involved, we performed meta-
bolic pathway analyses on metabolites suggestively asso-
ciated with different allo-HSCT outcomes (where we did 
not differentiate between populations) separately using 
MetaboAnalyst 4.0 (https://​www.​metab​oanal​yst.​ca/) 
[56]. The pathway analyses mainly included two libraries, 
the Small Molecule Pathway Database (SMPDB) [57] and 
the KEGG [29] database, and the significance level of the 
pathway analysis was nominally significant, i.e., P < 0.05.

Metabolite differential analysis
Differential analysis of metabolites between patients with 
and without aGVHD was performed using the Wilcoxon 
rank-sum test, and line plots were used to demonstrate 
the distribution of the metabolites in patients across dif-
ferent time points, with the significance level of the test 
(α) set at 0.05. Data was presented as the mean ± standard 
error of the mean.

Phenome‑wide association studies (PheWAS) for identified 
metabolites
We obtained the GWAS-meta summary datasets of 
FinnGen R10 and UK Biobank from the FinnGen web-
site (https://​r10.​finng​en.​fi/), which included 652 com-
plex diseases in cancer, blood system, digestive tract, 

https://www.metaboanalyst.ca/
https://r10.finngen.fi/
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cardiovascular system, etc. We used the two-sample MR 
method (mainly IVW method) to comprehensively evalu-
ate the causal association between pyridoxine and these 
systemic diseases.

Software
All statistical analysis was performed in R 3.5.1 software. 
MR analysis was conducted with the “MendelianRand-
omization” package (version 0.4.3) [58], “mr.raps” pack-
age (version 0.2), and MR-PRESSO was performed with 
MR-PRESSO package [43]. Multiple test adjustments 
were performed in “fdrtool” package (version 1.2.17) [59], 
and figures were drawn based on “ggplot2” package [60].

Results
Overview of our results
The result of IVW method revealed 188 suggestive 
metabolites that show significant associations at the 

nominal significance level (P < 0.05) with various allo-
HSCT outcomes (Fig. 2 and Additional file 2: Table S2). 
We summarized the distribution and percentage of 
metabolites identified between the different phenotypes 
in Additional file  1: Fig. S1. After multiple test adjust-
ment (FDR q < 0.10), 4 causal metabolite features were 
finally identified, 1 of which for aGVHD3 FS (pyridoxate), 
2 for aGVHD3 URD (1-stearoylglycero phosphoethan-
olamine, glycochenodeoxycholate), and 1 for relapse all 
(proline) (Fig. 3 and Additional file 2: Table S3). Next, we 
conducted sensitivity analysis, multivariable MR, media-
tion MR analysis, and external validation of the four 
identified causal metabolites (FDR q < 0.10). No sample 
overlap exists between GWAS summary statistics for 
exposures and outcomes. Metabolic pathway enrich-
ment analysis was performed on the suggestive metabo-
lites identified to investigate the potential mechanisms. 
Finally, we validated the protective effects of pyridoxine 

Fig. 2  Heatmap of causal relationship between metabolites and allo-HSCT outcomes. Note: Only metabolites with significant associations 
in at least three allo-HSCT outcomes are shown in the figure. Red blocks represent high risk and blue blocks represent low risk. In addition, six 
different colors represent the pathways to which each metabolite belongs. Abbreviation: GVHD, graft-versus-host disease; FS, matched siblings; 
URD: matched unrelated donors
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and 1-stearoylglycerophosphoethanolamine in different 
GWAS datasets. And lower concentrations of pyridox-
ine were found in aGVHD patients compared to non-
aGVHD patients.

Causal effects of metabolites on allo‑HSCT outcomes
In the discovery MR analysis, pyridoxate was found to 
potentially reduce the risk of aGVHD3 FS. The IVW 
method estimated that an increase of 0.1 units in 
pyridoxate levels resulted in 0.593 times lower odds 
of developing aGVHD3 FS (95% CI: 0.458 ~ 0.768, 

P = 7.49 × 10−05, FDR q = 0.034). This protective 
effect was supported by five other methods (P < 0.05), 
namely weighted mode, weighted median, DIVW, 
MR-RAPS, and MR-PRESSO (Fig.  3A). Glycocheno-
deoxycholate may be a risk factor for aGVHD3 URD. 
The IVW method estimated an OR of 1.276 (95% CI: 
1.124 ~ 1.449, P = 1.68 × 10−04, FDR q = 0.039). This 
finding was supported by the weighted mode, weighted 
median, DIVW, MR-RAPS, and MR-PRESSO meth-
ods (P < 0.05, Fig.  3D). Elevated levels of 1-stearoylg-
lycerophosphoethanolamine could decrease the risk of 

Fig. 3  Significant causal associations identified for GVHD and relapse risk. A The forest plot shows the OR values and CIs of pyridoxate 
on aGVHD3 FS risk estimated using different MR methods; B scatterplot of causal association between pyridoxate and aGVHD3 FS risk; C funnel 
plot of causal associations between pyridoxate and aGVHD3 FS risk; D the forest plot shows the OR values and CIs of glycochenodeoxycholate 
on aGVHD3 URD risk estimated using different MR methods; E scatterplot of causal association between glycochenodeoxycholate 
and aGVHD3 URD risk; F funnel plot of causal associations between glycochenodeoxycholate and aGVHD3 URD risk; G the forest plot 
shows the OR values and CIs of 1-stearoylglycerophosphoethanolamine on aGVHD3 URD risk estimated using different MR methods; H 
scatterplot of causal association between 1-stearoylglycerophosphoethanolamine and aGVHD3 URD risk; I funnel plot of causal associations 
between 1-stearoylglycerophosphoethanolamine and aGVHD3 URD risk; J the forest plot shows the OR values and CIs of proline on relapse ALL risk 
estimated using different MR methods; K scatterplot of causal association between proline and relapse ALL risk; L funnel plot of causal associations 
between proline and relapse ALL risk. Abbreviation: GVHD, graft-versus-host disease; FS, matched siblings; URD: matched unrelated donor
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aGVHD3 URD, with an OR estimated to be 0.624 (95% 
CI = 0.494 ~ 0.787, P = 6.94 × 10−05, FDR q = 0.032) by 
IVW. This finding is consistent with the results from 
weighted mode, weighted median, DIVW, MR-RAPS, 
and MR-PRESSO (P < 0.05, Fig.  3G). Elevated proline 
levels serve as a protective effect against relapse ALL. 
The OR for this association was estimated to be 0.746 
(95% CI = 0.642 ~ 0.866, P = 1.23 × 10−04, FDR q = 0.055) 
by IVW (fixed). This estimate aligns with the findings 
from weighted median, DIVW, MR-RAPS, and MR-
PRESSO (P < 0.05, Fig.  3J). Comprehensive sensitive 
analysis proved the robustness of identified associa-
tions; detailed information was presented in Supple-
mentary Results, Fig. 3, and Additional file 2: Table S4.

The metabolite signal distributions shared between 
different GVHD and relapse phenotypes are shown in 
Additional file  1: Figs. S2 (all participants), S3 (sibling 
participants), and S4 (unrelated participants). Four 
causal metabolites were identified across different 
outcomes: Pyridoxate decreased aGVHD2b, aGVHD2, 
aGVHD3, and gut GVHD risk but increased relapse 
risk in the FS cohort. 1-Stearoylglycerophosphoetha-
nolamine decreased relapse risk in the FS cohort and 
aGVHD2b and aGVHD3 in the URD cohort. Glycoche-
nodeoxycholate increased aGVHD3 and gut aGVHD 
in both the all and FS cohorts, and aGVHD2b and 
aGVHD3 in the URD cohort. Proline increased gut 
GVHD in the FS cohort and decreased relapse in the 
whole cohort. Metabolites such as taurodeoxycholate, 
pyridoxate, glycochenodeoxycholate, alpha-hydroxyis-
ovalerate, and trans-4-hydroxyproline were significant 
in multiple outcomes. Bile acid derivatives, particu-
larly taurodeoxycholate and glycochenodeoxycholate, 
showed repeated significance, suggesting a role of bile 
acids in GVHD onset.

