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Abstract

Background:  The aberrant traits of the gut-
metabolite—-immune network in schizophrenia imply a
crucial interrelationship among them. The exploration
of the association between the gut-metabolite—-immune
network and schizophrenia will create novel opportunities
for future studies on the disorder.

Methods: This study utilised the Mendelian randomi-
sation (MR) method to examine the causal relationships
among gut microbiota, plasma metabolites, immune cells,
blood cells, cytokines and schizophrenia. Additionally, me-
diation analysis was performed to identify and verify poten-
tial mediators involved in the pathway linking gut micro-
biota to schizophrenia.

Results: A total of 62 traits with causal connections
to schizophrenia were identified from the gut microbiota,
plasma metabolites, immune cells, blood cells and cy-
tokines (11 traits from the gut microbiota [odds ratio (OR)
= 0.683-2.104, p = 0.005-0.047], 35 traits from plasma
metabolites [OR =0.596—-1.597, p = 0.005-0.049], 14 traits
from immune cells [OR = 0.813-1.105, p = 0.005-0.049],
1 trait from blood cells [OR = 1.112, p = 0.038] and 1 trait
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from cytokines [OR = 0.864, p = 0.041]). Among them,
30 traits were classified as risk factors for schizophrenia.
Additionally, we determined nine pathways by which gut
microbiota influences schizophrenia (via 7 plasma metabo-
lites and 2 immune cells). Moreover, in our MR analyses,
several sensitivity analyses were employed to eliminate het-
erogeneity and horizontal pleiotropy, ensuring reliable MR
results. Meanwhile, the outcomes of various analyses re-
vealed that the gut microbiota most significantly associated
with schizophrenia belonged to the Firmicutes phylum.

Conclusions: These discoveries not only deepen our
understanding of the pathogenic mechanism of schizophre-
nia but also offer significant impetus for the development
of future diagnostic studies and therapeutic strategies.
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Introduction

Schizophrenia (SCZ) is a prevalent neurological dis-
order often emerging during young adulthood to middle
age, and its precise aetiology remains unclear. SCZ hinders
patients’ social interactions and formation of interpersonal
relationships by causing deficits in various domains, such
as cognition, perception, emotion, volition, behaviour and
cognitive function [1,2]. In particular, cognitive dysfunc-
tion is regarded as the principal characteristic of SCZ and
is the primary factor contributing to the long-term disabil-
ity related to the disorder [3,4]. Numerous previous stud-
ies have demonstrated that cognitive function is regulated
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and influenced by multiple factors including the gut micro-
biota and its metabolites [5,6] and immune-inflammatory
responses [7].

Numerous studies have indicated that the gut—brain
axis plays a crucial role in the pathogenesis of mental dis-
orders. The complex interactions among the gut micro-
biota, the nervous system and the immune system signif-
icantly influence an individual’s psychological state and
mood, and they are involved in the regulation of hormone
levels [8]. Patients with SCZ exhibit significant disorders of
the gut microbiota [9,10] and dysregulation of short-chain
fatty acid (SCFA) production [11]. Imbalances in gut mi-
croecology may interfere with the regular functions of the
nervous system, thereby exerting adverse effects on brain
function [12].

Similarly, the imbalance in microbial metabolite lev-
els has a remarkable influence on the brain function in
SCZ and is closely related to immune regulatory functions.
A multi-omics study has conducted comparative analyses
of gut microbiota and serum metabolites between patients
with SCZ and healthy individuals. The results revealed
a significant increase in the content of pro-inflammatory
metabolites but a significant decrease in the content of anti-
inflammatory metabolites [13]. Furthermore, some studies
have indicated that the levels of glutamate metabolites and
~-aminobutyric acid (GABA) may be associated with the
pathophysiological mechanisms of SCZ spectrum disorders
[14]. Further research also indicated that the neurotransmis-
sion pathways of GABA and tryptophan are related to the
risk of SCZ, among which GABA may play a more crucial
role than tryptophan [15].

The irregularities in the gut-metabolite—-immune net-
work in SCZ imply that the disorder of the immune—
inflammatory pathway may be involved in the pathophys-
iological mechanisms of SCZ spectrum disorders. Sev-
eral studies have demonstrated that the abnormal expres-
sion of inflammatory factors can aggravate the symptoms
of SCZ. Specifically, the levels of certain inflammatory
factors, such as interleukin-6 (IL-6) [16], tumour necrosis
factor-ae (TNF-«v) [17], interleukin-2 receptor (IL-2R) [18],
interleukin-17 (IL-17) [19] and chemokines CCL-2 and
CXCL-8 [20], in patients with SCZ are significantly higher
than those in healthy individuals. Furthermore, the pheno-
types and clinical manifestations of SCZ are accompanied
with an elevated concentration of acute-phase proteins, in-
cluding transferrin and the complement system [21,22]. Si-
multaneously, immune cells with pro-inflammatory or reg-
ulatory functions in SCZ, such as M1 macrophages [23],
Th-1 cells [24] and regulatory T cells [25], exhibit signs of
abnormal activation.

To comprehensively elucidate the causal relationships
among gut microbiota, plasma metabolites, immune cells,
blood cells, cytokines and SCZ within the gut-brain axis,
and to validate whether the pathway from gut micro-
biota to SCZ is mediated by plasma metabolites, immune
cells, blood cells and cytokines, this study employed the
Mendelian randomisation (MR) approach to conduct an in-
depth analysis of publicly available genome-wide associa-
tion study (GWAS) summary data. MR, as a statistical tool
grounded in genetic variations, facilitates the accurate in-
vestigation of causal effects between exposure factors and
outcomes by introducing instrumental variables (IVs) [26].
Notably, within the MR framework, the direction of causal
relationships indicated by genetic associations is clear. Ge-
netic variations are the source, not the consequence, of
phenotypic differences. This unique feature enables re-
searchers to infer causal relationships between exposure
factors and outcomes with enhanced accuracy [27]. Medi-
ation MR utilises genetic variations as IVs. Through mul-
tivariable MR or two-step MR approaches, it decomposes
the direct effect of an exposure on an outcome and the in-
direct effect via mediating variables. This serves to control
confounding factors and validate causal pathways [28]. In
the research of the brain—gut axis, this method can analyse
how mediating factors such as plasma metabolites mediate
the causal mechanisms of brain diseases (e.g., Alzheimer’s
disease). For example, it can identify the indirect effects of
specific microbiota on neural function through immune or
metabolic pathways [29,30]. In the present study, media-
tion MR was utilised to evaluate the causal pathways from
gut microbiota to plasma metabolites, blood cells, immune
cells, cytokines and SCZ mediated by these factors.

