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Causal relationships o

between neuropsychiatric disorders
and nonalcoholic fatty liver disease:
A bidirectional Mendelian randomization study
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Abstract

Background Increasing evidences suggest that nonalcoholic fatty liver disease (NAFLD) is associated with neuropsy-
chiatric disorders. Nevertheless, whether there were causal associations between them remained vague. A causal
association between neuropsychiatric disorders and NAFLD was investigated in this study.

Methods We assessed the published genome-wide association study summary statistics for NAFLD, seven mental
disorder-related diseases and six central nervous system dysfunction-related diseases. The causal relationships were
first assessed using two-sample and multivariable Mendelian randomization (MR). Then, sensitivity analyses were
performed, followed by a reverse MR analysis to determine whether reverse causality is possible. Finally, we performed
replication analyses and combined the findings from the above studies.

Results Our meta-analysis results showed NAFLD significantly increased the risk of anxiety disorders (OR=1.016,
95% Cl=1.010-1.021, P value <0.0001). In addition, major depressive disorder was the potential risk factor for NAFLD
(OR=1.233,95% Cl=1.063-1.430, P value =0.006). Multivariable MR analysis showed that the causal effect of major
depressive disorder on NAFLD remained significant after considering body mass index, but the association disap-
peared after adjusting for the effect of waist circumference. Furthermore, other neuropsychiatric disorders and NAFLD
were not found to be causally related.

Conclusions These results implied causal relationships of NAFLD with anxiety disorders and Major Depressive Disor-
der. This study highlighted the need to recognize and understand the connection between neuropsychiatric disor-
ders and NAFLD to prevent the development of related diseases.
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Introduction

Nonalcoholic fatty liver disease (NAFLD), known as
metabolic dysfunction-associated steatotic liver disease
(MASLD) [1], affects approximately one in four adults
worldwide [2]. And because of its high prevalence, it
is currently the liver-related disease with the great-
est increase in mortality worldwide [3]. It is related to a
higher risk of complications such as end-stage liver dis-
ease, hepatocellular carcinoma and cirrhosis in patients
with NAFLD [4]. At the same time, mental disorders
also carry a high risk of mortality and may worsen over
time and are estimated to account for nearly 21.2-32.4%
of years lived with disability globally [5]. Related stud-
ies have shown that, globally, the greatest risk factor for
years lived with disability is neurological and mental
health disorders [6]. Therefore, the prevention and treat-
ment of neuropsychiatric disorders and NAFLD are sub-
stantial problems warranting attention in clinical work.

Related studies have also suggested that NAFLD can
directly affect brain structure through the liver-brain
axis [7, 8]. NAFLD has a common pathogenesis with
neurological and psychiatric diseases, which are jointly
caused by inflammation and oxidative stress pathways
[9, 10]. Hence, it is necessary to recognize the interac-
tion between NAFLD and neuropsychiatric disorders.
Researchers have discovered a potential connection
between them in recent years. In terms of central nervous
system disorders, dementia is a neurodegenerative disor-
der of cognitive dysfunction [11], and Alzheimer’s dis-
ease is the most common form of dementia [12]. NAFLD
contains toxic components that cannot be cleared by the
liver, and these may further affect brain function [13].
Several studies have already associated NAFLD with cog-
nitive dysfunction [14, 15]. In terms of mental disorders,
a 3-year prospective study hinted that metabolic liver
disease including NAFLD is more prevalent in schizo-
phrenia patients [16]; a retrospective cross-sectional
study showed that NAFLD patients often have depres-
sion and anxiety disorders [17]. However, these associa-
tions between NAFLD and neuropsychiatric disorders
may in part be affected by confounding or selection bias
inherent in conventional observational researches. Fur-
thermore, whether NAFLD is causal or reverse causal in
neuropsychiatric disorders remains controversial. There-
fore, any potential causal relationship still requires fur-
ther investigation.

In this context, Mendelian randomization (MR) is a
statistical method for assessing exposure factors’ causal
relationship with disease outcomes [18]. Because genetic
variation is completely random during gamete formation
and genotypes do not change with disease progression,
in MR analysis, the measure of genetic variation, such as
a single nucleotide polymorphism (SNP) can be used as
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an instrument of exposure (IV) or a modifiable risk factor
for diseases. Since genetic variation is relatively less sus-
ceptible to measurement errors and biases, causal infer-
ences about exposure-outcomes can be strengthened. As
a result, causal relationships are explored extensively by
MR. Here, we selected seven mental disorder-related dis-
eases and six central nervous system dysfunction-related
diseases, performing Two-sample MR to comprehen-
sively assess the association of the risk of NAFLD with
those diseases in discovery stage. Multivariate MR was
followed immediately to adjust for the potential effects of
body mass index (BMI) and waist circumference on the
causal relationships. Finally, we performed replication
analyses and combined the findings from the above MR
studies. In order to examine the inverse effect of NAFLD
on neuropsychiatric disorders, we performed a reverse
MR analysis (Fig. 1). This study was performed in accord-
ance with the STROBE-MR guidelines (Additional file 1:
Table S1).