MVMR analysis excluded the pleiotropic effect of common 
traits on the associations between identified metabolites 
and GVHD
From Additional file  1: Fig. S5 and Additional file  2: 
Table  S5, we can conclude that despite adjusting for 
various factors, the four metabolites showed significant 
associations with the allo-HSCT outcomes in almost 
all results, indicating that they have independent and 
stable causal effects on the allo-HSCT outcomes. For 
pyridoxate, the association lost significance after adjust-
ing for confounding factors including body mass index 
(BMI), blood pressure (BP), and different lipid levels 
(such as high-density lipoprotein cholesterol and low-
density lipoprotein cholesterol). However, the association 
between metabolites and allo-HSCT outcomes showed 
a consistent direction, and adjustment of confounding 

factors only weakened part of its effect and did not 
reverse the overall association direction.

Validation of four identified causal metabolites
To verify the reliability of our results, we obtained data 
on four metabolites from an independent metabolome 
GWAS study for validation (Additional file 2: Table S6). 
Additionally, we performed a GWAS meta-analysis 
on these four identified metabolites from two differ-
ent sources to further validate the findings and conduct 
subsequent mediation tests (Additional file 1: Fig. S6). In 
the validation MR analysis, results revealed that different 
metabolite levels were also associated with varying risks 
of GVHD and relapse in patients (Additional file 1: Fig. 
S7). Specifically, higher proline levels were associated 
with an increased risk of acute GVHD2b in ALL patients. 
Pyridoxate levels consistently showed a significant reduc-
tion in risk across various outcomes and donor types, 
indicating a protective role against both aGVHD and 
cGVHD as well as relapse. For 1-stearoylglycerophos-
phoethanolamine, there was a significant reduction in 
the risk of aGVHD2b and aGVHD3 in URD patients, and 
a consistent protective effect against cGVHD in ALL and 
FS donor types. Glycochenodeoxycholate levels, how-
ever, showed fewer significant associations and no asso-
ciations with GVHD risk (Fig. 4).

Mediated MR analysis explains possible immune 
mechanisms in the metabolite‑GVHD pathway
In order to definitively identify the possible causal role of 
identified allo-HSCT-related metabolites in the immu-
nological process (Fig. 5A, Additional file 1: Fig. S8), we 
estimated causal effects of four metabolites on immune 
cell traits (Additional file  2: Table  S7). At the nominal 
significance level (P < 0.05), we identified causal effects 
of identified metabolites of GVHD on 171 immune cells 
by using IVW method. After adjusting for multiple test-
ing (FDR q < 0.10), we identified significant causal effects 
of proline on seven immune cell populations, including 
CD39+ CD4+ AC and CD39+ CD4+ %T cells, as well as 
the effect of glycochenodeoxycholate on one immune 
cell population (CD45 on CD33dim HLA-DR+ CD11b−). 
Also, we observed the causal effect of pyridoxate on three 
immune cells at the significance of FDR q < 0.20 (CD45 on 
granulocyte, CD39+ secreting Treg %CD4 Treg, CD39+ 
secreting Treg %secreting Treg) (Fig.  5B and Additional 
file 2: Table S8).

Causal mediation analyses (Fig.  5A) based on MVMR 
framework revealed that a total of four significant 
immune cells (CD19 on IgD− CD38dim, CD39+ activated 
Treg %activated Treg, CD28− CD25++ CD8br %CD8br, 
CD39+ resting Treg AC) were found to have indirect 
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effects via significant causal metabolites and outcomes 
(Fig.  5C, D, Additional file  2: Table  S9). All mediation 
effects were consistent with the direction of the main 
causal effect. Two CD39+ Treg-related immune indi-
cators were identified to mediate the causal effects of 
pyridoxate on aGVHD3 URD: CD39+ activated Treg 
%activated Treg accounting for 23% of the total effect 
(Beta = − 0.088, 95% CI = − 0.193 ~ − 0.018) and CD39+ 
resting Treg AC accounting for 17.4% of the total effect 
(Beta = − 0.067, 95% CI = − 0.177 ~ − 0.001). Another two 
immune cells mediated the causal associations between 
1-stearoylglycerophosphoethanolamine and aGVHD3 
FS: CD19 on IgD− CD38dim accounting for 40.7% of the 
total effect (Beta = − 0.262, 95% CI = − 0.619 ~ − 0.018) 
and CD28− CD25++ CD8br %CD8br accounting for 48.7% 

of the total effect (Beta = − 0.313, 95% CI = − 0.730 ~ 
− 0.002) (Fig. 5E).

Pyridoxate suppresses T cell function in mixed lymphocyte 
reactions
In the MLR, pyridoxate treatment significantly reduced 
the proportion of CD69+CD4+ and CD44+CD62L− 
CD4+ T cells, indicating that pyridoxate may impair the 
activation and function of CD4+ T cells (Fig.  6). Addi-
tionally, pyridoxate increased the expression of PD-1 on 
CD8+ T cells, suggesting a potential promotion of CD8+ 
T cell exhaustion (Fig.  6). These effects were observed 
in a concentration-dependent manner, highlighting the 
dose-dependent modulation of T cell activation and 
exhaustion by pyridoxate. Collectively, these findings 

Fig. 4  Causal effects of four identified metabolites on GVHD in validation MR analysis. Note: Blue represents validation MR analysis and red 
represents meta (discovery + validation) MR analysis. Abbreviation: GVHD, graft-versus-host disease; FS, matched siblings; URD: matched unrelated 
donors
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suggest that pyridoxate may attenuate immune cell func-
tion during allogeneic antigen stimulation.

Metabolic pathway analysis revealed potential biological 
functions
In the intricate landscape of the metabolite pathway after 
allo-HSCT, an array of pathways recurrently emerges, 
illuminating their pivotal roles in the disease’s com-
plex pathophysiology (Fig.  7A and Additional file  2: 

Table  S10). In relapse, key metabolic pathways include 
porphyrin and chlorophyll metabolism, butanoate 
metabolism, and D-glutamine and D-glutamate metabo-
lism. aGVHD2 is marked by aminoacyl-tRNA biosyn-
thesis, caffeine metabolism, and arginine and proline 
metabolism. aGVHD2b primarily involves arginine and 
proline metabolism, and phenylalanine, tyrosine, and 
tryptophan biosynthesis. aGVHD3 is characterized by 
significant activity in caffeine metabolism, arginine 

Fig. 5  Immune cells mediated a causal association between metabolites and GVHD risk. A Diagram of mediation MR analysis; B causal associations 
between metabolites on immune cells (FDR q < 0.10); C immune cells mediated causal associations between pyridoxate and GVHD risk; D 
immune cells mediated causal associations between 1-stearoylglycerophosphoethanolamine and GVHD risk; E effects of causal mediation MR 
analysis between two metabolites and GVHD risk. Note: The contribution of mediators (indirect effect 1* indirect effect 2) for the association 
between metabolites and GVHD risk. Abbreviation: IDE, indirect effect; DE, direct effect; TE, total effect; GVHD, graft-versus-host disease; FS, matched 
siblings; URD: matched unrelated donors
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biosynthesis, and primary bile acid biosynthesis. cGVHD 
features pathways such as pantothenate and CoA bio-
synthesis, aminoacyl-tRNA biosynthesis, and glycine, 
serine, and threonine metabolism. Finally, gut GVHD is 
associated with heightened activity in aminoacyl-tRNA 
biosynthesis, primary bile acid biosynthesis, and caffeine 
metabolism.

Fecal metabolic profile analysis of patients in a prospective 
cohort
In our cohort comparing metabolite concentra-
tions between patients with aGVHD and those with-
out aGVHD (Fig.  7B–D), pyridoxine levels in the 
aGVHD group were significantly lower than those in 

the non-aGVHD group 4–6  weeks post-transplantation 
(P = 0.023), while glycochenodeoxycholic acid 3-glu-
curonide were higher 2–4  weeks post-transplantation 
(P = 0.027). Although the differences in other compari-
sons did not reach statistical significance, pyridoxine lev-
els were almost higher in the non-aGVHD group, while 
both glycochenodeoxycholic acid 7-sulfate and glycoche-
nodeoxycholic acid 3-glucuronide tended to be elevated 
in the aGVHD group.