Materials and Methods
Study Design

The flowchart for this study is presented in Fig. 1. We
initially collected the published summary data of GWAS
from the GWAS Catalog database, which encompassed
traits such as the gut microbiota, plasma metabolites, im-
mune cells, blood cells and cytokines. These data are sum-
marised in Supplementary Table 1-S1. Subsequently, we
carried out bidirectional two-sample MR analyses among
these traits and SCZ to assess the causal relationships be-
tween them. Finally, to determine the mediating roles of
plasma metabolites and other traits on the association be-
tween the gut microbiota and SCZ, we conducted MR anal-
yses based on a two-step approach and multivariable MR
(MVMR) analysis. The MR analyses in our study were
designed in accordance with the STROBE-MR guidelines
[31].
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Fig. 1. Flowchart of the study. The association hypothesis, independence hypothesis and exclusion hypothesis of bidirectional two-
sample Mendelian randomisation. The direct effect, indirect effect and total effect in the mediation analysis are presented. Within the
analytical framework of two-sample Mendelian randomisation, this study designated gut microbiota, plasma metabolites, blood cells,
immune cells and cytokines as exposure variables and schizophrenia as the core outcome variable. The aim was to systematically inves-
tigate the potential causal associations between these exposure factors and schizophrenia. In the subsequent mediation effect analysis, the
research design was further refined. Specifically, gut microbiota was still considered the exposure variable, and schizophrenia was the
outcome variable. Meanwhile, the mediator variables were confined to plasma metabolites and immune cells. These two variables had
been validated through two-sample Mendelian randomisation, and they were established to have causal relationships with schizophre-
nia and microbiota. This approach was employed to uncover the possible metabolic-immune mediating pathways through which gut
microbiota influences the pathogenesis of schizophrenia.
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Data Sources

All the GWAS summary statistics employed in this
study were derived from the GWAS Catalog (https://ww
w.ebi.ac.uk/gwas/), the University of Bristol (https://resear
ch-information.bris.ac.uk/en/datasets/) and FinnGen (https:
/lwww.finngen.fi/en/access_results).

The GWAS statistical data on gut microbiota were
obtained under the accession numbers GCST90032172-
GCST90032644 of the GWAS Catalog. The data included
microbial classifications from 5959 individuals from Eu-
rope (Finland), which comprised 11 phyla, 19 classes, 24
orders, 62 families, 146 genera and 209 species [32]. In this
study, we used the GWAS summary data of 473 gut micro-
bial components for subsequent MR analyses. The GWAS
data collected from FinnGen (with the accession number
KRA PSY SCHIZODEL EXMORE) served as our repli-
cated cohort in this research, aiming to validate the accuracy
of the analysis results.

The GWAS statistical data of the plasma
metabolomics originated from the research cohort
of the GWAS Catalog with the accession numbers
GCST90199621-GCST90204063. This dataset encom-
passed 1091 metabolites and 309 metabolite ratios from
8299 individuals in Canada. Among them, 850 metabolites
had clearly defined and known roles in the 8 metabolic
groups: lipid, amino acid, xenobiotics, nucleotide, cofactor
and vitamins, carbohydrate, peptide and energy [33].

The summary statistics of immune cells (Im-
mune) were obtained by downloading GCST0001391-
GCST0002121 from the GWAS Catalog. These data were
derived from the peripheral blood of 6602 individuals,
measured via flow cytometry and analysed to evaluate
a total of 731 cell traits, 192 relative counts, 389 MFIs
of surface antigens and 32 morphological parameters
[34] (accession numbers for each trait are summarised in
Supplementary Table 1-S1).

The GWAS data associated with blood cells (Blood-
Cell) were retrieved through the accession number
GCST90002379-GCST90002407 of the GWAS Catalog.
This dataset comprised 563,085 participants of European
ancestry and disclosed 5106 novel variants that were
independently associated with 29 blood cell phenotypes
and jointly influenced the hematopoietic process [35]
(accession numbers for each trait are summarised in
Supplementary Table 1-S1).

The GWAS data regarding cytokines originated from
the University of Bristol, with the accession number of

3g3i15smgghp0s2uvm1doflkx9x. This dataset encompassed
the genetic information of 8293 Finns and mainly explored
the genetic basis underlying the circulating levels of 41 cy-
tokines [36].

The disease research cohort containing SCZ from
the GWAS Catalog, with the accession number of
GCST90018919, comprised 6334 cases of European ances-
try, 445,120 controls of European ancestry, 99 cases of East
Asian ancestry and 177,794 controls of East Asian ancestry.
Moreover, this study summarises 47 disease states and cre-
ates individual-level phenotypes for 159 disease endpoints
[371].

1V Selection

IVs directly influence the accuracy and reliability of
causal inference and must satisfy the assumptions of asso-
ciation, independence and exclusion: (1) There must be a
significant association between [Vs and the exposure fac-
tor. (2) IVs need to be independent of confounding fac-
tors, that is, they can only indirectly affect the outcome by
acting on the exposure factor rather than through any other
means. (3) The influence of IVs on the outcome must be
strictly transmitted through the exposure factor, excluding
any other possible direct paths. According to these prin-
ciples, the IVs used in this study were filtered through the
following conditions: (1) the selection of the genome-wide
significance threshold p < 5 x 10~8 (if the number of SNPs
was less than 5, filtering was performed using p < 5 X
1075); (2) retention of SNPs that were not related to the
outcome variable (pval.outcome > 0.05); (3) removal of
SNPs with linkage disequilibrium (LD) to ensure indepen-
dence among Vs (cytokines, gut microbiota, immune and
metabolomics: window size = 500 kb, 1> < 0.01; blood
cells: window size = 10,000 kb, r> < 0.001); (4) removal of
weak IVs that could not provide sufficient statistical power
[38], using the F statistic to assess the strength of the se-
lected SNPs and retaining SNPs with F >10; (5) application
of the MR residual and outlier (MR-PRESSO) test [39] to
evaluate heterogeneity at the MR level by identifying and
correcting outliers to reduce their influence on causal infer-
ence (MR-PRESSO global test p > 0.05); and (6) use of the
Harmonise and Steiger methods to calculate the proportion
of explanation of IVs for the exposure factor and outcome
variable to filter out IVs with incorrect causal relationship
directionality (that is, the proportion of explanation for the
outcome variable was greater than that for the exposure fac-
tor).
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Two-Sample Mendelian Randomisation (TSMR)

