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Abstract

Background: Blood immunoreactive biomarkers, such as C-reactive protein (CRP), and
metabolic abnormalities have been associated with schizophrenia. Studies comprehen-
sively and bidirectionally probing possible causal links between such blood constituents
and liability to schizophrenia are lacking.

Methods: To disentangle putative causal links between CRP blood levels and schizophrenia
in both directions, we conducted multiple univariable Mendelian-randomization (MR) analy-
ses, ranging from fixed-effect to inverse variance-weighted (IVW), weighted-median, MR
Egger and generalized summary-data-based Mendelian-randomization (GSMR) models. To
prioritize metabolic risk factors for schizophrenia, a novel multivariable approach was ap-
plied: multivariable Mendelian-randomization-Bayesian model averaging (MR-BMA).
Results: All forward univariable MR analyses consistently showed that CRP has a protec-
tive effect on schizophrenia, whereas reverse MR analyses consistently suggested absent
causal effects of schizophrenia liability on CRP blood levels. Using MR-BMA, as the top
protective factors for schizophrenia we prioritized leucine and as the prime risk-factor tri-
glycerides in medium very-low-density lipoprotein (VLDL). The five best-performing MR-
BMA models provided one additional risk factor: triglycerides in large VLDL; and two ad-
ditional protective factors: citrate and lactate.
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Conclusions: Our results add to a growing body of literature hinting at metabolic
changes—in particular of triglycerides—independently of medication status in schizo-
phrenia. We also highlight the absent effects of genetic liability to schizophrenia on CRP

levels.
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Key Messages

* Using unprecedentedly large datasets, we confirm a protective effect of C-reactive protein on liability to schizophrenia
and for the first time highlight the absence of reverse causal effects.

* Of the blood constituents investigated, triglycerides were the prime schizophrenia liability-increasing constituents.
Leucine was the top protective factor for schizophrenia liability.

* These results deepen our understanding of the complex relationships between blood biomarkers and schizophrenia.

Background

Schizophrenia (SCZ) is a debilitating psychiatric disorder,
affecting 1% of the population worldwide. Identification
of robust biomarkers may aid in the diagnostic work-up,
thus  potentially enabling optimized personalized
treatment.

Immunoreactive biomarkers such as C-reactive protein
(CRP) blood levels have been found to be increased in SCZ
patients compared with controls,’ suggesting that CRP
may be a peripheral biomarker of this disorder.>> CRP lev-
els depend on disease status in psychosis, e.g. elevated CRP
levels in SCZ patients are largely normalized after recovery
from psychotic episodes, whereas elevated CRP levels re-
main high in treatment-resistant psychosis patients.*™®
Moreover, elevated CRP levels in childhood/adolescence
increase the odds of developing psychosis in adulthood.®
However, in contrast to these findings, recently published
Mendelian-randomization (MR) studies show that CRP
may play a protective rather than a risk-increasing role in

7~_a discrepancy that has not yet been

schizophrenia
disentangled.

Metabolic abnormalities (such as higher glucose, lipids
and insulin levels) are common in subjects at high risk for
schizophrenia'® and antipsychotic-naive first-episode psy-
chosis patients,'®™!* pointing to disturbances in metabolic
and growth-hormone-signalling pathways in psychosis
unrelated to antipsychotic treatment.'® Our understanding
of the genetic determinants underlying blood metabolic
variations was deepened by nuclear magnetic resonance
(NMR) spectroscopy and mass spectrometry detection
techniques, enabling the identification and quantification
of the hundreds of blood metabolites.'” Moreover, genetic
overlap between metabolic traits and schizophrenia has
been detected: three metabolic genetic loci were found to

be significantly associated with schizophrenia (p <e-5).'®
However, a study comprehensively dissecting the causal
links between blood metabolic profiles and CRP on the
one hand and SCZ on the other is currently lacking. This
might be due to challenges inherent in such research, such
as state-dependent effects of medication and the nature of
high dimensionality of data.