Methods

Data sources

The data source for our analysis was primarily European
populations, which avoided potential bias due to popu-
lation stratification (Additional file 1: Table S2). Because
the data used in the study were published, no ethical
approval or informed consent was required. In discovery
phase, genetic associations for NAFLD were examined
using GWAS, involving 8,434 cases and 770,180 con-
trols [19]. Obtaining a replication phase with data from
several leading European tertiary liver centers, which
involved 1,483 NAFLD patients and 17,781 control indi-
viduals [20]. Schizophrenia is a highly heritable disease
with GWAS analysis of 33,640 patients and 43,456 con-
trol individuals from the Psychiatric Genomics Consor-
tium (PGC) [21]. Data on bipolar disorder, characterized
by severe swings in mood and behavior, were obtained
from a meta-analysis of 41,917 patients and 371,549
control individuals [22]. Posttraumatic stress disor-
der is a common disease in a stressful state after expo-
sure to extreme, life-threatening trauma, and the GWAS
data used for its analysis came from the PGC analysis
of 23,212 patients and 151,447 control individuals [23].
GWAS data for Major Depressive Disorder (MDD) were
also derived from the UK Biobank and PGC (excluding
23andme) analysis of 170,756 patients and 329,443 con-
trol individuals [24]. In the International Parkinson’s Dis-
ease Genomics Consortium, we retrieved a GWAS date
included 33,674 patients and 449,056 control individuals
[25]. Genetic variants in Alzheimer’s disease (AD) were
acquired from a large GWAS included 39,106 patients
of European ancestry and 46,828 control individuals of
European ancestry [26]. Neurodegenerative diseases such
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Fig. 1 Design of the bidirectional two-sample Mendelian randomization study. The three core assumptions were as follows: (MRI) relevance
assumption; (MRII) independence assumption; and (MRIll) exclusion restriction. PTSD, posttraumatic stress disorder; OCD, obsessive—compulsive

disorder; MDD, Major Depressive Disorder; ALS, amyotrophic lateral sclerosis

as amyotrophic lateral sclerosis can be fatal, and GWAS
data were obtained by analyzing 27,205 patients and
110,881 control individuals [27]. The data we selected for
epilepsy included 4,382 cases and 453,928 controls [28].
Data on migraine used for analysis included 1,488 cases
and 454,860 controls [29]. The study provided us with
analytical data on insomnia, encompassing 345,022 cases
and 108,357 controls [30]. Mania is clinically manifested
by increased speech, disturbed thinking, and elevated
mood [31]. Genetic associations for anxiety disorders
and mania were obtained by analyzing 29,129 patients
and 6,455 control individuals and 7,988 cases and 18,667
controls from UK Biobank (http://www.nealelab.is/uk-
biobank), respectively. Obsessive—compulsive disorder
is characterized by repetitive behaviors that individuals
feel compelled to engage in due to unwanted personal
thoughts [32], the GWAS from the FinnGen Biobank
were analyzed, including 1,059 patients and 198,110 con-
trol individuals (https://r9.finngen.fi/).

Selection of instrumental variables

In order to satisfy the three core MR assumptions, we
performed strict filtering steps to control the quality of
genetic IVs. 1) We extracted SNPs strongly associated

with neuropsychiatric disorders from published GWAS
databases and took P<5x1078 as the initial filter cri-
teria. However, except for AD, schizophrenia, bipolar
disorder, MDD, amyotrophic lateral sclerosis, Parkin-
son’s disease and insomnia, SNPs were absent or too few
with P values less than 5x107%. Therefore, to select eli-
gible instrumental variables, we expanded the threshold
to<5x107° SNPs strongly associated with NAFLD for
reverse MR analysis are displayed in Additional file 1:
Table S3 and S4. 2) SNPs in linkage disequilibrium (LD)
were excluded from exposure experiments to ensure the
instruments were independent (r’<0.001, aggregation
window =10,000 kb). 3) To maintain consistency of the
SNPs serving as I'Vs across the different analyses, we only
used variants available for all traits examined and did
not replace missing variants with proxies. 4) The F sta-
tistic was applied to quantify the intensity of the genetic
tool, whose calculation of (beta/se)” greater than 10 was
regarded sufficient [33]. Finally, exposure-associated
SNPs were extracted from each result.

MR analysis
In the current study, we applied inverse variance weight-
ing (IVW), the weighted median method and the
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MR-Egger method for analysis, and the multiplicative
random-effects IVW method was the primary method,
followed by sensitivity analysis. In IVW, the Wald esti-
mates associated with the individual SNPs are com-
bined to estimate the causal relationship of exposure on
the outcome. It is a weighted regression that transforms
the MR estimates into SNP-outcome effects on SNP-
exposure effects [34]. MR-Egger is found on the InSIDE
assumption, and the outcome coefficients are linearly
weighted regressions on the exposure coefficients, which
can also detect small study biases [35]. We can calculate
the weighted median estimate of Wald ratio by using
the weighted median method that does not require the
InSIDE assumption. The analysis of invalid instrumental
variables provides 50% of the information, but it can also
provide the outcome of causal effect detection [36]. If the
results of the IVW method are significant (P<0.05), even
if the results of other methods are not significant, on the
basis of no pleiotropic effects and heterogeneity, as long
as there are same trends in the beta values of other meth-
ods, it is also acceptable and considered a positive result
[37]. Multivariable MR (MVMR) can discern the effects
of various interrelated factors, suggesting that these fac-
tors operate in concert. Consequently, each association
identified by MVMR is regarded as a "direct" or "inde-
pendent” causal link [38]. Thus, we conducted MVMR
analysis to adjust for the genetic association of the instru-
ments with BMI and waist circumference.