The TSMR approach was employed to assess the
causal relationships among these traits and SCZ. The Wald
ratio and inverse variance weighted (IVW) were utilised
to infer the causal association of exposure. Among them,
IVW has emerged as the preferred and commonly adopted
method in MR analysis because of its strong estimation ef-
fect and ability to enhance estimation accuracy. The Wald
ratio is mainly applied to estimate the effect size of indi-
vidual SNPs for inferring the causal relationship between
exposure and outcome [40].

To evaluate the stability and reliability of causal rela-
tionships, we performed a series of sensitivity analyses in
this study. MR-PRESSO was employed to detect horizontal
pleiotropy in MR analysis and reduce the influence of hori-
zontal pleiotropy on causal inference by adjusting outliers.
The determination of the causal direction in MR analysis
was verified by the Steiger method. If the association of
IVs with the exposure factor was greater than that with the
outcome variable, then the directionality might be correct,
that is, the exposure factor might lead to the outcome vari-
able.

All the MR analyses in this study were carried out
through R software (version 4.3.1, R Foundation for Statis-
tical Computing, Vienna, Vienna State, Austria). The bidi-
rectional two-sample MR analysis was implemented using
the R package ‘TwoSampleMR’ (version 0.6.7, MRC Inte-
grative Epidemiology Unit, Bristol, England, United King-
dom) (https://github.com/MRCIEU/TwoSampleMR), and
multivariable MR analysis was conducted with the R pack-
age ‘MendelianRandomization’ (version 0.9.0, Compre-
hensive R Archive Network, Vienna, Vienna State, Austria)
(https://github.com/cran/MendelianRandomization). ~ All
MR analyses were subjected to the test for horizontal
pleiotropy via the R package MR-PRESSO (version 1.0,
Ron Do Lab, Boston, MA, USA) (https://github.com/ron
dolab/MR-PRESSO).

Considering the potential risk of inflated overall type
I errors during multiple comparisons, to control the false
positive rate in the process of statistical inference, this study
employed the Benjamini—Hochberg correction procedure to
adjust for FDR on the main results of IVW analysis. When
the FDR value was less than 0.1, the corresponding associ-
ation was considered statistically significant.

Reverse MR Analysis

To investigate whether SCZ exerts a causal effect on
the identified gut microbiota, we conducted a reverse MR
analysis. In this approach, SNPs associated with SCZ were
selected as IVs based on the following criteria: p < 1078,
window size of 10,000 kb, LD r? < 0.001 and F-statistic
>10. Here, SCZ was treated as the exposure, whereas
the gut microbiota and other traits were designated as out-
come traits. The analytical framework for reverse MR fol-
lowed the same methodological principles as the primary
MR analysis.

Mediation Analysis

Mediator analysis facilitates the elucidation of the in-
ternal mechanisms underlying the influential relationship
between exposure factors and outcome variables. It ex-
plores whether the influence of exposure factors on out-
come variables occurs through a certain variable. If the
exposure factors affect the outcome variables by influenc-
ing this variable, then this variable is termed as the media-
tor variable [41]. The mediator effect model encompasses
three types of effects: (1) direct effect (the direct influence
of exposure factors on outcome variables); (2) indirect ef-
fect (the indirect influence of exposure factors on outcome
variables through the mediator variable, namely, the path
effect of exposure factors — mediator variable — outcome
variables); and (3) total effect (the overall influence of ex-
posure factors on outcome variables, including direct and
indirect effects).