MR is a powerful approach to disentangle putative causal
effects of a risk factor (or exposure) on an outcome using ge-
netic variants as instrumental variables.”” Common MR
approaches comprise inverse variance-weighted (IVW),
weighted-median®® and MR Egger,”' and include sensitivity
analyses testing whether certain assumptions are violated
(such as pleiotropy). Compared with standard MR, a novel
MR approach—generalized summary-data-based Mendelian
randomization (GSMR)**—has obvious advantages: it is on
average more powerful than MR Egger, while accounting for
linkage disequilibrium between SNPs. In addition, it is more
robust for detecting instrumental outliers using the
Heterogeneity in Dependent Instruments (HEIDI) test. To
our knowledge, GSMR has not been applied to disentangle
the possible causal links between CRP and schizophrenia.
Here, all the above-mentioned MR tools were used to investi-
gate possible causal links between CRP and schizophrenia in
both forward and reverse directions, i.e. to disentangle
whether CRP is a biomarker influencing the risk of schizo-
phrenia (forward direction) or CRP levels are altered as a
consequence of liability to schizophrenia (reverse direction).

The nature of high-dimensional correlated blood metab-
olites is not appropriate to fit into univariable MR.
Multivariable Mendelian randomization (MV-MR) is an
extension of univariable MR that allows detecting causal
effects of multiple risk factors jointly.”> MV-MR takes
pleiotropy into account; the assumption of multivariable
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MR is that genetic variants influence a set of multiple mea-
sured risk factors rather than a specific single risk factor.
However, standard MV-MR has limited ability to handle
high-throughput blood metabolites. To deal with the na-
ture of high-throughput metabolites, we used MR
Bayesian model averaging (MR-BMA, a novel approach
based on MV-MR).** MR-BMA is designed to perform
multiple MV-MR individual models, and the models are
averaged by a Bayesian framework. MR-BMA determines
the best model based on the highest posterior probability
(PP) from the models that randomly select different sets of
risk factors.

In sum, univariable MR was conducted to detect
whether CRP increases or decreases the risk of schizophre-
nia or whether CRP levels are influenced by schizophrenia
liability. In addition, we performed the first multivariate
Mendelian-randomization study using MR-BMA to priori-
tize blood metabolites as potential risk or protective fac-
tors for schizophrenia.

Methods

Univariable MR analyses of CRP with
schizophrenia

MR analyses were conducted using the largest available
CRP GWAS (72=204402 participants, published in
2018)*° and SCZ GWAS (z=105 318) summary statistics
data.*® We selected 52 independent SNPs significantly
(p < 5e-8) associated with CRP as instrumental variables
(for selection details, see Supplementary Methods, avail-
able as Supplementary data at IJE online). The GSMR

*22 package in R

analyses were performed using the ‘GSMR
(see Supplementary Methods, available as Supplementary
data at IJE online). The fixed-effects IVW, weighted-
median and MR Egger models (see Supplementary
Methods, available as Supplementary data at IJE online)
were performed using the ‘TwosampleMR’ package.””
Effect estimates were reported in S values when the out-
come was continuous (i.e. CRP levels) and converted to
odds ratios (ORs) when the outcome was dichotomous
(i.e. SCZ status). We then performed additional sensitivity
analyses, including the strength of instruments estimated
by F-statistics, horizontal pleiotropic effects estimated by
the intercept of MR Egger, I&y statistics (this validates the
suitability of instruments in MR Egger)*® residual hetero-
geneity estimated by Cochran’s Q test*” and leave-one-out
analyses to evaluate whether any single instrumental vari-
able was driving the results. We used default options in
GSMR with HEIDI testing for the detection of instrumen-

tal outliers. The significance threshold was Bonferroni-

corrected for the four models that we applied (p=0.05/
4=0.012).

Besides testing causal effects of CRP on schizophrenia
in forward MR analyses, we also investigated the reverse
hypothesis (so whether liability to schizophrenia impacts
CRP levels) using the 106 SNPs independently and signifi-
cantly (p < 5e-8) associated with schizophrenia as instru-
mental variables (see Supplementary Methods, available as
Supplementary data at IJE online).

MR-BMA analyses of blood metabolites with
schizophrenia

For MR-BMA, we used the currently largest and deep phe-
notyping circulating metabolites GWAS (=24 295)*°
wherein summary statistics for 47 out of 123 metabolites
were first selected as candidate blood biomarkers (for se-
lection details, see Supplementary Methods, available as
Supplementary data at IJE online). Second, we selected
129 independently and significantly associated SNPs as in-
strumental variables for MR-BMA analyses (see
Supplementary Methods, available as Supplementary data
at IJE online). Finally, the beta and standard error (only
for the SCZ GWAS) coefficients of these 129 genetic var-
iants from 47 blood metabolites and SCZ GWASs were
extracted. We used the “TwoSampleMR’ package to har-
monize the SNP information.?”