Sensitivity analysis

MR-Egger regression was performed to assess whether
there was a potential pleiotropic effect, and the inter-
cept item can assess the horizontal pleiotropic effect of
its direction; P<0.05 indicates that there is a potential
horizontal pleiotropic effect [39]. The MR pleiotropic
residuals and outliers (MR-PRESSO) global test can also
be used for horizontal pleiotropic detection. P>0.05
indicates that there is no level pleiotropy, and pleiotropy
refers to genetic variation, which may impact the causal
effects [40]. The MR-PRESSO outlier test corrects for
pleiotropy by removing outliers, while the outlier test
involves at least 50% valid variables, has balanced plei-
otropy, and depends on instrument exposure and multi-
ple effects [41]. Heterogeneity was analyzed by applying
Rucker’s Q test (MR-Egger regression) and Cochran’s Q
test (MR-IVW), mainly Cochran’s Q test, with P<0.05.
Moreover, I* was used to quantify heterogeneity (take 0
when I? is negative). Multiplicity or other causes of het-
erogeneity were mainly explored with the Q test [42].
Then, the MR-robust adjusted spectral score (MR-RAPS)
method was applied to further verify the causality (esti-
mated causal effect) and detect the stability of the analy-
sis, that is, the presence of pleiotropic effects (estimated
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overdispersion variance trend toward 0 or a P value >0.05
indicates the absence of horizontal pleiotropic effects)
[43]. MR-RAPS can provide unbiased, as well as reli-
able results, even with weak instrumental variables [44].
What’s more, to ensure that the results were robust and
consistent, we used leave-one-out analysis [34]. Applying
IVW (fixed-effects) to further verify the solidity of the
results. In the visual analysis, heterogeneity can be repre-
sented by scatter plots, and horizontal pleiotropic effects
can be represented by forest plots and funnel plots.
Finally, the fixed-effect meta-analysis was performed to
assess the integrated causality between NAFLD and neu-
ropsychiatric disorders from MR results of the discovery
and replication phases [45, 46]. We chose the results of
the meta-analysis as the final causality [47].

Statistical analysis

The association between genetically predicted neuropsy-
chiatric disorders and NAFLD was signaled as the odds
ratio (OR) and its 95% confidence interval (95%CI). MR
analyses were conducted using R (version 4.3.1) and the
"TwoSampleMR", "MR-PRESSO", “MVMR”’and "MR.
RAPS" software packages. Bonferroni correction was
applying to adjust the data because of multiple compari-
sons. When the observed P<4.17x 1072 (0.05/12), asso-
ciations were deemed statistically significant evidence of
causality. P values between 4.17 x 10~ and 0.05 were con-
sidered suggestive evidence of potential causality.

Result

Instrumental variable selection

In the discovery stage of mental disorders, we extracted
9 SNPs for anxiety disorders, 75 for schizophrenia, 17
for posttraumatic stress disorder, 10 SNPs for obses-
sive—compulsive disorder, 50 for MDD, 44 SNPs for
bipolar disorder, and 13 for mania. For central nervous
system disorders, 50 SNPs for AD, 23 SNPs for Parkin-
son’s disease, 11 for epilepsy, 11 SNPs for amyotrophic
lateral sclerosis, 14 for migraine and 43 for insomnia
were extracted. There was no weak instrumental variable
based on the F-statistics, which were all greater than 10.
In the replication phase, the same manipulation was per-
formed and sufficiently powerful instrumental variables
were extracted. Next, so as to analyze the inverse effect
of NAFLD (exposure) on neuropsychiatric disorders
(outcome), we included 4 SNPs with a median F value
of 59.450 (discovery) and 4 SNPs with a median F value
of 49.071 (replication), indicating sufficient heritabil-
ity. Detailed information on the instrumental variables,
such as beta, SE, and P values, can be found in Additional
file 1: Tables S3 and S4.
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Discovery results

Genetics predict neuropsychiatric disorders on NAFLD

A potential positive causal effect of MDD on NAFLD
was demonstrated (OR=1.210, 95% CI=1.031-1.420,
P value=0.020) (Table 1). the "leave one out" analy-
sis (Additional file 2: Supplementary Figure S5), the
IVW fixed-effects model (OR=1.210, 95% CI=1.020—
1.436) (Additional file 1: Table S11) and the effect size
of MR.RAPS, also suggested the same results. The
MR-Egger regression test (intercept P=0.214) and
the MR-PRESSO global test (P value=0.696) did not
reveal pleiotropy. Meanwhile, no unusual outliers were
detected. Cochran’s Q test (P value=0.716) revealed no
evidence of heterogeneity (Additional file 1: Table S5).

In addition, we found that insomnia potentially ele-
vated the risk of NAFLD (OR=1.865, 95% CI=1.044—
3.333, P value=0.035) (Table 1), the IVW fixed-effects
model (OR=1.865, 95% CI=1.090-3.192) (Additional
file 1: Table S11) also indicated the same trend. Addi-
tionally, sensitivity analyses revealed no evidence of
pleiotropy (intercepts P=0.085) or heterogeneity (P
value=0.212).

Genetics predict NAFLD on neuropsychiatric disorders

In reverse MR, the random-effects IVW model showed
potential evidence that NAFLD increased the risk of
anxiety disorders (OR=1.024, 95% CI=1.001-1.046, P
value=0.034) (Table 1). Several other methods, includ-
ing the "leave one out" analysis (Additional file 2: Sup-
plementary Figure S14), the IVW fixed-effects model
(OR=1.024, 95% CI=1.006-1.042) (Additional file 1:
Table S11) and the effect size of MR.RAPS, also sug-
gested the same causal trend. The MR-Egger regres-
sion test did not indicate horizontal pleiotropic effects
(intercept P=0.857), the MR-PRESSO global test (P
value=0.421) also did not suggest pleiotropic results,
and no abnormal outliers were detected. At the same
time, MR-RAPS (overdispersion variance P value =0.704)
also indicated that no pleiotropy was present. Cochran’s
Q test (P value=0.219) showed no heterogeneity (Addi-
tional file 1: Table S6).

Potential negative associations were found between
NAFLD and PTSD (OR=0.943, 95% CI=0.892-0.996,
P value=0.036) (Table 1). Effect size values for several
other methods, including MR.RAPS, also suggested
the same causal trend. Sensitivity analyses also failed to
observe evidence of any level of pleiotropy (intercepts
P=0.690) or heterogeneity (P value=0.782).