This study focused its mediation analysis on the inter-
play among gut microbiota, plasma metabolites, immune
cells, blood cells, cytokines and SCZ. Initially, TSMR was
used to estimate the causal effect S(A) of gut microbiota
on plasma metabolites, immune cells, blood cells and cy-
tokines. Subsequently, MVMR was applied to identify
those plasma metabolites, immune cells, blood cells and
cytokines that maintained a significant causal association
with SCZ after accounting for the influence of gut micro-
biota, thereby quantifying the adjusted causal effect 3(B).
Finally, the mediation effect was computed using two-step
MR: mediation effect = B(A) x B(B). The direct effect was
calculated as follows: direct effect = (total effect — medi-
ation effect). The mediation proportion was calculated as
follows: mediation proportion = mediation effect / total ef-
fect. The Delta method was utilised to estimate the 95%
confidence intervals (Cls) for the mediation effect and the
mediated proportion. The two-sided method was employed
to calculate the p value. For all statistical tests, a two-sided
p value less than 0.1 was regarded as statistically signifi-
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Exposure nSNP  OR (95% CI) P-value
BloodCell ,
Monocyte percentage of white cells 376 1.120(1.006 to 1.246) — 0.038
Cytokines 3
PDGF_BB 6 0.864(0.751 to 0.994) — 0.041
Gut Microbiota :
Acetobacterales abundance in stool 7 1.844(1.078 to 3.153) ; 0.025
Acidaminococcus sp900315205 abundance in stool 81 1.311(1.081 to 1.591) 3 (——— 0.006
CAG-83 sp000435555 abundance in stool 82 0.941(0.888 to 0.998) — 0.042
Clostridium E sporosphaeroides abundance in stool 76 1.309(1.062 to 1.614) 3 I 0.012
Faecalibacterium sp002160895 abundance in stool 76 0.773(0.614 to 0.973) —_ 0.029
Paenibacillales abundance in stool 78 2.104(1.024 to 4.327) : 0.043
Pauljensenia sp000411415 abundance in stool 67 0.832(0.730 to 0.948) — 3 0.006
Phascolarctobacterium sp003150755 abundance in stool 75 0.847(0.755 to 0.950) — 0.005
Prevotella sp000434975 abundance in stool 78 1.083(1.011 to 1.159) :*—4 0.023
Ruminococcus C sp000437255 abundance in stool 83 1.090(1.001 to 1.187) :r—< 0.047
UBA1407 abundance in stool 59 0.683(0.490 to 0.952) — 0.025
Immune 3
IgD+ CD38- B cell %B cell 132 1.018(1.000 to 1.037) b 0.049
Granulocytic Myeloid-Derived Suppressor Cells Absolute Count 87 1.039(1.008 to 1.071) - 0.014
CD28- CD4-CD8- T cell Absolute Count 3 0.813(0.678 to 0.974) '—<3 0.025
CD19 on IgD+ CD38+ B cell 6 1.071(1.000 to 1.147) = 0.050
CD24 on IgD+ CD38- B cell 3 0.838(0.712 to 0.985) >—': 0.032
CD24 on IgD+ CD38- unswitched memory B cell 3 0.907(0.831 to 0.992) — 0.032
CD24 on IgD- CD38- B cell 3 0.866(0.759 to 0.989) ~—4: 0.034
CD45 on HLA DR+ CD8+ T cell 84 1.040(1.008 to 1.073) :H 0.013
CD64 on CD14+ CD16- monocyte 32 1.045(1.000 to 1.091) = 0.049
CD64 on monocyte 26 1.050(1.001 to 1.102) :»—4 0.045
CD39 on CD39+ activated CD4 regulatory T cell 47 1.049(1.015 to 1.085) 3>—< 0.005
CD8 on naive CD8+ T cell 8 1.105(1.002 to 1.219) — 0.046
SSC-A on monocyte 19 0.948(0.900 to 0.999) — 0.046
SSC-A on HLA DR+ CD4+ T cell 88 0.971(0.943 to 0.999) H 0.043
Metabolomics
Imidazole lactate levels 1 0.913(0.843 to 0.988) >—<3 0.025
1-myristoyl-2-palmitoyl-gpc (14:0/16:0) levels 103 1.085(1.010 to 1.166) — 0.026
Isovalerate (i5:0) levels 86 0.936(0.879 to 0.997) — 0.041
Erythritol levels 3 0.803(0.669 to 0.965) — 0.019
1-oleoylglycerol (18:1) levels 4 0.746(0.567 to 0.980) >—'3 0.035
N6-carbamoylthreonyladenosine levels 5 0.663(0.475 to 0.925) —_— 0.016
Taurolithocholate 3-sulfate levels 2 1.338(1.049 to 1.707) | 0.019
N-acetylserine levels 2 1.534(1.007 to 2.336) :'—4 0.046
Taurocholenate sulfate levels 8 1.124(1.011 to 1.250) — 0.030
Sphinganine-1-phosphate levels 100 1.061(1.013 to 1.111) — 0.013
Andro steroid monosulfate C19H2806S (1) levels 12 0.913(0.836 to 0.997) '—4‘ 0.043
Cis-4-decenoate (10:1n6) levels 4 0.881(0.795 to 0.977) — 0.016
1-dihomo-linolenylglycerol (20:3) levels 86 0.932(0.870 to 0.999) — 0.046
2-methoxyresorcinol sulfate levels 113 1.060(1.001 to 1.123) :»—4 0.048
N-palmitoyl-sphinganine (d18:0/16:0) levels 85 1.068(1.011 to 1.129) — 0.019
Succinoyltaurine levels 6 0.866(0.783 to 0.958) — 0.005
Branched-chain, straight-chain, or cyclopropyl 10:1 fatty acid (1) levels 89 1.085(1.019 to 1.154) — 0.011
Oleoyl ethanolamide levels 3 0.782(0.650 to 0.941) — 3 0.009
N-acetylalanine levels 2 1.597(1.009 to 2.530) 0.046
Creatinine levels 101 0.921(0.852 to 0.996) — 0.039
Cystathionine levels 2 1.399(1.033 to 1.895) 3>—< 0.030
X-11372 levels 3 1.404(1.061 to 1.857) — 0.017
X-17690 levels 9 0.792(0.668 to 0.939) (== 3 0.007
X-19438 levels 83 1.073(1.000 to 1.151) :>—< 0.049
X-18921 levels 3 0.884(0.783 to 0.997) = 0.045
X-21312 levels 8 0.824(0.700 to 0.970) >—<3 0.020
X-21736 levels 2 0.596(0.399 to 0.890) [(——— 3 0.012
X-21607 levels 4 0.875(0.774 to 0.989) — 0.033
Androsterone glucuronide levels 13 1.174(1.038 to 1.329) 3»—4 0.011
Adenosine 5-diphosphate (ADP) to arginine ratio 109 0.936(0.889 to 0.987) — 0.014
Histidine to trans—urocanate ratio 3 0.841(0.714 to 0.990) '—': 0.038
Adenosine 5-diphosphate (ADP) to N-palmitoyl-sphingosine (d18:1 to 16:0) ratio 94 0.936(0.888 to 0.987) >—<i 0.015
Histidine to phosphate ratio 115 1.082(1.010 to 1.160) = 0.025
Inosine 5-monophosphate (IMP) to urate ratio 95 1.069(1.006 to 1.136) :-—< 0.031
Caffeine to paraxanthine ratio 6 0.847(0.722 to 0.993) — 0.041
o5 1 2 3
decreased risk of SCZ increased risk of SCZ

Fig. 2. Forest plots illustrating the causal associations among gut microbiota, plasma metabolites, immune cells, blood cells,
cytokines and schizophrenia. The horizontal lines along the x-axis depict the 95% confidence intervals (CIs) for the estimated causal
effects. All associations displayed in this figure are statistically significant. nSNP denotes the number of single nucleotide polymorphisms
(SNPs); OR denotes odds ratio; CI denotes confidence interval.

cant. If the direct effect of the exposure factor on the out- significant, then the mediating variable exerted a complete
come variable was not significant but the indirect effect was ~ mediating role between the exposure factor and the outcome
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variable. If the direct and indirect effects of the exposure
factor on the outcome variable were significant, then the
mediating variable played a mediating role between the ex-
posure factor and the outcome variable [42].