Phenotype‑wide association MR analysis of pyridoxine
We observed that pyridoxine plays a significant role in 
GVHD, prompting us to further evaluate its causal asso-
ciations with other phenotypes using GWAS summary 

Fig. 6  Pyridoxate suppresses T cell function in mixed lymphocyte reactions. Percentages of CD69+CD4+ T cells (A) and CD44+CD62L− CD4+ T cells 
(B) at different concentrations of pyridoxate. C Percentages of PD-1+ CD8.+ T cells at varying concentrations of pyridoxate. Data are represented 
as mean ± SEM, with n = 4 per group. *P < 0.05; **P < 0.01

Fig. 7  A Metabolic pathway significance across various allo-HSCT outcomes as analyzed by MetaboAnalyst 4.0 based on KEGG and SMPDB 
database. Each bar represents the − log10 (P values) for the association between the phenotype and the metabolic pathway. Higher values indicate 
greater statistical significance. Concentrations of causal metabolites measured in aGVHD patients and non-aGVHD patients after allo-HSCT. B 
Concentration of pyridoxine measured by fecal LCMS metabolome analysis; C concentration of glycochenodeoxycholic acid 3-glucuronide 
measured by fecal LCMS metabolome analysis; D concentration of glycochenodeoxycholic acid 7-sulfate measured by fecal LCMS metabolome 
analysis. E Manhattan plot of PheWAS for pyridoxate on 652 endpoints. Abbreviation: GVHD, graft-versus-host disease; FS, matched siblings; URD: 
matched unrelated donors. LCMS, liquid chromatography mass spectrometry

(See figure on next page.)
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Fig. 7  (See legend on previous page.)
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datasets from FinnGen R10 and UKBB. The results 
showed that pyridoxine had causal effects on 95 out of 
652 endpoints at a significance level of 0.05. After FDR 
correction (FDR q < 0.10), 23 endpoints remained signifi-
cant. Specifically, pyridoxine was found to reduce the risk 
of anemia, vestibular dysfunction, skin diseases, purpura 
and other hemorrhagic conditions, and depression, but it 
also increased the risk of certain tumors, hemangioma, 
and lymphangioma (Fig. 7E, Additional file 2: Table S11).

Discussion
Overview
The study established suggestive causal associations 
between 188 blood metabolites and allo-HSCT out-
comes. After FDR adjustment, glycochenodeoxycholate 
was causally linked to increased aGVHD3 risk in URD, 
while 1-stearoylglycerophosphoethanolamine was pro-
tective. Elevated pyridoxate and proline levels were caus-
ally associated with decreased risks of aGVHD3 in FS 
and relapse in ALL. Validation MR analysis confirmed 
the protective effect of pyridoxate on GVHD risk. Addi-
tionally fecal metabolome analysis in our cohort also 
observed a protective effect of pyridoxate on aGVHD. 
MVMR analyses evaluated independent causal effects, 
and mediation MR analyses revealed direct and indirect 
effects on GVHD risk via immune traits. Metabolic path-
way analysis highlighted key pathways, including bile 
acid metabolism, vitamin B6 derivatives, and amino acid 
derivatives.

Pyridoxate’s consistent causal effects on allo-HSCT 
outcomes were confirmed in both discovery and valida-
tion studies. Additionally, in our long-term follow-up 
cohort, levels of pyridoxine in feces were consistently 
lower in the aGVHD group compared to the non-aGVHD 
group at most time points from pre-transplant to 6 weeks 
post-transplant. These findings, along with the fact that 
pyridoxine in feces and pyridoxate in blood are differ-
ent stages of the vitamin B6 metabolic pathway, under-
score the critical protective role of vitamin B6 against 
aGVHD. The anti-inflammatory properties of vitamin 
B6 are not only characterized by its low expression in 
conditions such as rheumatoid arthritis [61] and inflam-
matory bowel disease [62], but also by its negative cor-
relation with inflammatory markers such as TNF-α 
[63], ESR [64], and CRP [65]. This suggests that vita-
min B6 plays a crucial role in modulating inflammatory 
responses. Furthermore, vitamin B6 has been shown to 
inhibit NLRP3 inflammasome activation [66] and regu-
late IL-33 homeostasis, leading to decreased IL-33 levels 
[67]. IL-33 serves as a crucial costimulatory molecule for 
Th1 cells within the gastrointestinal tract during aGVHD 
[68, 69]. Our mediation analysis has further confirmed 
the role of CD39+ Treg cells in the vitamin B6-aGVHD 

pathway, consistent with previous findings that Treg 
cells can prevent and treat GVHD without increasing the 
risk of relapse or infection [70, 71]. CD39 enhances Treg 
function by hydrolyzing extracellular ATP and ADP into 
AMP, reducing pro-inflammatory ATP levels. The AMP 
is further converted by CD73 into adenosine, a potent 
immunosuppressive molecule. Notably, CD39+ Treg 
cells have demonstrated enhanced suppressive functions 
across various disease models, including rheumatic joints 
[72], multiple sclerosis [73], colorectal cancer [74], and 
lipopolysaccharide-induced acute lung injury [75]. These 
findings underscore the potential therapeutic value of 
monitoring and possibly augmenting vitamin B6 levels in 
patients undergoing allo-HSCT. Nevertheless, additional 
in vivo and in vitro experiments specific to vitamin B6 are 
necessary to validate the aforementioned conclusions in 
GVHD models.

Emerging evidence highlights the critical role of the gut 
microbial metabolites in the development and progres-
sion of aGVHD [76]. Bile acid metabolism initiates in the 
liver (via CYP7A1 and CYP27A1) and produces primary 
bile acids that are further processed by gut microbes into 
secondary bile acids. Recent studies provided detailed 
analysis of bile acid alteration during HSCT. Sarah et al. 
observed decreased total BA levels in GVHD patients 
compared to controls, which was driven by a reduction 
in the microbe-derived BA compartment. Metagenomic 
sequencing revealed reduction of bile acid metabolism 
genes including bsh and bai operon genes, which led to 
lower unconjugated bile acids and microbial-derived 
bile acids, linking to GVHD onset [77]. Longitudinal 
metabolome analysis performed by Orberg et al. revealed 
higher abundance of primary bile acid CDCA and CA, 
but lower abundance of secondary bile acid DCA and 
LCA on day 28, compared to that on day − 7. Particularly, 
LCA, immunomodulatory functions, was significantly 
lower in gut  GVHD patients compared to control [78]. 
Another study identified Faecalibacterium expansion, 
accompanied with secondary bile acid (such as UDCA) 
reduction as one of the possible factor of GVHD onset 
[79]. Combining these studies, intestinal BA pool altera-
tion, manifested as increase of primary bile acid (CDCA) 
or decreased secondary bile acids might be an important 
biomarker for GVHD onset. In both studies, changes in 
bile acids were closely related to changes in the micro-
biota. Indeed, the abundance of intestinal bile acids is 
codetermined by the microbial enzyme activity [80], 
ileum transportation [81, 82], and cross-regulation of 
FXR-FGF15/19 [83] feedback mechanism. Thus, charac-
terizing individual BA that was differentially abundant in 
GVHD patients is challenging. Although bile acid metab-
olism is a complex dynamic process, it is still necessary 
to screen and identify bile acids that can serve as disease 
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biomarkers, as well as bile acids with immunomodulatory 
effects. It was estimated that 95% of total Bas was trans-
ported in the terminal ileum via the BA transporters [81, 
82]. Our study complements previous findings by identi-
fying the conjugated primary bile acid glycochenodeoxy-
cholic acid in the serum as a risk factor for aGVHD using 
MR analysis. Together, these studies underscore the criti-
cal role of bile acid metabolism and its interaction with 
gut microbiota in shaping post-transplant outcomes.

1-Stearoylglycerophosphoethanolamine, as a phos-
pholipid, has been less extensively studied, primarily in 
association with deep vein thrombosis [84] and pneu-
monic plague [85]. Surprisingly, this metabolite exhibits 
a protective effect against GVHD, a phenomenon that 
warrants further exploration. Following allo-HSCT, the 
most typical intrinsic mechanisms for immune evasion 
and relapse all share the common objective of disrupt-
ing the interaction between donor T cells and tumor cells 
[86, 87]. Moreover, studies have shown that lymphocyte 
membrane viscosity can be modulated by restoring an 
optimal cholesterol/phospholipid ratio [88]. B cells are 
commonly recognized as effector cells in cGVHD [89]. 
Interestingly, we observed a significant indirect effect of 
1-stearoylglycerophosphoethanolamine on aGVHD risk 
via immune cells (i.e., CD19 on lgD− CD38dim (MFI, B 
cell)), broadening the understanding the pathogenic role 
of B cells. This state of B cells is typically defined as either 
activated or memory B cells, which exhibit an enhanced 
capacity for rapid antigen response. Notably, research 
suggested that mesenchymal stem cell (MSC) therapy for 
aGVHD might achieve therapeutic effects by specifically 
targeting the antigen-presenting capabilities of B cells 
[90].