Some degree of heterogeneity was present (P
value=0.024) in the causal effect of NAFLD on AD.
However, there were no pleiotropy and outliers (Addi-
tional file 1: Table S6). Therefore, we believed that this
result was feasible.
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Given the frequent occurrence of obesity in patients
with NAFLD, after adjusting for genetically predicted
BMI and waist circumference, we performed MVMR for
anxiety disorders, schizophrenia, MDD, bipolar disor-
der, AD and insomnia. Our results showed that MMD
remained a potential risk factor for NAFLD after adjust-
ing for genetically predicted BMI (OR=1.334, 95%
CI=1.054-1.687, P value=0.016), which confirmed the
robustness of the results. However, once we accounted
for waist circumference, the causal connection between
MDD and NAFLD disappeared, indicating that this
relationship might be influenced by waist circumfer-
ence. Additionally, there was no significant link between
insomnia and NAFLD, suggesting that BMI and waist
circumference might influence this association. For the
other diseases, no connections were observed either.
(Additional file 1: Table S7).

Replication results

In reverse MR, the random-effects IVW model showed
significant evidence that NAFLD increased the risk of
anxiety disorders (OR=1.015, 95% CI=1.010-1.021, P
value=9.24x 107%) (Table 2). The "leave one out" analy-
sis (Additional file 2: Supplementary Figure S40) and
fixed-effects model (Additional file 1: Table S11) dem-
onstrated the robustness of the results (OR=1.015, 95%
CI=1.007-1.024). Furthermore, sensitivity analyses also
didn’t observe evidence of any level of pleiotropy (inter-
cepts P=0.415) or heterogeneity (P value=0.763).

Some degree of heterogeneity was present (P
value=0.013) in the causal effect of NAFLD on MDD.
There was also some degree of heterogeneity in the
causal effect of NAFLD on Bipolar Disorder and insom-
nia, as indicated by a P-values of 0.017 and 0.002. How-
ever, there were no pleiotropy and outliers (Additional
file 1: Table S9). Hence, we considered this outcome to be
achievable.

Combined results from the meta-analysis
Pooled analysis suggested that MDD was the potential
risk factor for NAFLD (OR=1.233, 95% CI=1.063—
1.430, P value=0.006) (Fig. 2 and Additional file 1:
Table S10). The fixed-effect model of MDD suggested
the same results (OR=1.241, 95% CI=1.064-1.447, P
value =0.006). Meta-analysis also showed significant evi-
dence that NAFLD increased the risk of anxiety disor-
ders (OR=1.016, 95% CI=1.010-1.021, P value <0.0001)
(Fig. 3), and fixed-effects model (Additional file 1:
Table S11) demonstrated the robustness of the results
(OR=1.017, 95% CI=1.009-1.024, P value <0.0001).