MR-BMA was used for multiple regular multivariable
MRs with a subset of randomly selected risk factors, with
(i) the multivariable models ranking option: different
multivariable models were prioritized based on PPs of
Bayesian model averaging (BMA); (ii) risk factors priori-
tizing options based on marginal inclusion probability
(MIP) (the sum of PP out of all models where the risk fac-
tor is present); and (iii) the instrument outliers detecting
option based on the Q-statistic (the contribution of each
instrument on heterogeneity, which was calculated as the
squared differences of predicted and observed associa-
tions with outcomes) and influential observations that
were qualified by Cook’s distance (Cd)*' to detect the
instruments distorting the association with the outcome
and the accuracy. 0 represents the causal effects estimated
from a multivariable model. The overall direct causal ef-
fect of a single risk factor on outcome was estimated
based on EMACE, model-averaged causal estimate
(MACE) from all individual models containing the same
risk factor, where @\;‘ represents the causal effect of a sin-
gle risk factor on the outcome in a specific individual
MV-MR model.

We ran MR-BMA including all (7=129) available ge-
netic variants on the number of dimension (d =47) metab-
olite associations using prior probability as p=0.1
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(reflecting that an a priori model size of a maximum of 0.1
x 47 =5 risk factors may have true causal effects on the
outcome) and prior variance ¢*=0.25. As we assumed
that a small subset of metabolites was causally related to
schizophrenia and that the set of true causal risk factors is
randomly distributed, we allowed for models with up to
12 risk factors and with 100000 iterations in the shotgun
stochastic search (an approach that identifies variables of
high PP over models based on a Bayesian framework; for
more details, see Supplementary Methods, available as
Supplementary data at IJE online).?

The models were averaged by PP and ranked, and the best
individual model was identified (PP > 0.01). The risk factors
of blood metabolites were prioritized by their MIPs from
MR-BMA. Then, invalid instruments with unmeasured pleio-
tropic effects (the association between instruments with out-
come, but not mediated by the risk factors) were investigated
by influential observations such as heterogeneity (estimated
by the Q-statistic) and Cook’s distance (Cd). In the end, the
MR-BMA analysis was re-run after removing invalid instru-
ments. The best individual models were identified based on
PP > 0.01. To further validate our results, the best multivari-
able individual models identified from MR-BMA were re-
peated in standard multivariable MR analysis using the
‘MendelianRandomization’  package®  (Supplementary
Methods, available as Supplementary data at IJE online).
Finally, despite low power due to a limited number of signifi-
cant SNPs in each of the metabolite genome-wide analyses,
standard univariable MR analyses were performed to be able
to show causal effects per metabolic trait on schizophrenia
(see Supplementary Methods, available as Supplementary
data at IJE online).

Results

Univariable MR analysis of CRP with
schizophrenia

All models except MR Egger suggested that CRP has a pro-
tective effect on schizophrenia (Table 1A, Figure 1A and
Supplementary Figure 2A, available as Supplementary data at
IJE online). The results show that high CRP has a significant
negative effect on schizophrenia in fixed-effect IVW
[OR=0.91, confidence interval (CI)=0.865-0.958,
p=3.2E-4) and weighted-median (OR =0.909, CI=0.843-
0.981, p =0.012) models. Although MR Egger was not sig-
nificant (p=0.165), overall horizontal pleiotropic effects
were absent (for intercept of MR Egger: £=0.0007,
p=0.864). The I%y statistics of MR Egger were larger than
90% (Iiy = 98.6%), suggesting the absence of substantial
bias in the causal estimates due to uncertainty in the genetic
associations. In addition, the F-statistics as a proxy for the

instrument strength indicated that the results do not suffer
from weak-instrument bias: these were 28.22 and 29.47, be-
fore and after exclusion of outliers, respectively. The
Cochran’s Q test in the fixed-effect IVW model (p = 7.0E-16)
and MR Egger model (p=3.8E-16) suggested that there
was heterogeneity in the instrumental variables, which may
be caused by true causality rather than by violation of
instrument variable assumptions. The leave-one-out sensitiv-
ity analysis (Supplementary Figure 2A, available as
Supplementary data at IJE online) showed that no SNPs al-
tered the pooled f coefficient, indicating the stability and reli-
ability of our results. The HEIDI test detected seven SNPs as
pleiotropic outliers. The forward GSMR result demonstrated
consistent negative causal effects of CRP on SCZ
(OR = 0.885, CI = 0.843-0.931, p = 1.6E-6).