Proline uptake has been demonstrated to promote the 
activation of lymphoid tissue inducer cells [91]. We pos-
tulate whether a similar activating effect may be observed 
in donor T cells. Furthermore, proline has been shown to 
protect Jurkat and BJAB cell lines against reactive oxy-
gen species (ROS)-mediated oxidative stress [92], a phe-
nomenon that has been confirmed to impart a survival 
advantage to leukemic blasts and enhance chemotherapy 
resistance [93]. However, given that proline can serve as 
a source of energy and a precursor for protein synthe-
sis in solid tumor cells [94], we posit that its relation-
ship with more hematologic malignancies merits further 
exploration.

In the complex landscape of allo-HSCT outcomes, 
a detailed examination of metabolic pathways reveals 
a sophisticated interplay of biological processes. The 
relapse phenotype is marked by active porphyrin and 
chlorophyll, butanoate, D-glutamine, and D-glutamate 
metabolism pathways, indicative of increased cellular 
turnover and oxidative stress adaptation. Interestingly, 

the caffeine metabolism pathway emerges as a signifi-
cant factor across four allo-HSCT outcomes, suggesting 
its pivotal role in metabolic disturbances. Coffee con-
sumption, primarily attributed to its abundant antioxi-
dant properties, has been shown to decrease biomarkers 
associated with oxidative stress and inflammation [95]. 
Given that a heightened inflammatory state is a promi-
nent feature of GVHD [96], caffeine metabolism is also 
hypothesized to play a significant role. Studies have 
shown significant differences in caffeine metabolites 
between participants with cGVHD and those without 
cGVHD [97]. This intricate network, where aminoa-
cyl-tRNA biosynthesis is a recurring element, points to 
potential intervention targets, meriting further investiga-
tion for specialized therapeutic approaches. In aGVHD, 
this pathway, along with arginine and proline metabo-
lism, signals disrupted protein synthesis and amino acid 
metabolism, characteristic of an inflammatory response 
[98]. Although previous studies did not report the direct 
relationship between aminoacyl-tRNA biosynthesis path-
way and GVHD risk, this pathway could participate in 
different types of immune response and immune diseases 
[99]. The gut GVHD phenotype, distinguished by ami-
noacyl-tRNA biosynthesis, underscores the gut’s critical 
role, possibly affecting nutrient processing and microbi-
ome interactions [100].

The observed differences in metabolite effects by donor 
type, particularly for pyridoxate, can likely be attributed 
to the genetic similarity between donors and recipients 
in the FS cohort. In this cohort, donor-recipient pairs 
share identical SNP profiles, which may influence coen-
zyme biosynthesis and metabolic pathways in a way 
that differs from other donor types. These differences in 
coenzyme regulation could subsequently lead to varia-
tions in metabolite levels and their downstream effects 
on immune modulation [101]. For pyridoxate, its pro-
tective effect against aGVHD (e.g., aGVHD2b, aGVHD2, 
aGVHD3, and gut GVHD) and its association with 
increased relapse risk in the FS cohort may reflect the 
dual nature of its immunomodulatory properties. This 
explanation underscores how donor-recipient genetic 
backgrounds, mediated through SNP-related coenzyme 
regulation, can influence metabolite profiles and their 
functional outcomes.

Clinical importance
Our findings provide novel insights into the metabolic 
pathways underlying GVHD and relapse outcomes, 
with significant implications for clinical translation. The 
identification of pyridoxate as a protective factor against 
severe aGVHD highlights its potential as both a bio-
marker and a therapeutic agent. Clinically, pyridoxate 
and related metabolites could be developed as predictive 
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biomarkers to stratify patients at risk of severe aGVHD, 
enabling earlier and more targeted prophylactic interven-
tions. For instance, patients with lower pyridoxate lev-
els could receive enhanced monitoring or personalized 
treatment strategies. Additionally, vitamin B6 derivatives 
like pyridoxate could be evaluated as adjunct therapies to 
modulate immune responses, particularly by enhancing 
CD39 + Tregs to reduce GVHD risk without impairing 
GVL effects. Furthermore, our findings underscore the 
potential of targeting bile acid metabolism, particularly 
by reducing harmful primary bile acids like glycoche-
nodeoxycholate, which we identified as a risk factor for 
severe aGVHD. Interventions aimed at decreasing harm-
ful bile acids or promoting beneficial secondary bile acids 
may further improve GVHD outcomes by rebalancing 
bile acid metabolism and mitigating pro-inflammatory 
effects. Future research could validate these therapeutic 
approaches in clinical settings and explore their poten-
tial to improve patient outcomes while minimizing the 
adverse effects of broad immunosuppression.

Strengths and limitations
Unlike these studies which were constrained by their ina-
bility to infer causality and relatively small cohort sizes, 
our study utilizes MR to establish robust causal relation-
ships. Using genetic variants as instrumental variables, 
we identified glycochenodeoxycholate as a risk factor for 
aGVHD and pyridoxate as a protective factor, expand-
ing on previously observed associations with novel 
mechanistic insights. Moreover, the significantly larger 
sample size in our study, derived from GWAS datasets, 
enhances the generalizability and statistical power of 
our findings compared to prior cohort-based studies. 
These methodological advancements allow us to move 
beyond correlations to provide causal evidence, paving 
the way for targeted therapeutic interventions in GVHD 
management.

MR studies often rely on the analysis of GWAS sum-
mary datasets. A major limitation of this approach is 
that it does not allow for more detailed stratification 
of the sample. For example, the study may not be able 
to group the sample according to factors such as age, 
gender, lifestyle, or disease status, which may mask 
the potential impact of these variables on the find-
ings. Due to the lack of stratification, the results of the 
study may not accurately reflect the actual situation of 
specific subgroups, resulting in limited applicability 
and generalizability of the study. MR studies are usu-
ally conducted based on linear assumptions. However, 
in many biological and medical scenarios, the rela-
tionships between variables may be non-linear, such 
as curvilinear or stepwise. This limitation may lead 

to important biological associations or interactions 
being overlooked, especially when complex metabolic 
pathways or immune responses are involved. Our MR 
studies rely on genetic data from populations of pre-
dominantly European descent. This population specific-
ity limits the general applicability of the study because 
different ethnicities and populations may have different 
genetic backgrounds and environmental factors. One 
limitation of this study is the use of an FDR threshold 
of 0.10 instead of the more stringent 0.05. While this 
threshold increased sensitivity and allowed for the 
identification of more potential associations, it may 
also introduce a slightly higher rate of false positives. 
However, we addressed this limitation by conducting 
independent validation of the identified metabolites 
to confirm the robustness of our findings. Despite our 
careful selection of instrumental variables and the use 
of reverse MR analysis, MR cannot completely rule out 
the possibility that reverse causation may influence 
some observed associations.

Conclusions
Our study highlights pyridoxate as a protective fac-
tor against severe aGVHD, with consistent findings 
across multiple evidence. This underscores the poten-
tial immunomodulatory role of pyridoxate in allo-HSCT 
outcomes. Our findings provide new insights into the 
metabolic mechanisms underlying GVHD and relapse, 
offering potential biomarkers and therapeutic targets for 
improving patient management after allo-HSCT. Fur-
ther experimental validation and clinical studies are war-
ranted to explore the translational potential of pyridoxate 
and other identified metabolites in GVHD prevention 
and treatment.