In addition, there was no causal connection between
NAFLD and other neuropsychiatric disorders (all
P values>0.05), nor was any level of pleiotropy or
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Table 1 The causal effects of NAFLD with the risk of neuropsychiatric disorders in discovery stage
Exposure/ Methods OR 95%(Cl Beta SE P-value
Outcome
Anxiety/NAFLD VW 1.124 0.479,2.639 1.17E-01 0.44 0.789
MR Egger 2.160 0.267,17.441 7.70E-01 1.066 0.493
Weighted median 1.124 0.373,3.386 1.17E-01 0.56 0.835
Schizophrenia/ NAFLD vw 1.013 0.957,1.072 1.28E-02 0.03 0.658
MR Egger 1.271 0.994, 1.625 2.40-01 0.13 0.059
Weighted median 0.992 0.918,1.072 -8.11E-03 0.04 0.838
PTSD/NAFLD VW 0.994 0.899, 1.099 -6.17E-03 0.05 0.906
MR Egger 0.989 0.747,1.308 -1.15E-02 0.14 0.937
Weighted median 1.018 0.883,1.174 1.82E-02 0.07 0.802
OCD/NAFLD VW 0.999 0.967,1.032 -1.04E-03 0.02 0.950
MR Egger 1.036 0.875,1.227 3.75E-02 0.09 0.689
Weighted median 1.020 0.963, 1.080 1.94E-02 0.03 0.506
MDD/NAFLD VW 1.210 1.031,1.420 1.91E-01 0.08 0.020
MR Egger 2256 0.843,6.039 8.14E-01 0.50 0.112
Weighted median 1.242 0.983,1.570 2.17E-01 0.12 0.069
Bipolar disorder/NAFLD VW 0.931 0.860, 1.008 -7.16E-02 0.04 0.077
MR Egger 0.887 0.591,1.332 -1.19E-01 0.21 0.567
Weighted median 0919 0.819, 1.031 -8.44E-02 0.06 0.150
Mania/NAFLD vw 1.109 0.747,1.648 1.04E-01 0.20 0.607
MR Egger 2.109 0.663, 6.707 746E-01 0.59 0.232
Weighted median 1.161 0.617,2.184 1.49E-01 0.32 0.645
Alzheimer’s disease/NAFLD VW 0.964 0.910, 1.021 -3.68E-02 0.03 0213
MR Egger 0.985 0.889, 1.092 -1.51E-02 0.05 0.775
Weighted median 0.981 0.899, 1.071 -1.88E-02 0.04 0.674
Parkinson’s disease/NAFLD VW 1.027 0.967,1.090 2.63E-02 0.03 0.390
MR Egger 0.964 0.830,1.120 -3.65E-02 0.08 0.638
Weighted median 1.010 0.938,1.087 9.80E-03 0.04 0.794
Epilepsy/NAFLD VW 1.001 0.924,1.085 9.49E-04 0.04 0.982
MR Egger 0.920 0.803, 1.054 -8.37E-02 0.07 0.259
Weighted median 0.947 0.855,1.049 -547E-02 0.05 0.295
ALS/NAFLD VW 1.031 0.895,1.189 3.09E-02 0.07 0.670
MR Egger 1.215 0.833,1.772 1.95E-01 0.19 0339
Weighted median 1.094 0.928, 1.290 9.02E-02 0.08 0.283
Migraine/NAFLD vw 0.987 0.953,1.022 -4.77E-02 0.02 0.462
MR Egger 1.008 0.905, 1.123 7.71E-03 0.06 0.891
Weighted median 0.987 0.942,1.034 -7.36E-03 0.02 0.585
Insomnia/NAFLD VW 1.865 1.044,3.333 6.23E-01 0.30 0.035
MR Egger 9.869 1.426,68.288 2.289E-0 0.98 0.025
Weighted 1.787 0.798, 4.006 5.81E-01 041 0.158
median
NAFLD/Anxiety VW 1.024 1.001, 1.046 2.35E-02 1.11E-02 0.034
MR Egger 1.002 0.942,1.065 2.97E-03 3.31E-02 0464
Weighted median 1.022 1.002, 1.044 2.25E-02 1.06E-02 0.033
NAFLD/ Schizophrenia VW 0.978 0.880, 1.087 -2.19E-02 0.05 0.684
MR Egger 0.857 0.670, 1.097 -1.54E-01 0.12 0.345
Weighted median 0.960 0.883, 1.042 -4.12E-02 0.04 0.328
NAFLD/PTSD VW 0.943 0.892,0.996 -5.88E-02 0.03 0.036
MR Egger 0.990 0.790, 1.240 -1.03E-02 0.12 0.937
Weighted median 0.957 0.863, 1.060 -443E-02 0.05 0.397
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Table 1 (continued)
Exposure/ Methods OR 95%(Cl Beta SE P-value
Outcome
NAFLD/OCD VW 0.907 0.666, 1.236 -9.76E-02 0.16 0.536
MR Egger 0.719 0.304, 1.701 -3.30E-01 0.44 0.531
Weighted median 1.012 0.720, 1422 1.14E-02 0.17 0.947
NAFLD/MDD VW 0.987 0.956,1.018 -1.35E-02 0.02 0.405
MR Egger 0.956 0.880, 1.038 -4.54E-02 0.04 0.394
Weighted median 0.996 0.965,1.028 -4.38E-03 0.02 0.790
NAFLD/Bipolar disorder VW 0.961 0.917,1.008 -3.92E-02 0.02 0.103
MR Egger 0.989 0.857,1.141 -1.14E-02 0.07 0.890
Weighted median 0.962 0.900, 1.028 -3.90E-02 0.03 0.250
NAFLD/Mania VW 1.001 0.972,1.031 7.15E-04 1.50E-02 0.962
MR Egger 1.024 0.944,1.11 2.39E-02 4.14E-02 0.622
Weighted median 1.001 0.972,1.030 8.28E-04 1.46E-02 0.954
NAFLD/ Alzheimer’s disease VW 0978 0.881, 1.086 -2.21E-02 5.34E-02 0679
MR Egger 0.976 0.681,1.398 -247E-02 1.84E-01 0915
Weighted median 0.952 0.894, 1.015 -4.85E-02 3.25E-02 0.135
NAFLD/ Parkinson’s disease VW 0.957 0.884,1.037 -4.35E-02 0.04 0.287
MR Egger 0.997 0.769,1.293 -2.80E-03 0.13 0.985
Weighted median 0958 0.850, 1.079 -4.31E-02 0.06 0478
NAFLD/Epilepsy VW 0.935 0.858,1.019 -6.72E-02 0.04 0.124
MR Egger 1.085 0.828, 1423 8.19E-02 0.14 0613
Weighted median 0.957 0.847,1.081 -4.39E-02 0.06 0.480
NAFLD/ALS VW 0.939 0.876, 1.007 -6.27E-02 0.04 0.077
MR Egger 0.952 0.877,1.034 -4.89E-02 0.04 0.246
Weighted median 0.981 0.918,1.049 -1.88E-02 3.38E-02 0579
NAFLD/Migraine VW 1.140 0.867,1.497 1.31E-01 0.14 0.349
MR Egger 1411 0.661,3.011 3.44E-01 039 0467
Weighted median 1.164 0.893,1.518 1.52E-01 0.14 0.261
NAFLD/Insomnia VW 1.002 0.974,1.032 243E-03 0.01 0.869
MR Egger 0974 0.903, 1.052 -2.54E-02 0.04 0.582
Weighted 0.995 0.983, 1.008 -4.61E-03 6.50E-03 0478
median

SNP Single nucleotide polymorphism, IVW Inverse-variance weighted, OR Odds ratio, C/ Confidence interval, g-value P-value corrected for False Discovery Rate, PTSD
Post-traumatic stress disorder, OCD Obsessive—compulsive disorder, MDD Major Depressive Disorder, ALS Amyotrophic lateral sclerosis, NAFLD nonalcoholic fatty liver

disease

heterogeneity observed (Additional file 1: Tables S5, S6,
S8, §9). The visual analyses of the discovery (Additional
file 2: Supplementary Figures S1-S26) and replication
(Additional file 2: Supplementary Figures S27-5S52) stages
can be found in Supplementary materials.

Discussion

This bidirectional Mendelian randomization study lev-
eraged genetic data from a large number of published
GWASs to explore a bidirectional hypothetical causal
association between NAFLD and neuropsychiatric dis-
orders. From a genetic perspective, our results revealed
that MDD was the potential risk factor for NAFLD, and

NAFLD also increased significantly the risk of anxiety
disorders.

