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Abstract

Background: Growing evidence has shown that alterations in the gut microbiota composition were associated
with a variety of neuropsychiatric conditions. However, whether such associations reflect causality remains
unknown. We aimed to reveal the causal relationships among gut microbiota, metabolites, and neuropsychiatric
disorders including Alzheimer’s disease (AD), major depressive disorder (MDD), and schizophrenia (SCZ).

Methods: A two-sample bi-directional Mendelian randomization analysis was performed by using genetic variants from
genome-wide association studies as instrumental variables for gut microbiota, metabolites, AD, MDD, and SCZ, respectively.

Results: We found suggestive associations of host-genetic-driven increase in Blautia (OR, 0.88; 95%CI, 0.79–0.99;
P = 0.028) and elevated γ-aminobutyric acid (GABA) (0.96; 0.92–1.00; P = 0.034), a downstream product of
Blautia-dependent arginine metabolism, with a lower risk of AD. Genetically increased Enterobacteriaceae family
and Enterobacteriales order were potentially associated with a higher risk of SCZ (1.09; 1.00–1.18; P = 0.048),
while Gammaproteobacteria class (0.90; 0.83–0.98; P = 0.011) was related to a lower risk for SCZ. Gut
production of serotonin was potentially associated with an increased risk of SCZ (1.07; 1.00–1.15; P = 0.047).
Furthermore, genetically increased Bacilli class was related to a higher risk of MDD (1.07; 1.02–1.12; P = 0.010).
In the other direction, neuropsychiatric disorders altered gut microbiota composition.

Conclusions: These data for the first time provide evidence of potential causal links between gut microbiome
and AD, MDD, and SCZ. GABA and serotonin may play an important role in gut microbiota-host crosstalk in
AD and SCZ, respectively. Further investigations in understanding the underlying mechanisms of associations
between gut microbiota and AD, MDD, and SCZ are required.
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Background
The human intestine comprises a very complex group of
gut microbiota, which influence the risk of neuropsychiatric
disorders [1, 2]. Accumulating evidence has suggested that
microbiota metabolites such as neurotransmitters and

short-chain fatty acids (SCFAs) may play a central role in
microbiota-host crosstalk that regulates the brain function
and behavior [3, 4]. Therefore, to understand the mechan-
ism of the gut-brain axis in neuropsychiatric disorders may
have clinical benefits.
Observational studies, most of case-control designs, have

shown differences in the composition of the gut microbiota
between healthy individuals and patients with neuropsychi-
atric disorders such as Alzheimer’s disease (AD), major
depression disorder (MDD), and schizophrenia (SCZ);
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however, such associations substantially differed across
studies [5–7]. Noteworthy, genome-based metabolic mod-
eling of the human gut microbiota revealed that several
genera have predictive capability to produce or consume
neurotransmitters (called microbial neurotransmitters) such
as γ-aminobutyric acid (GABA) and serotonin [8, 9], which
have been consistently shown to played a key role in the
regulation of brain function [10, 11]. A meta-analysis of 35
observational studies reported that increased GABA levels
were associated with a lower risk of AD [12]. In addition, a
previous study (n = 40) reported that plasma serotonin was
lower and platelet serotonin was higher in SCZ patients
compared with controls [13], while another study showed
that lower platelet serotonin concentrations were associated
with depressive symptoms of SCZ (n = 364) [14]. There is
no doubt that these small observational studies were sus-
ceptible to confounding bias and reverse causation. It is
crucial to elucidate whether such associations reflect causal
relations or spurious correlations due to bias.
Mendelian randomization (MR), which overcomes the

bias due to confounding and reverse causation above-
mentioned, has been widely used to assess causal rela-
tionships by exploiting genetic variants as instrumental
variables of the exposure [15]. Recent genetic studies
have demonstrated that the host genetic variants influ-
ence the gut microbiota composition [16–18]. Thus,
such findings allowed us to deploy an MR approach to
infer the mutually causal relations of gut microbiota and
metabolites with neuropsychiatric disorders.
Therefore, we for the first time applied a two-sample

bi-directional MR approach to detect causal relation-
ships among gut microbiota, metabolites, and diverse
forms of neuropsychiatric disorders including AD, SCZ,
and MDD.