Abbreviations
GVHD	� Graft-versus-host disease
MR	� Mendelian randomization
aGVHD	� Acute graft-versus-host disease
cGVHD	� Chronic graft-versus-host disease
aGVHD3	� Grade 3–4 acute graft-versus-host disease
Allo-HSCT	� Allogeneic hematopoietic stem cell transplantation
GVL	� Graft-versus-leukemia
TMAO	� Trimethylamine N-oxide
MVMR	� Multivariable Mendelian randomization
GWAS	� Genome-wide association study
SNP	� Single nucleotide polymorphisms
KEGG	� Kyoto Encyclopedia of Genes and Genomes
IVs	� Instrumental variables
PVE	� Phenotypic variation explained
IVW	� Inverse variance weighted
DIVW	� Debiased inverse variance weighted
MR-RAPS	� Mendelian randomization robust adjusted profile score
MR-PRESSO	� Mendelian randomization pleiotropy residual sum and outlier
FDR	� False discovery rate
SMPDB	� The Small Molecule Pathway Database
BMI	� Body mass index
BP	� Blood pressure



Page 16 of 19Yu et al. BMC Medicine          (2025) 23:201 

Supplementary Information
The online version contains supplementary material available at https://​doi.​
org/​10.​1186/​s12916-​025-​04026-w.

 Additional file 1: Supplementary Methods, Supplementary Results, and 
Figs. S1–S8. Supplementary Methods—A supplementary document on 
GVHD phenotypes, GWAS data sources, immune cell traits, multivariable 
Mendelian randomization, mediation analysis, and statistical methods. 
Supplementary Results—A supplementary document on supplementary 
results on external sensitivity analysis, pleiotropy assessment, and reverse-
direction Mendelian randomization. Fig. S1. The bar plot above visually 
represents the count of significant metabolitesacross different GVHD 
phenotypes. Fig. S2. Heatmap of causal relationship between metabolites 
and GVHD outcomes. Fig. S3. Heatmap of causal relationship between 
metabolites and GVHD outcomes. Fig. S4. Heatmap of causal relationship 
between metabolites and GVHD outcomes. Fig. S5. Forest plot depict-
ing the association between metabolites and allo-HSCT outcomes after 
adjusting for various confounding factors. Fig. S6. Manhattan and QQ plots 
of GWAS meta-analysis for four identified metabolites using discovery and 
validation summary statistics. Fig. S7. Causal associations between four 
metabolites and allo-HCST outcomes in validation MR analysis. Fig. S8. The 
bar plot above visually represents the count of significant metabolitesac-
ross different GVHD phenotypes

Additional file 2: Tables S1–S11. Table S1. Data sources. Table S2. Causal 
associations between serum metabolites and allo-HCST outcomes by 
using IVW methods. Table S3. Causal associations between serum metabo-
lites and allo-HCST outcomes by different MR methods. Table S4. Reverse 
MR analysis to test causal associations between allo-HCST outcomes and 
serum metabolites by different MR methods. Table S5. Multivariable MR 
analysis for identified causal metabolites on allo-HCST outcomes. Table S6. 
Validation MR analysis for identified causal metabolites on allo-HCST 
outcomes in independent cohorts. Table S7. Causal effects of identified 
metabolites on immune cell traits. Table S8. Sensitive analysis of identified 
metabolites on immune cell traits. Table S9. Mediation effect of immune 
cell traits between identified metabolites and GVHD. Table S10. Enrich-
ment analysis of identified metabolites at the nominal significance level. 
Table S11. PheWAS analysis of pyridoxate

Acknowledgements
We thank Fred Hutchinson Cancer Research Center (FHCRC) for generating 
the GWAS summary association statistics data of GVHD and relapse. We thank 
all the studies for making the GWAS summary association statistics data 
publicly available.

Authors’ contributions
DW and YX designed the study. XY obtained the data; XY, YC, and LL cleared 
up the datasets; XY, LL, HL, YC, DL, PL, YS and CH mainly performed the data 
analyses; YX, XY, YC, JC, and YF drafted the manuscript; YX, XY, YC, YJ, PL and 
DW revised the manuscript, and all authors read and approved the final 
manuscript.

Funding
This work was supported by the National Key Research and Development 
Program (2022YFC2502700) to Y.X. and National Natural Science Foundation of 
China (82020108003 to D.W., 82070187 to Y.X.). D.W. was supported by Priority 
Academic Program Development of Jiangsu Higher Education Institutions 
(PAPD) and Jiangsu Provincial Medical Innovation Center (CXZX202201). Y.C. 
was supported by the Postgraduate Research & Practice Innovation Program 
of Jiangsu Province (KYCX23_3270). D.W. was supported by the Suzhou 
Science and Technology Program Project (SLT201911). L.L. was supported by 
Suzhou Science and Technology Program Project (SKJY2021049). P.L. was sup-
ported by National Natural Science Foundation of China (82100231). D.L. was 
supported by Suzhou Science and Technology Program Project (SKY2022043) 
and Natural Science Foundation of Jiangsu Province (BK20231196). X.Y. was 
supported by Boxi cultivation program project of the First Affiliated Hospital 
of Soochow University (BXQN2023032), Medical research project of Jiangsu 
Provincial Health Commission (MQ2024022), and Suzhou Science and Educa-
tion Strengthening Health Youth Project (QNXM2024010).

Data availability
The data of GVHD and relapse used for the analyses were obtained with 
permission from the FHCRC. Data for blood metabolites and immune cells 
are available in public, open-access repositories corresponding to the original 
studies (e.g., GWAS catalog).

Declarations

Ethics approval and consent to participate
This ongoing cohort study (2020–present) (Clinical Trial Registration: 
NCT06143501) was approved by the Ethics Committee of the First Affiliated 
Hospital of Soochow University (Approval No. 2023369). Written informed 
consent was obtained from all participants or their legal guardians before 
study enrollment. The study was conducted in accordance with the principles 
of the Declaration of Helsinki.

Consent for publication
Not applicable.

Competing interests
The authors declare no competing interests.

Author details
1 National Clinical Research Center for Hematologic Diseases, Jiangsu Institute 
of Hematology, The First Affiliated Hospital of Soochow University, Suzhou, 
China. 2 Institute of Blood and Marrow Transplantation, Collaborative Innova-
tion Center of Hematology, Soochow University, Suzhou, China. 3 Depart-
ment of Outpatient and Emergency, The First Affiliated Hospital of Soochow 
University, Suzhou, China. 4 Department of Pharmacy, Wujin Hospital Affiliated 
with Jiangsu University, Changzhou 213000, China. 

Received: 3 September 2024   Accepted: 19 March 2025

References
	 1.	 Baur R, Karl F, Böttcher-Loschinski R, Stoll A, Völkl S, Gießl A, et al. 

Accumulation of T-cell-suppressive PD-L1(high) extracellular vesicles is 
associated with GvHD and might impact GvL efficacy. J Immunother 
Cancer. 2023;11(3):e006362.

	 2.	 Han L, Jin H, Zhou L, Zhang X, Fan Z, Dai M, et al. Intestinal microbiota 
at engraftment influence acute graft-versus-host disease via the Treg/
Th17 balance in allo-HSCT recipients. Front Immunol. 2018;9: 669.

	 3.	 Zhou Z, Shang T, Li X, Zhu H, Qi YB, Zhao X, et al. Protecting intestinal 
microenvironment alleviates acute graft-versus-host disease. Front 
Physiol. 2020;11:608279.

	 4.	 Wu K, Yuan Y, Yu H, Dai X, Wang S, Sun Z, et al. The gut microbial 
metabolite trimethylamine N-oxide aggravates GVHD by inducing M1 
macrophage polarization in mice. Blood. 2020;136(4):501–15.

	 5.	 Wilmanski T, Rappaport N, Earls JC, Magis AT, Manor O, Lovejoy J, et al. 
Blood metabolome predicts gut microbiome α-diversity in humans. 
Nat Biotechnol. 2019;37(10):1217–28.

	 6.	 Michonneau D, Latis E, Curis E, Dubouchet L, Ramamoorthy S, Ingram B, 
et al. Metabolomics analysis of human acute graft-versus-host disease 
reveals changes in host and microbiota-derived metabolites. Nat Com-
mun. 2019;10(1):5695.

	 7.	 Diener C, Dai CL, Wilmanski T, Baloni P, Smith B, Rappaport N, et al. 
Genome-microbiome interplay provides insight into the determinants 
of the human blood metabolome. Nat Metab. 2022;4(11):1560–72.

	 8.	 Reikvam H, Grønningsæter IS, Mosevoll KA, Lindås R, Hatfield K, Bruse-
rud Ø. Patients with treatment-requiring chronic graft versus host dis-
ease after allogeneic stem cell transplantation have altered metabolic 
profiles due to the disease and immunosuppressive therapy: potential 
implication for biomarkers. Front Immunol. 2017;8:1979.