The reverse MR analyses for the fixed-effect IVW,
weighted-median and MR Egger models successfully
extracted 106 instrumental variables (Table 1B, Figure 1B
and Supplementary Figure 2B, available as Supplementary
data at IJE online). No significant causal effects of SCZ lia-
bility on CRP were detected. Nonetheless, horizontal pleio-
tropic effects were absent in MR Egger (for the intercept of
MR Egger: =0.0003, p=0.920). The small 12y value
(20.1%) suggests that bias due to measurement errors in
MR Egger estimation was large, warranting caution in inter-
preting MR Egger results. On the other hand, the large F-
statistics (235.36 and 236.33, respectively) indicated that
causal estimations did not suffer from weak-instrument
bias. The strong evidence of heterogeneity in the instruments
may be due to the pleiotropy or violation of NO
Measurement Error (NOME) assumption, with significant
estimates by Cochran’s Q for both the fixed-effect IVW
model (Q-statistic=313.645, df=105, p=1.2E-22) and
MR Egger model (Q-statistic=313.15, df =104, p =6.9E-
23). The leave-one-out sensitivity analysis (Supplementary
Figure 3B, available as Supplementary data at IJE online)
showed that no single instrumental variable significantly al-
tered the IVW-model estimates. The HEIDI test detected 1
SNP as a pleiotropic instrument outlier, resulting in 105
SNPs as instrumental variables in GSMR. Consistently with
the other reverse MR models, no significant causal effect of
schizophrenia liability on the CRP level was estimated from
GSMR ($=-0.010, CI=-0.020-0.000, p = 0.056).

MR-BMA results: causal links between metabolic
blood constituents and schizophrenia liability

When including all selected instruments (z=129) in both
the NMR and the SCZ summary data, the prioritized
metabolites for schizophrenia with respect to their MIPs
(Supplementary Table 2, available as Supplementary data
at IJE online) were: total cholesterol in LDL (LDL.C,

020z Ateniged || uo Jasn Jyoai)n yesyolqigsyelsionun Aq GE8/SSGS/S0S |/G/8 /0 NSqe-ajo1e/all/wod dnoolwapese)/:sdjy Woly papeojumod


https://academic.oup.com/ije/article-lookup/doi/10.1093/ije/dyz176#supplementary-data
https://academic.oup.com/ije/article-lookup/doi/10.1093/ije/dyz176#supplementary-data
https://academic.oup.com/ije/article-lookup/doi/10.1093/ije/dyz176#supplementary-data
https://academic.oup.com/ije/article-lookup/doi/10.1093/ije/dyz176#supplementary-data
https://academic.oup.com/ije/article-lookup/doi/10.1093/ije/dyz176#supplementary-data
https://academic.oup.com/ije/article-lookup/doi/10.1093/ije/dyz176#supplementary-data
https://academic.oup.com/ije/article-lookup/doi/10.1093/ije/dyz176#supplementary-data
https://academic.oup.com/ije/article-lookup/doi/10.1093/ije/dyz176#supplementary-data
https://academic.oup.com/ije/article-lookup/doi/10.1093/ije/dyz176#supplementary-data
https://academic.oup.com/ije/article-lookup/doi/10.1093/ije/dyz176#supplementary-data
https://academic.oup.com/ije/article-lookup/doi/10.1093/ije/dyz176#supplementary-data
https://academic.oup.com/ije/article-lookup/doi/10.1093/ije/dyz176#supplementary-data
https://academic.oup.com/ije/article-lookup/doi/10.1093/ije/dyz176#supplementary-data
https://academic.oup.com/ije/article-lookup/doi/10.1093/ije/dyz176#supplementary-data
https://academic.oup.com/ije/article-lookup/doi/10.1093/ije/dyz176#supplementary-data
https://academic.oup.com/ije/article-lookup/doi/10.1093/ije/dyz176#supplementary-data
https://academic.oup.com/ije/article-lookup/doi/10.1093/ije/dyz176#supplementary-data
https://academic.oup.com/ije/article-lookup/doi/10.1093/ije/dyz176#supplementary-data
https://academic.oup.com/ije/article-lookup/doi/10.1093/ije/dyz176#supplementary-data
https://academic.oup.com/ije/article-lookup/doi/10.1093/ije/dyz176#supplementary-data

International Journal of Epidemiology, 2019, Vol. 48, No. 5

1509

Table 1. The forward and reverse univariable MR analyses
results of CRP with SCZ liability
(A) Forward MR analyses of CRP on SCZ liability