Methods
Study design overview
We employed a two-sample bi-directional MR approach
to investigate the causal relationships among gut micro-
biota, metabolites, and AD, MDD, or SCZ using
summary-level data from large genome-wide association
studies (GWASs) for gut microbiota and AD, MDD, or
SCZ. Ethical approval for each study included in the MR
analysis can be found in the original articles [19–23].

Data sources and instruments
Gut microbiota
We leveraged summary statistics from a GWAS of gut
microbiota conducted among two independent but geo-
graphically matched cohorts of European ancestry (n =
1812) using 16S rRNA gene sequencing (Table 1) [19],
which yielded a total of 38 and 374 identified phyla and
genera respectively. The GWAS defined a “core measur-
able microbiota” after removing rare bacteria and

investigating associations between host genetic variants
and specific bacterial traits, including 40 operational
taxonomic units (OTUs) and 58 taxa ranging from the
genus to the phylum level. Accordingly, the GWAS fur-
ther identified 54 genome-wide significant associations
involving 40 loci and 22 bacterial traits (meta-analysis P
< 5 × 10−8). We selected single nucleotide polymor-
phisms (SNPs) at thresholds for genome-wide signifi-
cance (P < 5 × 10−8) from this GWASs as genetic
instruments (Table S1).

Gut microbial metabolites
Considering the important roles of gut microbiota-
derived metabolites in microbiota-host crosstalk in the
brain function and behavior, we further chose key me-
tabolites with available GWAS, including propionic acid,
β-hydroxybutyric acid (BHB), serotonin, GABA, tri-
methylamine N-oxide (TMAO), betaine, choline, and
carnitine. These gut microbial metabolites play crucial
roles in maintaining a healthy neuropsychiatric function,
and if dysregulated, potentially causally linked to neuro-
psychiatric disorders according to previous studies [3,
24, 25]. We searched PubMed for GWASs of the gut
metabolites and leveraged summary-level data from a re-
cent GWAS of the human metabolome conducted
among 2076 participants of the Framingham Heart
Study (Table 1) [20]. Since few loci identified by gut me-
tabolite GWAS have reached the level of genome-wide
significance, we only selected SNPs at thresholds for
suggestive genome-wide significance (P < 1 × 10−5) from
the GWAS for each metabolite (Table S2).

Neuropsychiatric disorders
We searched PubMed for GWASs of the neuropsychi-
atric disorders and identified SNPs with genome-wide
significant (P < 5 × 10−8) associations for AD [21], MDD
[22], and SCZ [23], respectively (Table 1, Table S3).
Summarized data for AD were obtained from the Inter-
national Genomics of Alzheimer’s Project (IGAP), in-
cluding 25,580 AD cases and 48,466 controls, and the
analysis was adjusted for age, sex, and principal compo-
nents when necessary [21]. Genetic associations for
MDD were obtained from Psychiatric Genomics Consor-
tium 29 (PGC29) including135,458 MDD cases and 344,
901 controls, using sex and age as covariates [22]. Gen-
etic associations for SCZ were obtained from a meta-
analysis of Sweden and PGC including 13,833 SCZ cases
and 18,310 controls [23]. Detailed information on diag-
nostic criteria for AD, MDD, and SCZ are provided in
Table S4. These GWASs identified 19 SNPs for AD, 44
SNPs for MDD, and 24 SNPs for SCZ (P < 5 × 10−8), re-
spectively (Table S3).
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Statistical analysis
For instrumental variables, we only selected independent
genetic variants which are not in linkage disequilibrium
(LD) (defined as r2 < 0.1) with other genetic variants
based on European ancestry reference data from the
1000 Genomes Project. We chose the variant with the
lowest P value for association with the exposure when
genetic variants were in LD. Moreover, for SNPs that
were not available in GWASs of the outcome, we used
the LD proxy search on the online platform (https://
snipa.helmholtz-muenchen.de/snipa3/index.php/) to re-
place them with the proxy SNPs identified in high-LD
(r2 > 0.8) or discard them if the proxies were not avail-
able. Power calculations for the MR study were con-
ducted based on the website: mRnd (http://cnsgenomics.
com/shiny/mRnd/).
We combined MR estimates by using inverse variance