	 9.	 Markey KA, Schluter J, Gomes ALC, Littmann ER, Pickard AJ, Taylor 
BP, et al. The microbe-derived short-chain fatty acids butyrate and 
propionate are associated with protection from chronic GVHD. Blood. 
2020;136(1):130–6.

https://doi.org/10.1186/s12916-025-04026-w
https://doi.org/10.1186/s12916-025-04026-w


Page 17 of 19Yu et al. BMC Medicine          (2025) 23:201 	

	 10.	 DeFilipp Z, Damania AV, Kim HT, Chang CC, El-Jawahri A, McAfee 
SL, et al. Third-party fecal microbiota transplantation for high-risk 
treatment-naïve acute GVHD of the lower GI tract. Blood Adv. 
2024;8(9):2074–84.

	 11.	 Tyszka M, Maciejewska-Markiewicz D, Styburski D, Biliński J, Tomasze-
wska A, Stachowska E, et al. Altered lipid metabolism in patients with 
acute graft-versus-host disease after allogeneic hematopoietic cell 
transplantation. Leuk Res. 2024;137:107435.

	 12.	 El Jurdi N, Holtan SG, Hoeschen A, Velguth J, Hillmann B, Betts BC, 
et al. Pre-transplant and longitudinal changes in faecal microbiome 
characteristics are associated with subsequent development of chronic 
graft-versus-host disease. Br J Haematol. 2023;203(2):288–94.

	 13.	 Assmann JC, Farthing DE, Saito K, Maglakelidze N, Oliver B, Warrick KA, 
et al. Glycolytic metabolism of pathogenic T cells enables early detec-
tion of GVHD by 13C-MRI. Blood. 2021;137(1):126–37.

	 14.	 Mathewson ND, Jenq R, Mathew AV, Koenigsknecht M, Hanash A, 
Toubai T, et al. Gut microbiome-derived metabolites modulate intesti-
nal epithelial cell damage and mitigate graft-versus-host disease. Nat 
Immunol. 2016;17(5):505–13.

	 15.	 Swimm A, Giver CR, DeFilipp Z, Rangaraju S, Sharma A, Ulezko 
Antonova A, et al. Indoles derived from intestinal microbiota act via 
type I interferon signaling to limit graft-versus-host disease. Blood. 
2018;132(23):2506–19.

	 16.	 Blazar BR, Hill GR, Murphy WJ. Dissecting the biology of allogeneic 
HSCT to enhance the GvT effect whilst minimizing GvHD. Nat Rev Clin 
Oncol. 2020;17(8):475–92.

	 17.	 Emdin CA, Khera AV, Kathiresan S. Mendelian randomization. JAMA. 
2017;318(19):1925–6.

	 18.	 Zhao H, Rasheed H, Nøst TH, Cho Y, Liu Y, Bhatta L, et al. Proteome-
wide Mendelian randomization in global biobank meta-analysis 
reveals multi-ancestry drug targets for common diseases. Cell Genom. 
2022;2(11):None.

	 19.	 Yoshiji S, Butler-Laporte G, Lu T, Willett JDS, Su CY, Nakanishi T, et al. 
Proteome-wide Mendelian randomization implicates nephronectin as 
an actionable mediator of the effect of obesity on COVID-19 severity. 
Nat Metab. 2023;5(2):248–64.

	 20.	 Yu XH, Yang YQ, Cao RR, Bo L, Lei SF. The causal role of gut micro-
biota in development of osteoarthritis. Osteoarthritis Cartilage. 
2021;29(12):1741–50.

	 21.	 Yang J, Yan B, Zhao B, Fan Y, He X, Yang L, et al. Assessing the causal 
effects of human serum metabolites on 5 major psychiatric disorders. 
Schizophr Bull. 2020;46(4):804–13.

	 22.	 Yu XH, Lu HM, Li J, Su MZ, Li XM, Jin Y. Association between 25(OH) 
vitamin D and multiple sclerosis: cohort, shared genetics, and causality. 
Nutr J. 2024;23(1):151.

	 23.	 Guintivano J, Byrne EM, Kiewa J, Yao S, Bauer AE, Aberg KA, et al. Meta-
analyses of genome-wide association studies for postpartum depres-
sion. Am J Psychiatry. 2023;180(12):884–95.

	 24.	 Soremekun O, Musanabaganwa C, Uwineza A, Ardissino M, Rajasunda-
ram S, Wani AH, et al. A Mendelian randomization study of genetic 
liability to post-traumatic stress disorder and risk of ischemic stroke. 
Transl Psychiatry. 2023;13(1):237.

	 25.	 Liu X, Tong X, Zou Y, Lin X, Zhao H, Tian L, et al. Mendelian randomiza-
tion analyses support causal relationships between blood metabolites 
and the gut microbiome. Nat Genet. 2022;54(1):52–61.

	 26.	 Yu XH, Cao RR, Yang YQ, Lei SF. Identification of causal metabo-
lites related to multiple autoimmune diseases. Hum Mol Genet. 
2022;31(4):604–13.

	 27.	 Sun Y, Zhang X, Hang D, Lau HC, Du J, Liu C, et al. Integrative plasma 
and fecal metabolomics identify functional metabolites in adenoma-
colorectal cancer progression and as early diagnostic biomarkers. 
Cancer Cell. 2024;42(8):1386–400.e8.

	 28.	 Shin SY, Fauman EB, Petersen AK, Krumsiek J, Santos R, Huang J, et al. 
An atlas of genetic influences on human blood metabolites. Nat Genet. 
2014;46(6):543–50.

	 29.	 Kanehisa M, Goto S. KEGG: kyoto encyclopedia of genes and genomes. 
Nucleic Acids Res. 2000;28(1):27–30.

	 30.	 Chen Y, Lu T, Pettersson-Kymmer U, Stewart ID, Butler-Laporte G, Nakan-
ishi T, et al. Genomic atlas of the plasma metabolome prioritizes metab-
olites implicated in human diseases. Nat Genet. 2023;55(1):44–53.

	 31.	 Schlosser P, Scherer N, Grundner-Culemann F, Monteiro-Martins S, Haug 
S, Steinbrenner I, et al. Genetic studies of paired metabolomes reveal 
enzymatic and transport processes at the interface of plasma and urine. 
Nat Genet. 2023;55(6):995–1008.

	 32.	 Martin PJ, Levine DM, Storer BE, Sather CL, Spellman SR, Hansen JA. 
Genetic associations with immune-mediated outcomes after alloge-
neic hematopoietic cell transplantation. Blood Adv. 2022;6(8):2608–17.

	 33.	 Purcell S, Neale B, Todd-Brown K, Thomas L, Ferreira MA, Bender D, et al. 
PLINK: a tool set for whole-genome association and population-based 
linkage analyses. Am J Hum Genetics. 2007;81(3):559–75.

	 34.	 Burgess S, Small DS, Thompson SG. A review of instrumental variable 
estimators for Mendelian randomization. Stat Methods Med Res. 
2017;26(5):2333–55.

	 35.	 Bowden J, Smith GD, Haycock PC, Burgess S. Consistent estimation 
in Mendelian randomization with some invalid instruments using a 
weighted median estimator. Genet Epidemiol. 2016;40(4):304–14.

	 36.	 Ye T, Shao J, Kang H. Debiased inverse-variance weighted estimator 
in two-sample summary-data Mendelian randomization. Ann Stat. 
2021;49(4):2079–100.

	 37.	 SCORE URAP. Statistical inference in two-sample summary-data Men-
delian randomization using robust adjusted profile score. arXiv preprint 
arXiv:180109652. 2018.

	 38.	 Burgess S, Thompson SG. Interpreting findings from Mendelian 
randomization using the MR-Egger method. Eur J Epidemiol. 
2017;32(5):377–89.

	 39.	 Consortium GP. A global reference for human genetic variation. Nature. 
2015;526(7571):68.

	 40.	 Burgess S, Thompson SG. Avoiding bias from weak instruments in 
Mendelian randomization studies. Int J Epidemiol. 2011;40(3):755–64.

	 41.	 Thompson SG, Sharp SJ. Explaining heterogeneity in meta-analysis: a 
comparison of methods. Stat Med. 1999;18(20):2693–708.