Anxiety disorders are common in Western popula-
tions [48]. A study comparing 19,871 NAFLD patients
with 19,871 matched control individuals found that
new-onset anxiety disorders was linked to NAFLD even
after multiple complications were controlled [48]. In a
cross-sectional study conducted in the United States,
depression and anxiety symptoms were evaluated using
scale scores in 567 patients diagnosed with NAFLD
through biopsy [49], 45% and 25% of the patients had
subclinical and clinical anxiety symptoms, respectively,
indicating that anxiety disorders is one of the common
symptoms of NAFLD and that it is related to advanced
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Table 2 The causal effects of NAFLD with the risk of neuropsychiatric disorders in replication stage
Exposure/ Methods OR 95%ClI Beta SE P-value
Outcome
Anxiety/NAFLD VW 0.980 0.074,12.891 -2.05E-02 1.31 0.988
MR Egger 62.883 0.140, 28,329.898 4.141E-00 3.12 0.226
Weighted median 1.748 0.076, 40.042 5.58E-01 1.60 0.727
Schizophrenia/ NAFLD VW 1.032 0.935,1.137 3.10E-02 0.05 0.534
MR Egger 1.072 0.614,1.871 6.92E-02 0.28 0.808
Weighted median 1.017 0.892,1.159 1.67E-02 0.07 0.802
PTSD/NAFLD VW 0.978 0.914,1.047 -2.20E-02 0.03 0.526
MR Egger 0.880 0.474,1.634 -1.28E-01 032 0.690
Weighted median 0.987 0.917,1.062 -1.32E-02 0.04 0.724
OCD/NAFLD VW 1.034 0.893,1.196 3.33E-02 0.07 0.656
MR Egger 1.057 0.657,1.700 5.55E-02 0.24 0.825
Weighted median 1.101 0.913,1.328 9.62E-02 0.10 0314
MDD/NAFLD VW 1.380 0.931,2.045 3.22E-01 0.20 0.108
MR Egger 1.731 0.313,9.569 5.49E-01 0.87 0.532
Weighted median 1.643 0.965, 2.795 4.96E-01 0.27 0.067
Bipolar disorder/NAFLD VW 1.019 0.966, 1.076 1.93E-02 0.03 0.485
MR Egger 1.273 0.789, 2.054 242E-01 0.24 0.327
Weighted median 1.018 0.946, 1.096 1.81E-02 0.04 0.630
Mania/NAFLD VW 0523 0.238,1.152 -6.47E-01 0.40 0.108
MR Egger 1.458 0.098, 21.786 3.77E-01 1.38 0.791
Weighted median 0.785 0.235,2617 -242E-01 0.61 0.694
Alzheimer’s disease/NAFLD VW 0.990 0.934,1.050 -9.93E-03 0.03 0.739
MR Egger 1.085 0.863, 1.364 8.15E-02 012 0.489
Weighted median 0.990 0.929, 1.054 -1.04E-02 0.03 0.745
Parkinson'’s disease/NAFLD VW 0.989 0.924,1.059 -1.06E-02 0.03 0.761
MR Egger 1.002 0.906, 1.108 1.62E-03 0.05 0.975
Weighted median 0.984 0.910, 1.064 -1.61E-02 0.04 0.685
Epilepsy/NAFLD VW 0.897 0.773,1.042 -1.08E-01 0.08 0.156
MR Egger 0.881 0.687,1.129 -1.27E-01 0.13 0.340
Weighted median 0.955 0.794,1.148 -4.64E-02 0.09 0.623
ALS/NAFLD VW 1.073 0.856, 1.345 7.07E-02 0.12 0.539
MR Egger 0.783 0.444,1.378 -245E-01 0.29 0416
Weighted median 1.089 0.788, 1.505 8.54E-02 0.16 0.605
Migraine/NAFLD VW 0.931 0.824,1.051 -7.16E-02 0.06 0.248
MR Egger 0.881 0.638,1.218 1.26E-01 017 0.458
Weighted median 0.920 0.780, 1.085 -8.38E-02 0.08 0.320
Insomnia/NAFLD VW 0.947 0.598, 1.497 -549E-02 0.23 0.814
MR Egger 1.888 0.019, 189.369 6.36E-01 2.35 0.788
Weighted median 0918 0.568, 1483 -8.61E-02 0.24 0.725
NAFLD/Anxiety VW 1.015 1.010, 1.021 1.54E-02 2.68E-03 9.24E-09
MR Egger 1.003 0.979,1.028 3.27E-03 1.26E-02 0.819
Weighted median 1.014 1.004, 1.024 1.39E-02 5.08E-03 6.20E-03
NAFLD/ Schizophrenia VW 0.998 0.949, 1.049 -2.08E-03 0.03 0.935
MR Egger 0916 0.807,1.039 -8.78E-02 0.06 0.305
Weighted median 0.995 0.956, 1.037 -4.63E-03 0.02 0.824
NAFLD/PTSD VW 0.992 0.942,1.043 -8.49E-03 0.03 0.744
MR Egger 0.944 0.799,1.115 -5.75E-02 0.09 0.569
Weighted median 0.989 0.941,1.040 -1.08E-02 0.03 0.672
NAFLD/OCD VW 0919 0.788,1.071 -848E-02 0.08 0277
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Table 2 (continued)
Exposure/ Methods OR 95%CI Beta SE P-value
Outcome
MR Egger 1.041 0.628,1.725 4.05E-02 0.26 0.890
Weighted median 0.972 0.838,1.127 -2.88E-02 0.08 0.703
NAFLD/MDD VW 1.001 0.977,1.025 7.88E-04 0.01 0.949
MR Egger 0.963 0.903,1.026 -3.79E-02 0.03 0.364
Weighted median 1.002 0.987,1.017 2.19E-03 0.01 0.773
NAFLD/Bipolar disorder VW 0.995 0.946, 1.046 -5.36E-03 0.03 0.835
MR Egger 0.937 0.800, 1.097 -6.53E-02 0.08 0.502
Weighted median 0.990 0.959, 1.023 -9.63E-03 0.02 0.557
NAFLD/Mania VW 1.006 0.997,1.016 6.50E-03 4.77E-03 0.173
MR Egger 1.001 0.9671.036 9.45E-04 1.75E-02 0.962
Weighted median 1.002 0.989, 1.016 2.05E-03 6.85E-03 0.764
NAFLD/ Alzheimer’s disease VW 0.993 0.956, 1.031 -7.28E-03 0.02 0.704
MR Egger 0.946 0.846, 1.059 -5.52E-02 0.06 0437
Weighted median 0.993 0.965, 1.022 -7.26E-03 0.01 0.622
NAFLD/ Parkinson’s disease VW 0.961 0.908,1.017 -3.94E-02 0.03 0172
MR Egger 1.058 0915, 1.223 5.63E-02 0.07 0.526
Weighted median 0.978 0.922,1.037 -2.25E-02 0.03 0451
NAFLD/Epilepsy VW 1.003 0.969, 1.039 3.46E-03 0.02 0.847
MR Egger 0.958 0.833,1.103 -4.27E-02 0.07 0612
Weighted median 0.990 0938, 1.044 -1.05E-02 0.03 0.701
NAFLD/ALS VW 0.984 0.948,1.021 -1.59E-02 0.02 0.399
MR Egger 0.946 0.841,1.064 -5.60E-02 0.06 0450
Weighted median 0.986 0.948, 1.026 -1.38E-02 0.02 0492
NAFLD/Migraine VW 1.101 0.966, 1.254 9.60E-02 0.07 0.149
MR Egger 0.866 0.630, 1.190 -1.44E-01 0.16 0469
Weighted median 1.053 0.929,1.193 5.15E-02 0.06 0420
NAFLD/Insomnia vw 0.998 0.989, 1.007 -2.10E-03 461E-03 0.650
MR Egger 0.990 0.961, 1.021 -9.86E-03 0.02 0.588
Weighted median 0.995 0.990, 1.000 -5.00E-03 2.71E-03 0.065