weighting (IVW) as primary method. Weighted mode,
weighted median, and MR-Egger methods were used as
sensitivity analyses. Detailed information about the MR
methods mentioned above has been explained previously
[26, 27]. The MR-Egger method examined for unknown
horizontal pleiotropy as indicated by a non-zero inter-
cept value. We also applied leave-one-SNP-out approach
assessing the effects of removing these SNPs from the
MR analysis to rule out potential pleiotropic effects. Ef-
fect estimates are reported in beta values for the con-
tinuous outcome and ORs (95% CIs) for binary
outcome. Bonferroni correction was used to adjust for
multiple comparisons, giving a cutoff of P = 7.6 × 10−4

for the causal effect of gut microbiota on disorders and a
cutoff of P = 1.7 × 10−4 for reverse causation.
The MR analyses were conducted in the R version

3.5.1 computing environment (http://www.r-project.org)
using the TwoSampleMR package (R project for Statis-
tical Computing). This package harmonized effect of the
exposure and outcome data sets including combined in-
formation on SNPs, including phenotypes, effect alleles,
effect allele frequencies, effect sizes, and standard errors
for each SNP. In addition, we assumed that all alleles are

presented on the forward strand in harmonization. In
conclusion, the bi-directional MR results using the full
set of selected SNPs.

Results
Associations of gut microbiota and metabolites with
neuropsychiatric disorders
We found suggestive evidence of a protective effect of
the host-genetic-driven increase in Blautia on the risk of
AD (per relative abundance: OR, 0.88; 95% CI, 0.79–
0.99; P = 0.028) (Fig. 1, Figure S1). Importantly, we fur-
ther observed suggestive evidence that genetically ele-
vated gut metabolite GABA was associated with a lower
risk of AD (per 10 units: 0.96; 0.92–1.00; P = 0.034)
(Figs. 1 and 2).
Furthermore, the host-genetic-driven increases in En-

terobacteriaceae family and Enterobacteriales order were
potentially related to a higher risk of SCZ (1.09; 1.00–
1.18; P = 0.048), while Gammaproteobacteria class was
related to a lower risk of SCZ (0.90; 0.83–0.98; P =
0.011) (Fig. 1, Figure S1). Interestingly, gut production of
serotonin was potentially associated with a higher risk of
SCZ (1.07; 1.00–1.15; P = 0.047) (Figs. 1 and 3). In
addition, we found suggestive association of the host-
genetic-driven increase in Bacilli class with a higher risk
of MDD (1.07; 1.02–1.12; P = 0.010) (Fig. 1, Figure S1).
Sensitivity analysis yielded similar results for the causal

effects of gut microbiota on neuropsychiatric disorders, and
no horizontal pleiotropy or outliers were observed (Tables
S5 and S6). No significant results were found for any of
other selected gut microbiota or metabolites with neuro-
psychiatric disorders (Table S7). MR power calculation
showed strong power to detect significant (P < 7.6 × 10−4)
causal effect (OR = 1.2) for most of gut microbiota with the
risk of AD, MDD, and SCZ, respectively (Table S8).

Associations of neuropsychiatric disorders with gut
microbiota
In the opposite direction, we applied the MR method to
investigate the causal relationship of neuropsychiatric

Table 1 Description of gut microbiota, metabolites, and neuropsychiatric disorders

Traits Consortium or study Sample size Populations Journal Year

Gut

Gut microbiota PopGen/FoCus 1812 individuals European Nat Genet. 2016

Gut metabolites FHS 2076 individuals European Cell Metab. 2013

Neuropsychiatric disorders

Alzheimer’s disease IGAPa 25,580 cases and 48,466 controls European Nat Genet. 2013

Major depression disorder PGC29/deCODE/GenScotland/GERA/iPSYCH/UK
Biobank/23andMeD