	 42.	 Bowden J, Del Greco MF, Minelli C, Davey Smith G, Sheehan NA, 
Thompson JR. Assessing the suitability of summary data for two-sam-
ple Mendelian randomization analyses using MR-Egger regression: the 
role of the I2 statistic. Int J Epidemiol. 2016;45(6):1961–74.

	 43.	 Verbanck M, Chen C-Y, Neale B, Do R. Detection of widespread 
horizontal pleiotropy in causal relationships inferred from Mendelian 
randomization between complex traits and diseases. Nat Genet. 
2018;50(5):693–8.

	 44.	 Noyce AJ, Kia DA, Hemani G, Nicolas A, Price TR, De Pablo-Fernandez 
E, et al. Estimating the causal influence of body mass index on risk 
of Parkinson disease: a Mendelian randomisation study. PLoS Med. 
2017;14(6):e1002314.

	 45.	 Cook RD. Detection of influential observation in linear regression. 
Technometrics. 1977;19(1):15–8.

	 46.	 Wang T, Tang Z, Yu X, Gao Y, Guan F, Li C, et al. Birth weight and stroke in 
adult life: genetic correlation and causal inference with genome-wide 
association data sets. Front Neurosci. 2020;14:479.

	 47.	 Burgess S, Thompson SG. Multivariable Mendelian randomization: the 
use of pleiotropic genetic variants to estimate causal effects. Am J 
Epidemiol. 2015;181(4):251–60.

	 48.	 Yu X, Wang T, Huang S, Zeng P. Evaluation of the causal effects of 
blood lipid levels on gout with summary level GWAS data: two-sample 
Mendelian randomization and mediation analysis. J Hum Genet. 
2021;66(5):465–73.

	 49.	 Patin E, Hasan M, Bergstedt J, Rouilly V, Libri V, Urrutia A, et al. Natural 
variation in the parameters of innate immune cells is preferentially 
driven by genetic factors. Nat Immunol. 2018;19(3):302–14.

	 50.	 Gormley M, Dudding T, Sanderson E, Martin RM, Thomas S, Tyrrell J, 
et al. A multivariable Mendelian randomization analysis investigating 
smoking and alcohol consumption in oral and oropharyngeal cancer. 
Nat Commun. 2020;11(1):6071.

	 51.	 Zeng P, Shao Z, Zhou X. Statistical methods for mediation analysis in 
the era of high-throughput genomics: current successes and future 
challenges. Comput Struct Biotechnol J. 2021;19:3209–24.

	 52.	 Winship C, Mare RD. Structural equations and path analysis for discrete 
data. Am J Sociol. 1983;89(1):54–110.

	 53.	 MacKinnon D. Introduction to statistical mediation analysis. Routledge; 
2012. https://​www.​taylo​rfran​cis.​com/​books/​mono/​10.​4324/​97802​
03809​556/​intro​ducti​on-​stati​stical-​media​tion-​analy​sisda​vid-​macki​nnon.

https://www.taylorfrancis.com/books/mono/10.4324/9780203809556/introduction-statistical-mediation-analysisdavid-mackinnon
https://www.taylorfrancis.com/books/mono/10.4324/9780203809556/introduction-statistical-mediation-analysisdavid-mackinnon


Page 18 of 19Yu et al. BMC Medicine          (2025) 23:201 

	 54.	 Davison AC, Hinkley DV. Bootstrap methods and their application. 
Cambridge University Press; 1997.

	 55.	 Efron B, Tibshirani RJ. An introduction to the bootstrap. Chapman 
and Hall/CRC; 1994.

	 56.	 Chong J, Soufan O, Li C, Caraus I, Li S, Bourque G, et al. MetaboAna-
lyst 4.0: towards more transparent and integrative metabolomics 
analysis. Nucleic Acids Res. 2018;46(W1):W486–w494.

	 57.	 Jewison T, Su Y, Disfany FM, Liang Y, Knox C, Maciejewski A, et al. 
SMPDB 2.0: big improvements to the small molecule pathway data-
base. Nucleic Acids Res. 2014;42(Database issue):D478–84.

	 58.	 Yavorska OO, Burgess S. MendelianRandomization: an R package for 
performing Mendelian randomization analyses using summarized 
data. Int J Epidemiol. 2017;46(6):1734–9.

	 59.	 Strimmer K. fdrtool: a versatile R package for estimating local and tail 
area-based false discovery rates. Bioinformatics (Oxford, England). 
2008;24(12):1461–2.

	 60.	 Wickham H. ggplot2. Wiley interdisciplinary reviews: computational 
statistics. 2011;3(2):180–5.

	 61.	 Chiang EP, Bagley PJ, Roubenoff R, Nadeau M, Selhub J. Plasma 
pyridoxal 5′-phosphate concentration is correlated with functional 
vitamin B-6 indices in patients with rheumatoid arthritis and mar-
ginal vitamin B-6 status. J Nutr. 2003;133(4):1056–9.

	 62.	 Saibeni S, Cattaneo M, Vecchi M, Zighetti ML, Lecchi A, Lombardi R, 
et al. Low vitamin B(6) plasma levels, a risk factor for thrombosis, in 
inflammatory bowel disease: role of inflammation and correlation 
with acute phase reactants. Am J Gastroenterol. 2003;98(1):112–7.

	 63.	 Roubenoff R, Roubenoff RA, Selhub J, Nadeau MR, Cannon JG, 
Freeman LM, et al. Abnormal vitamin B6 status in rheumatoid 
cachexia. Association with spontaneous tumor necrosis factor alpha 
production and markers of inflammation. Arthritis and rheumatism. 
1995;38(1):105–9.

	 64.	 Chiang EP, Smith DE, Selhub J, Dallal G, Wang YC, Roubenoff R. Inflam-
mation causes tissue-specific depletion of vitamin B6. Arthritis Res Ther. 
2005;7(6):R1254–62.

	 65.	 Friso S, Jacques PF, Wilson PW, Rosenberg IH, Selhub J. Low circulating 
vitamin B(6) is associated with elevation of the inflammation marker 
C-reactive protein independently of plasma homocysteine levels. 
Circulation. 2001;103(23):2788–91.

	 66.	 Zhang P, Tsuchiya K, Kinoshita T, Kushiyama H, Suidasari S, Hatakeyama 
M, et al. Vitamin B6 prevents IL-1β protein production by inhibiting 
NLRP3 inflammasome activation. J Biol Chem. 2016;291(47):24517–27.

	 67.	 Zhu S, Zhong S, Cheng K, Zhang LS, Bai JW, Cao Z, et al. Vitamin B6 
regulates IL-33 homeostasis to alleviate type 2 inflammation. Cell Mol 
Immunol. 2023;20(7):794–807.

	 68.	 Reichenbach DK, Schwarze V, Matta BM, Tkachev V, Lieberknecht E, Liu 
Q, et al. The IL-33/ST2 axis augments effector T-cell responses during 
acute GVHD. Blood. 2015;125(20):3183–92.

	 69.	 Ferrara J, Prado-Acosta M. Graft-versus-host disease: establish-
ing IL-33 as an important costimulatory molecule. J Clin Invest. 
2022;132(12):e160692.

	 70.	 Di Ianni M, Falzetti F, Carotti A, Terenzi A, Castellino F, Bonifacio E, et al. 
Tregs prevent GVHD and promote immune reconstitution in HLA-
haploidentical transplantation. Blood. 2011;117(14):3921–8.

	 71.	 Riegel C, Boeld TJ, Doser K, Huber E, Hoffmann P, Edinger M. Efficient 
treatment of murine acute GvHD by in vitro expanded donor regula-
tory T cells. Leukemia. 2020;34(3):895–908.

	 72.	 Herrath J, Chemin K, Albrecht I, Catrina AI, Malmström V. Surface expres-
sion of CD39 identifies an enriched Treg-cell subset in the rheumatic 
joint, which does not suppress IL-17A secretion. Eur J Immunol. 
2014;44(10):2979–89.

	 73.	 Fletcher JM, Lonergan R, Costelloe L, Kinsella K, Moran B, O’Farrelly 
C, et al. CD39+Foxp3+ regulatory T Cells suppress pathogenic Th17 
cells and are impaired in multiple sclerosis. Journal of immunology. 
2009;183(11):7602–10 (Baltimore, Md : 1950).