Forward model (using N OR (95% CI)* P
CRP SNPs as instruments)

VW 52 0.910(0.865-0.958)  3.2E-4
Weighted median 52 0.909(0.843-0.981)  0.011
MR Egger 52 0.902(0.782-1.040) 0.161
GSMR 45  0.885(0.843-0.931) 1.6E-6
(B). Reverse MR analyses of SCZ liability on CRP

Reverse model (using N B (95% CI) P
SCZ SNPs as instruments)

VW 106 -5.3E-4 (-0.013t0 0.012) 0.933
Weighted median 106 -0.011 (-0.031 to 0.009) 0.297
MR Egger 106 -0.005 (-0.095 to 0.085) 0.914

GSMR excluding outliers 105 -0.010 (-0.020 to 0.000) 0.056

N, number of SNPs used as instrumental variables in MR analyses; OR,
odds ratio, indicating the change of odds for SCZ per 1-unit increase in CRP
levels (mg/L); B, effect size, indicating the change of CRP (mg/L) per 1-stan-
dard deviation increase in SCZ odds; IVW, fixed-effects inverse variance-
weighted model.

W
waighted median
= MR Egger

= GSMR

0.10
1

SCZ(by,)

-0.10 -0.05 0.00 0.05 0.10 0.15 0.20
CRP (by,)

MIP=0.425) with a negative effect (Oniace =-0.113),
compared with other metabolites’ MIPs all being <0.3.
The four best models identified based on PP>0.01
(Supplementary Table 2, available as Supplementary data
at IJE online) showed protective effects of citrate (Cit,
Omace =—0.198), Lactate (Lac, Opace=0.015) and leu-
cine (Leu, EMACE: 0.01) and risk-increasing effects of tri-
glycerides in medium very-low-density lipoprotein (VLDL)
(M.VLDL.TG, Oyace =-0.057) on SCZ. As an example,
for the best individual model from MR-BMA, we provide
a graph showing good predictability for the observed SCZ
associations (Figure 2). In the best individual models based
on the minimum Q-statistic >10 (in Supplementary Table
3, available as Supplementary data at IJE online, and
Figure 2A) and Cook’s distance >0.1 (Supplementary
Table 4, available as Supplementary data at IJE online,
and Figure 2B), the most heterogeneous variant was
rs193084249 (minimum Q-statistic=13.216) and it was
the most influential variant in the best models (minimum
Cook’s distance = 0.019).

After removing the outlier rs193084249 (n=128), the
top two prioritized protective metabolites were Leu
(MIP =0.343, Opace=-0.064) and Lac (MIP=0.276,
/H\MACE:—O.O64) and the top two risk-increasing metabo-
lites were triglycerides in medium VLDL (M.VLDL.TG;
MIP=0.215, /O\MACE:0.O35) and triglycerides in large

W
waighted median
MR Egger
GEMR

CRP (b,)

-0.03
L

SCZ (b,,)

Figure 1. Scatter plots of MR analyses using several models to investigate causal relationships between CRP (C-reactive protein) and SCZ (schizo-
phrenia). The four models applied in the current manuscript are all denoted. (A) Forward models assessing the effect of CRP on SCZ liability. Lines in
dashed, dotted and dotdash represent  for fixed effect IVW, weighted median, and MR Egger models using 52 instruments. The longdash line is
from GSMR model with 45 instruments removing outlier detected by HEIDI test. The scatters in grey are instrument outliers by HEIDI (Heterogeneity
in Dependent Instruments) test. (B) Reverse models assessing the effects of genetic liability to SCZ on CRP. Lines in dashed, dotted and dotdash rep-
resent f for fixed effect IVW, weighted median, and MR Egger models using 106 instruments. The longdash line is f from GSMR model with 105
instruments removing outlier detected by HEIDI test. The scatters in blue are instrument outliers by HEIDI (Heterogeneity in Dependent Instruments)
test. IVW, inverse variance-weighted model; GSMR, generalized summary-data-based Mendelian-randomization model.
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Figure 2.. Diagnostic plot of the best individual MR-BMA model (including Citrate (Cit) and Lactate (Lac)), showing predicted associations with SCZ
(fitted p values on SCZ, x-axis) against the observed associations with SCZ (f values from the SCZ summary statistics, y-axis). Each dot represents an

instrument variable (n= 129 genetic variants). The color code shows: (A) the Q-statistic for outliers and (B) Cook’s distance for influential points. Any
genetic variants with Q-statistic > 8 or Cook’s distance > 0.03 (4/129) are marked by a label indicating the gene region. One variant was detected as
an outlier (with minimum Q-statistic > 10 and minimum Cook’s distance > 0.01 in all the models with posterior probability (PP) > 0.01): the intergenic
variant rs193084249, denoted as ‘intergenic’ in the graph. (A) the Q-statistic: Cit + Lac. (B) Cook’s distance: Cit + Lac. Cit, citrate; Lac, lactate, SCZ,

schizophrenia.