135,458 cases and 344,901 controls European Nat Genet. 2018

Schizophrenia Sweden/PGC 21,246 cases and 38,072 controls European Nat Genet. 2013

FoCus Food-Chain Plus, GERA Genetic Epidemiology Research on Adult Health and Aging, PGC Psychiatric Genomics Consortium
a IGAP includes the Alzheimer’s Disease Genetics Consortium (ADGC), the Cohorts for Heart and Aging Research in Genomic Epidemiology consortium (CHARGE),
the European Alzheimer’s disease Initiative (EADI), and the Genetic and Environmental Risk in Alzheimer’s disease consortium (GERAD)
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disorders with gut microbiota. We found a suggestive as-
sociation of AD with lower relative abundance of Erysi-
pelotrichaceae family, Erysipelotrichales order, and
Erysipelotrichia class (per 1-unit odds ratio: Beta±SE, −
0.274 ± 0.090; P = 0.003) and higher relative abundance
of unclassified Porphyromonadaceae (0.351 ± 0.170; P =
0.040) (Fig. 1, Table S9). Additionally, MDD was associ-
ated with higher relative abundance of unclassified Clos-
tridiales (0.577 ± 0.241; P = 0.017), OTU16802
Bacteroides (0.842 ± 0.386; P = 0.029), and unclassified
Prevotellaceae (0.978 ± 0.464; P = 0.035) (Fig. 1, Table
S9). We further identified that SCZ was nominally re-
lated to 2 genera, including higher relative abundance of
OTU10589 unclassified Enterobacteriaceae (0.457 ±
0.220; P = 0.037) and lower relative abundance of un-
classified Erysipelotrichaceae (− 0.248 ± -0.019; P =
0.045) (Fig. 1, Table S9).
Associations were almost consistent in sensitivity ana-

lyses using the weighted mode and weighted median
methods. The MR-Egger method showed directional
pleiotropy in the analysis of association between MDD
and OTU16802 Bacteroides (P = 0.022) but not in any
other potential significant associations (Table S9). How-
ever, we had limited power (all less than 50%) to test sig-
nificant (P < 1.7 × 10−4) causal effect (Beta = 0.5) of the
risk of AD, MDD, and SCZ on specific gut microbiota

(data not shown), possibly due to small sample size of
the gut microbiota GWAS.

Discussion
In this two-sample bi-directional MR study, we found
suggestive evidence of causal relationships of Blautia
with AD, of Enterobacteriaceae family, Enterobacteriales
order, and Gammaproteobacteria class with SCZ, and of
Bacilli class with MDD. More importantly, several neu-
rotransmitters such as GABA and serotonin produced
by gut microbiota were also potentially linked to the
risks of neuropsychiatric disorders, implying their im-
portant roles in microbiota-host crosstalk in the brain
function and behavior. In the other direction, our results
suggested that neuropsychiatric disorders, including AD,
SCZ, and MDD might alter the composition of gut
microbiota.
Microbiota-gut-brain communication has been shown

to play a key role in cognitive function [2]. However,
animal studies regarding the effects of Blautia genus on
AD have yielded conflicting results, but extrapolating
these findings to human beings is challenging [28, 29]. A
cohort study (n = 108) reported that decreased propor-
tion of Blautia hansenii was associated with a higher
risk of AD [30], while two case-control studies observed
that Blautia were more abundant in AD patients [5, 31].