Results
Causal Influence of Gut Microbiota on SCZ

The brain—gut axis plays a crucial role in the
pathogenesis of SCZ. We performed causal analysis on
the GWAS data of the intestinal microbiota and SCZ
through two-sample MR and obtained 11 suggestive as-
sociations (pryw < 0.05) between the intestinal mi-
crobiota and SCZ (Fig. 2) (Supplementary Table 1-
S2).  Acetobacterales, Acidaminococcus sp900315205,
Clostridium E sporosphaeroides, Paenibacillales, Pre-
votella sp000434975 and Ruminococcus C sp000437255
showed a positive causal relationship with SCZ. Among
them, the associations were particularly prominent for Ace-
tobacterales (OR = 1.039, 95% CI = 1.008-1.071, p =
0.014) and Paenibacillales (OR = 1.039, 95% CI = 1.008—
1.071, p = 0.014). CAG-83 sp000435555, Faecalibac-
terium sp002160895, Pauljensenia sp000411415, Phas-
colarctobacterium sp003150755 and UBA1407 showed a
negative causal relationship with SCZ. For this causal effect
result, additional tests such as MR-Egger, MR-PRESSO
and MR-Steiger were conducted for sensitivity analysis.
We found no evidence of horizontal pleiotropy or reverse
causality in the data, and Q statistics also indicated no het-
erogeneity in this result (Supplementary Table 1-S3).

Regarding the causal relationship between the gut mi-
crobiota and SCZ as described above, we performed a re-
verse MR analysis. The results indicated a positive causal
association between SCZ and Mycobacteriaceae (OR =
1.021, 95% CI = 1.000-1.041, p = 0.040), as well as be-
tween SCZ and Parabacteroides (OR = 1.083, 95% CI =
1.000-1.172, p = 0.049) (Supplementary Table 1-S4 and
S5).

Causal Influence of Plasma Metabolites on SCZ

In the causal analysis of plasma metabolites and SCZ,
we ultimately detected 29 metabolites and 6 metabolic ra-
tios (Fig. 2) (Supplementary Table 1-S6). Among them,
15 metabolites exhibited a positive causal relationship with
SCZ. N-Acetylalanine (OR =1.597, 95% CI=1.009-2.530,
p =0.0458) and N-acetylserine levels (OR = 1.534, 95% CI
=1.007-2.336, p=0.0463) were the two traits with the most
prominent positive causal relationships. Sensitivity analy-
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sis verified that our analysis results did not demonstrate hor-
izontal pleiotropy and heterogeneity (Supplementary Ta-
ble 1-S7).

Causal Effects of Immune Cells, Blood Cells and
Cytokines on SCZ

Among the 14 immune cell traits related to SCZ, 8
traits demonstrated a positive causal relationship with SCZ,
among which the most prominent one was CDS8 on naive
CD8+ T cell (OR = 1.105, 95% CI = 1.002-1.219, p =
0.0458) (Fig. 2) (Supplementary Table 1-S8 and S9).

In the two-sample MR analysis, 1 trait associated
with SCZ was identified for blood cells and cytokines
(Supplementary Table 1-S10), namely, monocyte per-
centage of white cells (OR = 1.12, 95% CI = 1.006—1.246,
p=0.0376) and PDGF_BB (platelet-derived growth factor,
OR=0.864,95% CI1=0.751-0.994, p=0.0414). The above
results also excluded the significant effects of horizontal
pleiotropy and heterogeneity through sensitivity analysis
(Supplementary Table 1-S11).

On the basis of GWAS data among the gut microbiota,
plasma metabolites, immune cells, blood cells, cytokines
and SCZ, a total of 30 traits at risk for SCZ (Risk) and 32
traits protective against SCZ (Protect) were obtained in our
two-sample MR analysis (Fig. 3).
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Fig. 3. Volcano plots of the causal associations among the gut
microbiota, plasma metabolites, immune cells, blood cells, cy-
tokines and schizophrenia. The horizontal axis represents the
magnitude of OR change (log2OR), and the vertical axis repre-
sents statistical significance (the log-transformed p).
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Table 1. Mediation effect of gut microbiota on schizophrenia via plasma metabolites and immune cells.

Exposure Mediator Outcome Total  Direct Mediation effect (95% p-value Mediation
effect  effect CD) proportion
CAG-83 sp000435555 CD8 on naive CD8+ T cell ~ Schizophrenia —0.060 —0.054 —0.006 (-0.013, 0.000) 0.067 10.41%
CAG-83 sp000435555 Caffeine to paraxanthine ratio Schizophrenia —0.060 —0.068 0.008 (—0.020, 0.035) 0.584 12.54%
Clostridium E sporosphaeroides CD19 on IgD+ CD38+ B cell Schizophrenia 0.269  0.254  0.016 (—0.027, 0.059) 0.479 5.78%
Clostridium E sporosphaeroides Erythritol levels Schizophrenia 0.269  0.231  0.039 (—0.014,0.091) 0.146 14.36%
Clostridium E sporosphaeroides X-17690 levels Schizophrenia 0.269  0.226  0.044 (—0.008, 0.095) 0.096 16.16%
Faecalibacterium sp002160895 X-19438 levels Schizophrenia —0.258 —0.268 0.011 (—0.011, 0.033)  0.341 4.18%
Ruminococcus C sp000437255 Sphinganine-1-phosphate levels Schizophrenia 0.086  0.090 —0.003 (—0.008, 0.001) 0.112 3.87%
Ruminococcus C sp000437255  Caffeine to paraxanthine ratio Schizophrenia 0.086  0.076  0.010 (-0.017, 0.037) 0.475 11.49%
UBA1407 X-18921 levels Schizophrenia —0.382 —0.351 —0.031 (—0.076, 0.023) 0.185 8.08%

Results of Mediator Analysis

Our subsequent analysis aimed to explore the causal
pathways from the gut microbiota to SCZ through mediator
analysis, focusing on the mechanisms of its occurrence and
development related to gut microbiota and other traits.