SNP Single nucleotide polymorphism, IVW Inverse-variance weighted, OR Odds ratio, C/ Confidence interval, g-value P-value corrected for False Discovery Rate, PTSD
Post-traumatic stress disorder, OCD Obsessive—compulsive disorder, MDD Major Depressive Disorder, ALS Amyotrophic lateral sclerosis, NAFLD nonalcoholic fatty liver

disease

NAFLD. On the other hand, to some extent, NAFLD
may progress to nonalcoholic steatohepatitis (NASH)
[50]. A smaller study involving 36 NASH patients and
36 control individuals without liver disease after chol-
ecystectomy revealed that NASH increased the risk
of anxiety disorders than the control group. It was
also found that anxiety disorders was related to more
serious changes in liver histological characteristics
[51]. This is consistent with the evidence that NAFLD
increased significantly the risk of anxiety disorders
observed in our MR study.

MDD is a common recurrent mental illness that leads
to decreased quality of life and increased mortality in
the relevant population [52]. After adjusting for geneti-
cally predicted BMI, our findings indicated that MDD

continued to be a potential risk factor for NAFLD.
However, after adjusting for waist circumference, the
association disappeared. This suggested that multiple fac-
tors impact the relationship between them, and future
research should further explore the offset effects of these
factors. In patients with depression, biological distur-
bances related to obesity are linked to a prolonged course
of the disease and negative reactions to conventional anti-
depressant therapies [53]. Meantime, many studies have
found a high prevalence of MDD in patients with NAFLD
[54, 55]. A study found that NAFLD patients with MDD
had more severe histological liver steatosis and higher
NAFLD activity scores compared with NAFLD patients
without MDD [56]. Pathologically, MDD is associated
with a severe hepatocellular balloon [49], which is one
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Fig. 2 The effects of neuropsychiatric disorders on NAFLD were estimated by Meta-analysis using IVW. OR, odds ratio; Cl, confidence interval; IVW,
inverse-variance weighted method; PTSD, posttraumatic stress disorder; OCD, obsessive—compulsive disorder; MDD, Major Depressive Disorder;
ALS, amyotrophic lateral sclerosis
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Fig. 3 The effects of NAFLD on neuropsychiatric disorders were estimated by Meta-analysis using IVW. OR, odds ratio; Cl, confidence interval; IVW,
inverse-variance weighted method; PTSD, posttraumatic stress disorder; OCD, obsessive—compulsive disorder; MDD, Major Depressive Disorder;
ALS, amyotrophic lateral sclerosis
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of the characteristics of NAFLD [57]. In another aspect,
the rising levels of inflammatory markers in depressed
patients, such as intercytotin-6, C-reactive protein and
tumor necrosis factor a [58], provide another reasonable
explanation for the association with NAFLD. Meta-ana-
lyzing the results of nine longitudinal studies showed that
depression was an independent risk factor for diabetes
[59]. Moreover, depression triggers activity in the HPA
axis and the sympathetic nervous system, which leads
to the secretion of the stress hormone cortisol. Elevated
cortisol levels promote the breakdown of fats and the
release of free fatty acids into the bloodstream. Concur-
rently, cortisol suppresses insulin production and reduces
the body’s sensitivity to insulin [60]. Meantime, insulin
resistance is tightly related to NAFLD. Insulin resistance
may also lead to damage to the mitochondrial fatty acid
[-oxidation pathway, increasing free fatty acids and other
lipids in the body. This may lead to endothelial dysfunc-
tion, resulting in a proinflammatory state in the body
[61], and increasing the incidence of NAFLD.

Our MR results found no causal relationship between
NAFLD and AD, which goes against the previous stud-
ies. However, these studies were basically cross-sectional
studies, and the longitudinal associations between them
should still be supported by further research data. At
the same time, there are also many studies showing that
there is no significant direct correlation between NAFLD
and AD [62, 63]. As mentioned above, differences in the
mean ages of the study population and the cognitive level
tests used are also responsible. And the severity of liver
fibrosis with disease progression (rather than NAFLD
itself) may be associated with cognitive dysfunction [64,
65]. Numerous studies also emphasize the influence of
fibrosis severity on the development of diseases such as
cardiovascular dysfunction [66] and stroke [67]).