Fig. 1 Schematic representation of the present study, highlighting for each step of the study design and the significant results obtained. We
aimed to estimate causal relationships between gut microbiota (98 individual bacterial traits) and neuropsychiatric disorders (Alzheimer’s disease,
major depression disorder, and schizophrenia) using a bi-directional Mendelian randomization (MR) approach (step 1). Then, we performed a two-
sample MR analysis to identify which microbiota metabolites associated with these disorders (step 2). Finally, we identified 14 individual bacterial
traits and 2 gut metabolites to be associated with these disorders. GABA, γ-aminobutyric acid; SCFA, short-chain fatty acids
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Although the direction of associations between Blautia
and the risk of AD substantially differed across studies,
one consistent finding was that gut microbial neuro-
transmitter GABA, a downstream product of Blautia-
dependent arginine metabolism, was related to a reduced
risk of AD. Notably, lower levels of gut product of
GABA were observed in patients with AD in several
case-control studies [32, 33]. In this bi-directional MR
study, our results for the first time provide evidence of a
causal relationship between relative abundance of Blau-
tia and AD. More importantly, we demonstrated that el-
evated GABA was potentially associated with a lower
risk of AD. Our findings supported previous meta-
analysis of 35 observational studies which suggested that
GABA level in AD were significantly lower than that of
controls [12]. Our findings suggest that GABA produced
by gut microbiota may play an important role in
microbiota-host crosstalk in the brain function and be-
havior. Although not significant, our findings show very
similar association directions for Blautia with MDD and
SCZ. Our findings are in line with recent studies which
indicated that decreased Blautia was associated with an
increased risk of autistic spectrum disorder (ASD), sug-
gesting a general change associated with psychiatric dis-
orders [34].

There are many potential pathways linking specific gut
microbiota to AD, among which metabolites produced
by gut microbiota may play an important role. It is
worth noting that GABA, as a primary inhibitory neuro-
transmitter in the human central nervous system (CNS),
has been shown to shape neurological processes and
cognition [35]. Recent evidence has demonstrated that
GABAergic functions could be an essential factor in the
whole stage of AD pathogenesis which seemed to be
more resistant to neurodegenerative changes in aged
brain [36, 37]. Our MR results that increased GABA
levels was potentially associated with a lower risk of AD
lent further support to the hypotheses. The biological
mechanisms of GABA production include degradation
of putrescine, decarboxylation of glutamate, or from ar-
ginine or ornithine [8]. Interestingly, the genus Blautia
has shown a strong correlation with arginine metabolism
[38], which may be involved in AD pathogenesis by
regulating its downstream products such as GABA, sup-
porting the potential pathway [39]. Since AD does not
break out suddenly but develops through a long pro-
dromal phase instead, it is plausible that our findings may
be potentially effective in early interventions of such dis-
order in the future by targeting the microbiota (e.g., gut
microbiota transplantation, psychobiotics, or antibiotics).

Fig. 2 Causal effect of GABA with the risk of AD. a Schematic representation of the MR analysis results: genetically determined higher GABA
plasma levels were potentially associated with a lower risk of AD. b The odds ratios (95% confidence interval) for AD per 10 units increase in
GABA, as estimated in the inverse-variance weighted, weighted mode, weighted median, and MR-Egger MR analysis. The intercept of MR-Egger
can be interpreted as a test of overall unbalanced horizontal pleiotropy. c The scatter plot represents instruments association including AD
associations (y-axis) against instrument GABA associations (x-axis). The tunnel plot represents instrument precision (i.e., instrument AD regression
coefficients divided by the correspondent instrument GABA SEs) (y-axis) against individual instrument ratio estimates in log odds ratio of AD (x-
axis). βIV indicates odds ratio estimate per 1-ln 10 units increment in GABA levels. AD, Alzheimer’s disease; OR, odds ratio; CI, confidence interval;
SNP, single-nucleotide polymorphism; SE, standard error; IVW, inverse variance weighted
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Recently, Enterobacteriales family and Gammaproteo-
bacteria class have been identified to be important bio-
markers of SCZ in recent cross-sectional studies,
consistent with our findings [6, 40]. Furthermore, a case-
control study (n = 364) identified a strong relationship
of lower platelet serotonin concentrations with depres-
sive symptoms of SCZ [14]. However, available evidence
is still largely inadequate since observational studies
mainly rely on self-reported information and are suscep-
tible to confounding (e.g., diet and health status) and re-
verse causation bias. Ertugrul et al. observed plasma
serotonin increased while platelet serotonin decreased in
SCZ patients after clinical treatments, which was incon-
sistent with our findings [13]. In addition, our results
support the finding that increased Bacilli is potentially
associated with a higher risk of MDD, possibly involving
dopamine metabolism which might play a role in the
major symptoms of MDD [41, 42]. A meta-analysis of
RCTs showed that probiotics, typically including Lacto-
bacillus and Bifidobacterium, had some benefit for
MDD, but we found no associations for these micro-
biota, possibly due to the synergistic effect of gut micro-
biome so that the influence of a particular taxon may be
different from multiple taxa [43]. Furthermore, these
clinical trials might draw biased conclusions because of
small sample sizes (ranging from 17 to 110) or short-
term effects (ranging from 3 to 24 weeks). Therefore, a