Firstly, the causal relationships among the gut micro-
biota and other traits were evaluated through two-sample
MR. We identified 9 associations between the gut micro-
biota and plasma metabolites (including 4 gut microbiota
traits and 9 plasma metabolite traits) and 2 associations be-
tween the gut microbiota and immune cells (including 2 gut
microbiota traits and 2 immune cell traits) (Supplementary
Table 1-S12). The results of this analysis were further
demonstrated by sensitivity analysis to show no hetero-
geneity and horizontal pleiotropy (Supplementary Table
1-S13). MVMR analysis was employed to identify the
plasma metabolites and immune cells that had a causal re-
lationship with SCZ after adjusting for the gut microbiota.
After adjusting for the gut microbiota, there were 7 plasma
metabolite—SCZ associations and 2 immune cell-SCZ as-
sociations (Supplementary Table 1-S14 and S15).

In summary, we identified 9 mediating relation-
ships between the gut microbiota and SCZ, including
7 causal pathways mediated by plasma metabolites and
2 causal pathways mediated by immune cells (Table 1)
(Supplementary Table 1-S16 and S17). In this mediation
analysis, 3 gut microbiota traits of CAG-83 sp000435555,
Clostridium E sporosphaeroides and Ruminococcus C
sp000437255 presented more than one mediating factor.
Within all mediating relationships, the maximum mediat-
ing proportion reached 16.16%. However, in light of the
findings of this study, the significance levels of these nine
causal pathways were relatively low. For six causal path-
ways, the directions of the total effect, indirect effect and
direct effect were all consistent.

Two-Sample MR and Mediation Analysis of Repeated
Queues

We employed SCZ GWAS data from FinnGen for val-
idation in the replication cohort. The IVs causally related
to SCZ were gut microbiota, plasma metabolites and im-
mune cells (Fig. 4) (Supplementary Table 2—S1, S3 and
S5). In this replicated data, the trend was similar to that
of the analytical results of the experimental cohort, and the
most significant causal association with SCZ was ‘Fran-
cisellaceae abundance in stool’ within gut microbiota. We
acquired 22 traits with risk (Risk) and 33 traits with pro-
tection (Protect) for SCZ in the two-sample MR analysis
based on gut microbiota, plasma metabolites, immune cells
and SCZ (Fig. 5). Reverse MR analysis was consistent
with the outcomes of the experimental cohort, revealing the
causal connection between plasma metabolites and immune
cells and gut microbiota (Supplementary Table 2-S7). In
the MVMR analysis of the replication cohort, six plasma
metabolite traits were identified to play significant mediat-
ing roles in the causal association between gut microbiota
and SCZ (Supplementary Table 2—S9). In this mediation
analysis, the two causal pathways with the highest media-
tion proportions were both mediated by L-carnitine levels,
accounting for 11.80% and 12.68% (Supplementary Table
2-S11). All the aforementioned correlation analyses under-
went sensitivity analyses to ensure the reliability of the an-
alytical results (Supplementary Table 2-S2, S4, S6, S8,
S10 and S12).

Discussion

Given the central role of the brain—gut axis as a bidi-
rectional communication network connecting the central
nervous system and the gastrointestinal tract via neural, en-
docrine and immune pathways [43], this study employed
MR to systematically investigate the potential causal link
between gut microbiota and SCZ. To gain comprehensive
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Exposure nSNP  OR (95% ClI) P-value
Gut Microbiota \
An7 abundance in stool 74 0.894(0.802 to 0.996) '—«: 0.042
CAG-1000 sp000434555 abundance in stool 80 1.063(1.012 to 1.116) — 0.015
CAG-1000 abundance in stool 82 1.049(1.001 to 1.099) H 0.047
CAG-448 sp000433415 abundance in stool 86 0.907(0.834 to 0.987) '—a 0.024
CHKCI006 sp900018345 abundance in stool 64 0.912(0.833 to 0.999) — 0.047
Chloroflexales abundance in stool 79 0.784(0.632 t0 0.971) >—4i 0.026
Chromatiales abundance in stool 76 0.713(0.547 to 0.930) —_— 0.012
Eubacterium R sp000431535 abundance in stool 119 1.087(1.030 to 1.147) Er—i 0.002
Francisellaceae abundance in stool 75 1.208(1.030 to 1.417) E»—4 0.020
Leuconostoc abundance in stool 66 0.933(0.870 to 0.999) — 0.047
Methanobacterium B abundance in stool 66 1.160(1.015 to 1.326) E'—< 0.029
Prevotella sp002437285 abundance in stool 83 0.944(0.894 to 0.997) r—i 0.040
Prevotella sp900318625 abundance in stool 61 1.115(1.022 to 1.216) — 0.015
Stappia abundance in stool 64 0.814(0.681 t0 0.973) '_'E 0.024
UBA11963 sp002362595 abundance in stool 68 1.168(1.054 to 1.294) — 0.003
UBA11963 abundance in stool 76 1.166(1.066 to 1.275) : — 0.000
UBA7182 sp002491115 abundance in stool 71 0.837(0.714 to 0.981) r—< 0.028
UNC496MF abundance in stool 57 0.800(0.657 to 0.975) == 0.027
Veillonellaceae abundance in stool 59 1.066(1.001 to 1.135) :»—4 0.046
Immune i
Naive-mature B cell %B cell 111 0.988(0.976 to 1.000) HI 0.046
CD62L- plasmacytoid Dendritic Cell %Dendritic Cell 3 0.903(0.823 to 0.990) »—-: 0.030
CD25 on IgD+ CD38- B cell 3 1.120(1.000 to 1.254) — 0.050
CD62L on granulocyte 72 1.024(1.001 to 1.048) H 0.044
CD123 on plasmacytoid Dendritic Cell 2 0.903(0.819 to 0.996) — 0.041
CD123 on CD62L+ plasmacytoid Dendritic Cell 2 0.902(0.818 to 0.996) »—‘I 0.041
CD80 on plasmacytoid Dendritic Cell 2 0.898(0.809 to 0.996) '—«: 0.041
CD80 on CD62L+ plasmacytoid Dendritic Cell 2 0.897(0.808 to 0.995) — 0.041
CD45 on CD33- HLA DR+ 2 0.924(0.858 to 0.995) '—1 0.035
Metabolomics ;
Ribitol levels 6 1.058(1.003 to 1.116) = 0.038
Hexanoylcarnitine levels i 0.926(0.865 to 0.991) ~—~: 0.027
Propionylcarnitine (c3) levels 5 0.886(0.811 to 0.969) —i 0.008
1,3,7-trimethylurate levels 2 0.810(0.657 to 0.998) b—i 0.048
1-methylxanthine levels 4 1.106(1.021 to 1.198) '>—| 0.014
Indoleacetylglutamine levels 5 0.893(0.812 to 0.982) — 0.020
Gamma-glutamylalanine levels 95 0.950(0.913 to 0.988) HE 0.010
1-(1-enyl-palmitoyl)-2-oleoyl-GPE (p-16:0/18:1) levels 111 1.046(1.004 to 1.090) = 0.031
Dodecadienoate (12:2) levels 6 0.886(0.789 to 0.994) »—‘: 0.040
6-bromotryptophan levels 6 0.925(0.861 to 0.993) b—': 0.032
Levulinoylcarnitine levels 3 0.849(0.724 to 0.996) — 0.044
4-acetamidobutanoate levels 2 0.893(0.805 to 0.990) ._,: 0.032
Alanine levels 105 0.944(0.906 to 0.984) Hi 0.007
Cytosine levels 90 0.949(0.910 to 0.990) = 0.015
Alpha-ketobutyrate levels 88 1.061(1.016 to 1.108) H 0.008
X-11850 levels 89 1.051(1.004 to 1.101) = 0.032
X-13684 levels 4 1.097(1.001 to 1.202) ‘—c 0.048
X-22771 levels 85 0.964(0.931 to 0.998) '—: 0.038
X-23276 levels 98 1.055(1.019 to 1.091) - 0.002
X-24241 levels 5 0.849(0.729 to 0.989) -—- 0.035
Phosphate to alanine ratio 96 1.051(1.005 to 1.098) — 0.028
Phosphate to valine ratio 102 1.050(1.003 to 1.099) :'—c 0.036
Isoleucine to phosphate ratio 109 0.952(0.910 to 0.995) »—-: 0.029
Glucose to sucrose ratio 98 1.038(1.009 to 1.068) H 0.010
Adenosine 5-diphosphate (ADP) to EDTA ratio 101 0.959(0.929 to 0.991) .-«: 0.011
Glutamate to alanine ratio 100 1.053(1.008 to 1.100) :a—c 0.021
Adenosine 5-diphosphate (ADP) to mannitol to sorbitol ratio 93 0.958(0.923 to 0.994) H 0.022
T T T
0.5 1 3