	 74.	 Ahlmanner F, Sundström P, Akeus P, Eklöf J, Börjesson L, Gustavsson B, 
et al. CD39(+) regulatory T cells accumulate in colon adenocarcinomas 
and display markers of increased suppressive function. Oncotarget. 
2018;9(97):36993–7007.

	 75.	 Chen C, Li X, Li C, Jin J, Wang D, Zhao Y, et al. CD39(+) regulatory T cells 
attenuate lipopolysaccharide-induced acute lung injury via autophagy 
and the ERK/FOS pathway. Front Immunol. 2020;11:602605.

	 76.	 Yue X, Zhou H, Wang S, Chen X, Xiao H. Gut microbiota, microbiota-
derived metabolites, and graft-versus-host disease. Cancer Med. 
2024;13(3):e6799.

	 77.	 Lindner S, Miltiadous O, Ramos RJF, Paredes J, Kousa AI, Dai A, et al. 
Altered microbial bile acid metabolism exacerbates T cell-driven 
inflammation during graft-versus-host disease. Nat Microbiol. 
2024;9(3):614–30.

	 78.	 Thiele Orberg E, Meedt E, Hiergeist A, Xue J, Heinrich P, Ru J, et al. 
Bacteria and bacteriophage consortia are associated with protective 
intestinal metabolites in patients receiving stem cell transplantation. 
Nat Cancer. 2024;5(1):187–208.

	 79.	 Rashidi A, Ebadi M, Rehman TU, Elhusseini H, Kazadi D, Halaweish H, 
et al. Multi-omics analysis of a fecal microbiota transplantation trial 
identifies novel aspects of acute GVHD pathogenesis. Cancer Res Com-
mun. 2024;4(6):1454–66.

	 80.	 Jiang Y, Wu Y, Mo X, Yu W, Xie Y, Qian Y. Elemental solvothermal reaction 
to produce ternary semiconductor CuInE2 (E = S, Se) nanorods. Inorg 
Chem. 2000;39(14):2964–5.

	 81.	 Shneider BL. Intestinal bile acid transport: biology, physiology, and 
pathophysiology. J Pediatr Gastroenterol Nutr. 2001;32(4):407–17.

	 82.	 Dawson PA, Haywood J, Craddock AL, Wilson M, Tietjen M, Kluck-
man K, et al. Targeted deletion of the ileal bile acid transporter 
eliminates enterohepatic cycling of bile acids in mice. J Biol Chem. 
2003;278(36):33920–7.

	 83.	 Katafuchi T, Makishima M. Molecular basis of bile acid-FXR-FGF15/19 
signaling axis. Int J Mol Sci. 2022;23(11):6046.

	 84.	 Luo P, Xu J, Cheng S, Xu K, Jing W, Zhang F, et al. Large-scale genetic 
correlation scanning and causal association between deep vein throm-
bosis and human blood metabolites. Sci Rep. 2022;12(1):7888.

	 85.	 Gautam A, Muhie S, Chakraborty N, Hoke A, Donohue D, Miller SA, et al. 
Metabolomic analyses reveal lipid abnormalities and hepatic dysfunc-
tion in non-human primate model for Yersinia pestis. Metabolomics. 
2018;15(1):2.

	 86.	 Horowitz MM, Gale RP, Sondel PM, Goldman JM, Kersey J, Kolb HJ, et al. 
Graft-versus-leukemia reactions after bone marrow transplantation. 
Blood. 1990;75(3):555–62.

	 87.	 Rovatti PE, Gambacorta V, Lorentino F, Ciceri F, Vago L. Mechanisms of 
leukemia immune evasion and their role in relapse after haploidentical 
hematopoietic cell transplantation. Front Immunol. 2020;11:147.

	 88.	 Huber LA, Xu QB, Jürgens G, Böck G, Bühler E, Gey KF, et al. Correla-
tion of lymphocyte lipid composition membrane microviscosity and 
mitogen response in the aged. Eur J Immunol. 1991;21(11):2761–5.

	 89.	 Li X, Gao Q, Feng Y, Zhang X. Developing role of B cells in the pathogen-
esis and treatment of chronic GVHD. Br J Haematol. 2019;184(3):323–36.

	 90.	 Lu D, Ma T, Zhou X, Jiang Y, Han Y, Li H. B lymphocytes are the target of 
mesenchymal stem cells immunoregulatory effect in a murine graft-
versus-host disease model. Cell Transplant. 2019;28(9–10):1279–88.

	 91.	 Wu D, Li Z, Zhang Y, Zhang Y, Ren G, Zeng Y, et al. Proline uptake 
promotes activation of lymphoid tissue inducer cells to maintain gut 
homeostasis. Nat Metab. 2023;5(11):1953–68.

	 92.	 Krishnan N, Dickman MB, Becker DF. Proline modulates the intracellular 
redox environment and protects mammalian cells against oxidative 
stress. Free Radic Biol Med. 2008;44(4):671–81.

	 93.	 Sillar JR, Germon ZP, DeIuliis GN, Dun MD. The role of reactive oxygen 
species in acute myeloid leukaemia. Int J Mol Sci. 2019;20(23):6003.

	 94.	 D’Aniello C, Patriarca EJ, Phang JM, Minchiotti G. Proline metabolism in 
tumor growth and metastatic progression. Front Oncol. 2020;10:776.

	 95.	 Dludla PV, Cirilli I, Marcheggiani F, Silvestri S, Orlando P, Muvhulawa 
N, et al. Potential benefits of coffee consumption on improving 
biomarkers of oxidative stress and inflammation in healthy individu-
als and those at increased risk of cardiovascular disease. Molecules. 
2023;28(18):6440.

	 96.	 Yu X, Ma H, Li B, Ji Y, Du Y, Liu S, et al. A novel RIPK1 inhibitor reduces 
GVHD in mice via a nonimmunosuppressive mechanism that restores 
intestinal homeostasis. Blood. 2023;141(9):1070–86.

	 97.	 Lynch Kelly D, Farhadfar N, Starkweather A, Garrett TJ, Yao Y, Wingard JR, 
et al. Global metabolomics in allogeneic hematopoietic cell transplan-
tation recipients discordant for chronic graft-versus-host disease. Biol 
Blood Marrow Transplant. 2020;26(10):1803–10.

	 98.	 Rubio Gomez MA, Ibba M. Aminoacyl-tRNA synthetases. RNA. 
2020;26(8):910–36.



Page 19 of 19Yu et al. BMC Medicine          (2025) 23:201 	

	 99.	 Nie A, Sun B, Fu Z, Yu D. Roles of aminoacyl-tRNA synthetases 
in immune regulation and immune diseases. Cell Death Dis. 
2019;10(12):901.

	100.	 Gao X, Guo R, Li Y, Kang G, Wu Y, Cheng J, et al. Contribution of upregu-
lated aminoacyl-tRNA biosynthesis to metabolic dysregulation in 
gastric cancer. J Gastroenterol Hepatol. 2021;36(11):3113–26.

	101.	 Zasłona Z, O’Neill LAJ. Cytokine-like roles for metabolites in immunity. 
Mol Cell. 2020;78(5):814–23.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.


	Mendelian randomization analysis of blood metabolites and immune cell mediators in relation to GVHD and relapse
	Abstract 
	Background 
	Methods 
	Results 
	Conclusions 

	Key points 
	Background
	Methods
	Genome-wide association study (GWAS) data sources
	Metabolite profiles
	GVHD and relapse risk

	Untargeted metabolite profiling of fecal samples
	Mixed lymphocyte reaction
	Flow cytometry analysis
	Statistical analysis
	Two-sample MR analysis
	Multivariable and mediation MR analysis
	Metabolic pathway analysis
	Metabolite differential analysis
	Phenome-wide association studies (PheWAS) for identified metabolites

	Software

	Results
	Overview of our results
	Causal effects of metabolites on allo-HSCT outcomes
	MVMR analysis excluded the pleiotropic effect of common traits on the associations between identified metabolites and GVHD
	Validation of four identified causal metabolites
	Mediated MR analysis explains possible immune mechanisms in the metabolite-GVHD pathway
	Pyridoxate suppresses T cell function in mixed lymphocyte reactions
	Metabolic pathway analysis revealed potential biological functions
	Fecal metabolic profile analysis of patients in a prospective cohort
	Phenotype-wide association MR analysis of pyridoxine

	Discussion
	Overview
	Clinical importance
	Strengths and limitations

	Conclusions
	Acknowledgements
	References