large and long-term RCT in a well-characterized popula-
tion using probiotic capsules containing specific micro-
biota might provide further evidence for the gut-brain
axis in these disorders. Importantly, epidemiological
study indicated that elevated Enterobacteriales was also
associated with a higher risk of ASD, suggesting that the
same changes in intestinal microbiota composition
might lead to different outcomes due to gene-gene inter-
actions and gene-environment interactions [44]. Al-
though our results showed no significant association for
Gammaproteobacteria and MDD, animal models found
increased levels of Gammaproteobacteria were also asso-
ciated with higher MDD risk and fluoxetine treatment
was effective, implying strong correlations between gut
microbiota and anxiety- and depression-like behaviors
[45].
The serotonin hypothesis of SCZ originated from earl-

ier studies of interactions between the hallucinogenic
drug D-lysergic acid diethylamide and serotonin in per-
ipheral systems. However, direct evidence of serotoner-
gic dysfunction in the pathogenesis of SCZ remains
unclear [46]. According to the principle of brain plasti-
city, glutamate signals are destroyed by serotonergic
overdrive, leading to neuronal hypometabolism, synaptic
atrophy, and gray matter loss in the end [47]. Our find-
ings that genetically increased serotonin levels was po-
tentially related to a high risk of SCZ using a MR

Fig. 3 Causal effect of serotonin with the risk of SCZ. a Schematic representation of the MR analysis results: genetically determined higher
serotonin plasma levels were potentially associated with a higher risk of SCZ. b The odds ratios (95% confidence interval) for SCZ per 10 units
increase in serotonin, as estimated in the inverse-variance weighted, weighted mode, weighted median, and MR-Egger MR analysis. The intercept
of MR-Egger can be interpreted as a test of overall unbalanced horizontal pleiotropy. c The scatter plot represents instruments association
including SCZ associations (y-axis) against instrument serotonin associations (x-axis). The tunnel plot represents instrument precision (i.e.,
instrument SCZ regression coefficients divided by the correspondent instrument serotonin SEs) (y-axis) against individual instrument ratio
estimates in log odds ratio of SCZ (x-axis). βIV indicates odds ratio estimate per 1-ln 10 units increment in serotonin levels. SCZ, schizophrenia
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approach supported such hypothesis. Importantly, En-
terobacteriaceae family and Enterobacteriales order can
produce SCFAs (e.g., acetic acid and formic acid) in
carbohydrate fermentation, thus inducing serotonin bio-
synthesis by enterochromaffin cells which are the major
producers of serotonin, and ultimately increasing the
risk of SCZ [48, 49]. Our novel findings highlighted the
potentially important role of gut microbiota-related neu-
rotransmitters in effective and benign therapies of psy-
chiatric disorders.
Furthermore, we also found that neuropsychiatric disor-

ders might alter the composition of gut microbiota. Our
findings were consistent with a small case-control study (n
= 50) suggesting that Erysipelotrichaceae family were all
less abundant in patients with AD [5]. An observational
study showed that Porphyromonadaceae were associated
with poor cognitive performance, partly consistent with our
results [50]. However, the results from animal studies are
conflicting. Although several animal studies suggested that
anti-AD microbes, such as Erysipelotrichiaceae, decreased
in mouse models with AD, and Porphyromonadaceae in-
creased in aged mice [28, 51], other animal studies showed
that the relative abundance of Erysipelotrichiaceae was
positively correlated with AD [52, 53]. Therefore, the asso-
ciation of neuropsychiatric disorders with specific gut
microbiota requires further study. It is universally accepted
that the CNS modulates gut microbiota compositions
mainly through hypothalamic-pituitary-adrenal (HPA) axis,
or classical neurotransmitters liberated by neuronal efferent
activation, which explains the microbiota-host crosstalk in
neuropsychiatric disorders from another direction [54].
Additionally, it is plausible that alterations in gut