decreased risk of SCZ increased risk of SCZ

Fig. 4. Forest plots for causal effects among gut microbiota, plasma metabolites, immune cells, blood cells, cytokines and
schizophrenia (repeat the queue analysis results). The horizontal bars on the abscissa represent the 95% confidence intervals ob-
tained when estimating the causal effects of gut microbiota, plasma metabolites and immune cells. All the causal relationships shown
in this figure exhibit statistical significance. nSNP denotes the number of single nucleotide polymorphisms (SNPs); OR represents odds
ratio; CI represents confidence interval.
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Fig. 5. Volcano plots of the causal associations among the
gut microbiota, plasma metabolites, immune cells, blood cells,
cytokines and schizophrenia (repeat the queue analysis re-
sults). The horizontal axis represents the magnitude of OR change
(log2OR), and the vertical axis represents statistical significance
(the log-transformed p).

insight into this intricate interplay, we extended our analysis
beyond gut microbial influences by incorporating plasma
metabolites, which represent endocrine signalling, and pe-
ripheral immune cells as key mediating factors. Addition-
ally, blood cell profiles and cytokines were included to cap-
ture immune-related dynamics [44]. By applying a media-
tion MR framework, we aimed to clarify the specific causal
pathways through which gut microbiota alterations may
contribute to SCZ development via metabolic and immune
mediators. This analytical approach not only enhances our
understanding of the brain—gut axis in SCZ aetiology but
also offers a foundation for future therapeutic interventions
targeting gut microbial modulation.

In this study, our primary task was to explore the po-
tential etiological factors of SCZ by conducting TSTR anal-
ysis. This analysis constituted the first part of our research,
wherein SCZ was designated as the outcome variable, and a
series of biological traits, including the gut microbiota and
other traits, was designated as exposure factors to reveal
their potential correlations with SCZ. Notably, in this work,
we found a significant positive causal association between
the gut microbiota and SCZ. Among the numerous gut mi-
crobiota traits related to SCZ, two microbial groups were
particularly prominent, namely, Paenibacillales and Ace-
tobacterales. Specifically, Paenibacillales belongs to the
Bacilli class under the Firmicutes phylum, whereas Acefo-
bacterales belongs to the Alphaproteobacteria class under
the Proteobacteria phylum. The specific abundance varia-
tions of these two microbial groups in the gut microbiota
seem to be associated with the risk of SCZ onset. No-
tably, when reviewing relevant literature, we found a pre-

vious study on breast cancer that also involved Paenibacil-
lales. This study indicated that the enrichment of Paeni-
bacillales significantly increases the risk of granulocytope-
nia [45]. This result not only reinforces the important role
of Paenibacillales in human health but also offers novel in-
sights into the intricate interplay between gut microbiota
and the host immune system. Additionally, the findings
of this breast cancer study provide strong support for our
current research, demonstrating a close interrelationship be-
tween the gut microbiota and immune cells and laying a
solid foundation for our subsequent mediator MR analysis.

Prior to commencing mediation analysis, the research
team carried out independent MR analyses on cytokines,
gut microbiota, immune cells, blood cells and plasma
metabolomics. The central aim of this portion of the analy-
sis was to identify mediator variables that can exert bidirec-
tional mediating effects within the cascading pathway be-
tween gut microbiota and SCZ (i.e., the brain—gut axis regu-
latory pathway) from the abovementioned variables demon-
strated to have a causal association with SCZ. Through sta-
tistical testing and result screening, we determined 9 statis-
tically significant associative relationships between plasma
metabolomics and gut microbiota. By contrast, we found 2
distinct associative signals between immune cells and gut
microbiota. A total of these 11 valid associative outcomes
will be used as crucial fundamental data in the subsequent
MVMR analysis stage.