The results of this study contradict previous observa-
tional studies that reported a link between schizophre-
nia and NAFLD. Similarly, it has been reported that
there may be a causal link between bipolar disorder and
NAFLD [68], but this is not consistent with our results.
The results may be affected by the confusion or selec-
tion bias inherent in traditional observational studies,
such as differences in diet structure, lifestyle and genetic
susceptibility of different populations. The connection
between NAFLD and these factors may be caused by lots
of factors rather than simply the disease itself. For exam-
ple, a research explained that the use of atypical antipsy-
chotic drugs for the treatment of schizophrenia and other
diseases will produce many metabolic and endocrine-
related side effects, like insulin resistance, dyslipidemia
and systemic inflammation, which will increased the risk
of NAFLD [69]. And antidepressants have been shown to
be associated with hyperglycemia [70]. As a study showed
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that MDD was not associated with an increased risk of
any cardiovascular disease, and the use of antidepres-
sants increased the risk of multiple cardiovascular dis-
eases [71]. In young male patients, different drug doses
and combinations are also risk factors for NAFLD [72].
Although glucose homeostasis is altered before the onset
of schizophrenia [73], these only suggest that both have a
similar pathogenesis. The possible potential causal rela-
tionships between them still need to be further explored.

Schizophrenia and AD, similar in many clinical and
pathophysiological features, may accelerate brain aging
by promoting neuroinflammation [74] and show simi-
larities in white matter damage patterns [75]. Therefore,
the causal link between them and NAFLD may also share
similarities, which is consistent with our findings.

In discovery stage, we found that insomnia was a risk fac-
tor for NAFLD, while the results of the meta-analysis indi-
cated no causal relationship between them. In the MVMR
analysis, there was still no significant association between
them. Therefore, the connection between them should still
be further evaluated. Insomnia is usually defined by ask-
ing "Do you have trouble falling asleep or staying asleep?”
[76] Multiple studies indicated that short sleep duration
may cause an increase in insulin resistance [77], a sig-
nificant decrease in antioxidant activity and significantly
higher levels of lipid peroxidation [78]. Furthermore,
the concentrations of gamma glutamyl transpeptidase
and 8-hydroxydeoxyguanosine are often elevated in the
serum of NAFLD patients, suggesting that oxidative stress
may have occurred [79]. However, a study found that the
incidence of insomnia did not seem to be significantly
different in NAFLD patients compared to the general pop-
ulation, and the severity of inflammation-related histology
may not play a critical role in the pathogenesis of insomnia
in NAFLD patients [80]. In conclusion, there may be no
direct causal relationship between insomnia and NAFLD,
and the association between them may result from a com-
bination of multiple factors.

A cross-sectional study suggested that there was no sig-
nificant relationship between NAFLD and migraine [81],
which is consistent with our results. Although a study
has found that there may be a causal relationship [82],
we believe that the sample size used is too small and the
appropriate control cases are not used, so the causal rela-
tionship between them still needs further studies to verify.

Alternatively, socioeconomic status consists mainly of
income and education level, the genetic liability of which
may play a role in the outcome of mental and physical
health. Intelligence can be seen as an individual’s innate
mental capacity, whereas education reflects the pro-
cess of socialization from birth through adulthood, with
income being an outcome of this process [83]. A study
showed that higher income levels are effective in reducing
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the incidence of psychiatric disorders, and that a higher
genetic liability for education may increase the occurrence
of mental health problems independently of salary change
[84]. On the other hand, higher education can reduce
the occurrence of NAFLD, and the income level is inde-
pendent of it [85]. Hence, the link between NAFLD and
neuropsychiatric disorders within socioeconomic con-
texts requires deeper investigation, and upcoming public
health initiatives could gain from the careful utilization of
research on social environments and genetics.

The main strength of our study was that the MR design
avoids the confusion or selection bias common in tradi-
tional observational studies and supports a robust causal
relationships between exposure and results. Besides, our
study used aggregate data from large genetic databases,
which made our research assumptions more accurate.
The use of multiple sensitivity analyses combined with
"leave one out" analysis enabled the testing of the sta-
bility of key results and provided additional reliable evi-
dence. In addition, this was a MVMR and bidirectional
causal-association study that expands the evidence on
the relationships between neuropsychiatric disorders and
NAFLD. Finally, this analysis had guiding recommenda-
tions for future studies on MASLD.

However, our research also had some limitations.
First, the population studied was exclusively of European
descent; therefore, further studies should be encouraged to
verify these results in other populations. Second, although
the sensitivity analysis did not reveal any evidence of
multiple effects that may affect the results, the potential
for horizontal pleiotropic effects couldn’t be completely
excluded. Third, we chose some disease-related instru-
ments with a relatively loose threshold of 5x 107, which
was considered to be a reasonable threshold [86, 87], but
it will affect the statistical efficacy of causal estimation to
some extent. Furthermore, since some databases are not
publicly available, databases such as MMD and insomnia
were not the largest used in our study. Moreover, given
that the data analysis should be all European populations,
our database for schizophrenia analysis was not the larg-
est. Finally, in studies, exposure and outcome were not
only likely to have potentially duplicate participants, but it
was also difficult to predict the extent to which the sample
overlap. However, in this study, the use of sufficiently pow-
erful tool variables (F statistics>10) could minimize the
potential deviation caused by sample overlap [33].

In summary, our study implied causal relationships
of NAFLD with MDD and anxiety disorders. For other
related diseases, more genetic instruments and larger
GWAS data are needed to verify the results. On the other
hand, our study further verified the bidirectional causal-
ity between NAFLD and neuropsychiatric disorders.
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