microbiota and related metabolites would lead to a sys-
temic change in inflammation that may contribute to
the neuroinflammation in AD, MDD, and SCZ. Increas-
ing evidence suggests that bacteria populating the gut
microbiome may excrete large quantities of lipopolysac-
charides and amyloids, resulting in the pathogenesis of
AD during aging when the permeability of gastrointes-
tinal tract epithelium or blood-brain barrier increases
[55]. Recent research has indicated that gut inflamma-
tion can induce activation of microglia and the kynure-
nine pathway, which activate systemic inflammation-
inducing depressive or schizophrenic symptoms [56, 57].
Therefore, more studies are required to explore the
mechanisms underlying the relationships of inflamma-
tion with the gut microbiota-brain axis and its relations
with AD, MDD and SCZ.
Strengths of the present study included the bi-directional

MR design and the use of summary-level data from thus far
the largest GWASs. This design generally avoided bias due
to reverse causation and confounding to obtain accurate
results under MR assumptions. In addition, consistent re-
sults from several sensitivity analyses including the use of

weighted mode, weighted median, and MR-egger methods
indicate robustness of our findings. However, several limita-
tions merit consideration. First, our results did not survive
a strict Bonferroni correction adjusting for multiple com-
parisons, whereas as a hypothesis-driven approach, the MR
study with some biological evidence was used to test epide-
miologically established associations, regardless of Bonfer-
roni corrected P values. Second, we used limited number of
gut microbiota SNPs as instrumental variables; we cannot
exclude that our findings might have been affected by weak
instrument bias, although all genetic instruments were as-
sociated with the exposure (F-statistic > 10). Third, statis-
tical power was limited for associations of neuropsychiatric
disorders with gut microbiota, so we cannot exclude type II
error as an explanation for the null results completely. Lar-
ger GWASs of gut microbiota are required to provide suffi-
cient statistical power. However, the power was strong
enough for the effect of gut microbiota on these disorders,
which was our main findings in the present study. Fourth,
our results were restricted to European ancestry. Replica-
tion with functionally relevant genetic prediction of gut
microbiota is warranted given the substantial difference in
gut microbiota composition among different populations.
Fifth, the 16S rRNA gene sequencing only permit reso-
lution from the genus to the phylum level rather than at a
more specific level, resulting in biased results if some spe-
cific species contributed to neuropsychiatric disorders. Fi-
nally, gut microbiota might be influenced by environmental
factors such as dietary habits or health status, which led to
lower variance explained by genetic instruments. However,
we could not test whether genetic instruments are associ-
ated with these confounders such as diet or lifestyle infor-
mation in the present study where such information is not
available.

Conclusions
In summary, our findings supported several potential as-
sociations between specific gut microbiota and neuro-
psychiatric disorders and highlighted the important roles
of microbial neurotransmitters such as GABA and sero-
tonin in microbiota-host crosstalk in neuropsychiatric
disorders. Further investigations in understanding the
underlying mechanisms of gut microbiota in the devel-
opment of neuropsychiatric disorders are required.

Supplementary information
Supplementary information accompanies this paper at https://doi.org/10.
1186/s12974-020-01961-8.

Additional file 1: Figure S1. Odds ratio for association of genetically
predicted gut microbiota with neuropsychological diseases. Table S1.
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Characteristics of selected SNPs for neuropsychological diseases. Table
S4. Description of the diagnostic assessment for neuropsychological
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S6. Associations between genetically predicted gut microbiota and
neuropsychological diseases in a leave-one-out approach. Table S7. As-
sociations between genetically predicted metabolites and neuropsycho-
logical diseases using IVW method. Table S8. MR Power calculation for
detecting significant (P < 7.6 × 10-4) causal effect (OR = 1.2) of gut micro-
biome on the risk of AD, MDD, and SCZ. Table S9. Effect estimates for
association of genetically predicted neuropsychological diseases with gut
microbiota using four Mendelian randomization methods.
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