In the MVMR analysis of this research, gut microbiota
traits were regarded as the exposure factors, SCZ was used
as the outcome variable and the plasma metabolites and im-
mune cell traits screened through reverse MR analysis were
considered mediator variables. The results of MVMR anal-
ysis revealed several significant discoveries. Specifically,
after adjusting for the influence of gut microbiota, seven
plasma metabolite traits and two immune cell traits exhib-
ited significant causal associations with SCZ. Thus, we suc-
cessfully determined nine mediating relationships between
gut microbiota and SCZ, encompassing seven causal path-
ways mediated by plasma metabolites and two causal path-
ways mediated by immune cells. The majority of these
causal pathways demonstrated a high degree of consistency
in the direction of their total effects, indirect effects and di-
rect effects. Among these causal pathways, we focused on
the most negatively mediating potential pathway, namely,
the pathway from CAG-83 sp000435555 to SCZ mediated
by CDS8 on naive CD8+ T cells. CAG-83 sp000435555 is
an anaerobic bacterium isolated from the human gut, classi-
fied within the family Acutalibacteraceae (class Clostridia,
phylum Firmicutes). This bacterium is involved in intesti-
nal energy metabolism, with established associations with
gut immunity and inflammation. Notably, it can ferment
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dietary fibre and generate SCFAs [46,47]. It has been
demonstrated that intestinal SCFAs increase the abundance
of CD8+ T cells and enhance their cytotoxicity via the
GPR109A/HOPX signaling pathway [48]. Simultaneously,
antipsychotic agents (e.g., amisulpride) have been shown
to modulate the gut microbiota composition in patients,
specifically enriching the abundance of SCFA-producing
bacterial taxa [49]. These findings provide experimental
validation for the naive CD8+ T cell-mediated mediating
pathway linking CAG-83 to SCZ, thereby supporting the
validity of the present mediation analysis. Other outcomes
of this mediation analysis can be analogically extended to
propose additional potential novel directions for research
into the mechanisms underlying SCZ.

A growing accumulation of research findings supports
the critical mediating function of plasma metabolites and
immune cells in the causal mechanism by which gut micro-
biota influences the development of SCZ. Numerous stud-
ies have conclusively demonstrated that an imbalance in the
gut microbiota can disrupt the tryptophan metabolic path-
way. For example, it may lead to abnormally elevated lev-
els of kynurenine, thereby interfering with neurotransmitter
homeostasis and neuroimmune regulation [9]. Moreover,
this disruption allows the gut microbiota to affect the im-
mune response mechanism of the central nervous system
and the activation state of microglia via the blood—brain bar-
rier permeation or the vagus nerve conduction pathways.
This subsequently exacerbates the neuroinflammatory re-
sponse and ultimately contributes to the pathophysiological
progression of SCZ [50]. Clinical investigations have fur-
ther verified that patients with SCZ exhibit unique charac-
teristics of a disordered ‘microbiota—metabolite—immune’
network. On the one hand, this is evidenced by the exces-
sive buildup of pro-inflammatory metabolites and a rela-
tive scarcity of anti-inflammatory metabolites. On the other
hand, the changes in abundance of certain intestinal bacteria
exhibit a significant correlation with the levels of periph-
eral cytokines and the severity of clinical symptoms [51].
Multi-omics integration analyses have shown the molecu-
lar mechanisms by which the gut microbiota indirectly reg-
ulates neurochemical functions through metabolic products
and immune mediators. This has provided a theoretical
foundation for intervention strategies targeting the gut mi-
crobiota in the context of SCZ [13]. Notwithstanding these
findings, the precise causal pathways within this regulatory
network remain unclear. Therefore, there is an urgent need
for an increased number of high-quality experimental stud-
ies to validate and elucidate these mechanisms.

Although this study has yielded relevant findings in
the target domain, several limitations persist in terms of its
research design and data utilisation. Firstly, the GWAS data

upon which this study relies exhibit notable high hetero-
geneity. This heterogeneity is primarily evident in the in-
evitable sample overlap and the variations in core character-
istics such as genetic backgrounds and phenotypic distribu-
tions among the populations included in different datasets.
This heterogeneity warrants caution when generalising the
causal inference conclusions derived from this study to eth-
nic groups not included in the research. Otherwise, it may
lead to biases in the applicability of the conclusions. Sec-
ondly, the intrinsic flaws of GWAS data and the limitations
of external data support may also compromise the credibil-
ity of the study’s statistical outcomes. Finally, in terms of
its methodological essence, the core value of MR as a causal
inference method based on genetic variations is its ability to
provide statistical evidence for causal associations, rather
than elucidating specific biological mechanisms. There-
fore, when determining the causal direction of the study
findings or interpreting their clinical translational implica-
tions, a comprehensive analysis must be conducted by inte-
grating multi-dimensional empirical evidence from various
sources, such as molecular biology experiments and clini-
cal cohort validations. Relying solely on the results of MR
analysis may lead to a partial understanding of the causal
relationship, complicating the thorough elucidation of its
biological significance and therapeutic applicability.

In summary, through MVMR analysis, this study re-
vealed various mediating relationships between gut micro-
biota traits and SCZ, including causal pathways mediated
by plasma metabolites and immune cells. These findings
offer novel perspectives and indicators for understanding
the pathogenesis of SCZ and may also provide potential tar-
gets for future research and treatment.

Conclusions

This MR study has unveiled causal associations be-
tween SCZ and multi-dimensional biomarkers. Specifi-
cally, these biomarkers encompass 11 gut microbiota, 35
plasma metabolites, 14 immune cells, 1 blood cell and 1
cytokine. Of these, the causal link between gut microbiota
features and SCZ demonstrates the strongest effect size.
Furthermore, through causal mediation analysis, this study
has identified nine potential mediating pathways. In these
pathways, seven plasma metabolites and two immune cells
act as core mediating factors, functioning as a bridge in
the causal link between gut microbiota and SCZ. This has
elucidated a specific causal transmission pathway of “gut
microbiota—mediating factors—SCZ”.

From genetic and molecular epidemiological perspec-
tives, the aforementioned results have strengthened the ev-
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idence supporting the critical involvement of the brain—gut
axis in the development of SCZ. This provides a theoretical
foundation and potential targets for the subsequent develop-
ment of prevention and treatment strategies for SCZ, which
are based on gut microbiota regulation, metabolic interven-
tion and immune modulation.
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