VDLD LVLDLTG (MIP=0.134, Opace=0.02;
Table 2A). The best final individual model (with the high-
est PP) consisted of the top prioritized protective factor
Leu (0,=-0.180) and the top risk factor M.VLDL.TG
(@:0.139). Besides this top model with the highest PP,
four additional best individual models were identified and
prioritized based on their PP >0.01; they were thus ranked
by decreasing PP (Table 2B and Supplementary Figure 4,
available as Supplementary data at IJE online). The
second-best individual model consisted of Cit (/052 =-0.157,
Omace =-0.017) and Lac (0, =-0.283). The third-best in-
dividual model consisted of Lac only (0,=-0.229). The
fourth-best individual model consisted of M.VLDL.TG
only (@A:O.l). The fifth-best individual model consisted
of LVLDL.TG (0, = 0.145) and Leu (0, =-0.186).

The results of the univariable MR analyses with all 47
metabolites on SCZ liability are shown in Supplementary
Table SA, available as Supplementary data at IJE online.
The biomarkers passing the nominal significance level
(p <0.05) in this analysis were (by decreasing level of sig-
nificance): M.VLDL.TG, VLDL.D, XS.VLDL.TG,
S.VLDL.TG, IDL.TG, M.VLDL.C and serum TG (serum
total triglycerides) with positive causal effects and alanine
(Ala) with a protective effect. The risk factors
M.VLDL.TG and L.VLDL.TG consistently showed causal
effects on SCZ liability. Confirming the MR-BMA

analyses, standard MV-MR analysis was conducted using
the top three multivariable prioritized models
(Leu+M.VLDL.TG, Cit + Lac and L.VLDL.TG + Leu). In
line with the univariable and MR-BMA analyses, these
standard MV-MR models suggest causal effects of
M.VLDL.TG and L.VLDL.TG on SCZ liability (see
Supplementary Table 5B, available as Supplementary data
at IJE online).

Discussion

Our aim was to investigate possible causal links between
CRP and SCZ liability and to prioritize metabolic risk
factors for SCZ. Our MR results based on the most recent
and largest GWASs confirm previous evidence based on
smaller studies hinting that CRP is protective for SCZ.””’
Moreover, we provide new and consistent evidence
showing the absence of reverse causality, i.e. our findings
suggest that liability to SCZ does not lead to CRP
alterations. Finally, this first multivariable MR study
prioritizes triglycerides as risk-increasing and three
metabolites as protective for SCZ, namely leucine, citrate
and lactate.

Protective effects of CRP on schizophrenia were previ-
ously revealed by multiple MR studies.””? apparently con-
tradicting clinical observations.>® For example, higher
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Table 2. Ranking of risk and protective factors for schizophrenia (A) according to their marginal inclusion probability (MIP) and
(B) the best 10 individual models according to their posterior probability (PP). A negative causal estimate (/éMACE/g}L) indicates a
protective effect as suggested by the model, whereas a positive value indicates a risk factor, as suggested by the model

(A) Model averaging

Risk/protective factor Marginal inclusion probability (MIP) Model-averaged causal estimate Onace

1 Leu 0.343 -0.064
2 Lac 0.276 -0.064
3 M.VLDL.TG 0.215 0.035
4 L.VLDL.TG 0.134 0.02

5 Cit 0.131 -0.017
6 AcAce 0.129 -0.024
7 LDL.D 0.128 0.016
8 XS.VLDL.TG 0.099 0.013
9 S.VLDL.TG 0.096 0.012
10 Ile 0.092 -0.007

(B) Individual averaging

Risk factors Posterior probability (PP) ~ Model-specific causal estimates 0; ~ Model-specific standard error(s) of 0,

1 Leu, M.VLDL. TG 0.023 -0.180, 0.139 0.056, 0.036

2 Cit, Lac 0.020 -0.157,-0.283 0.050, 0.083

3 Lac 0.018 -0.229 0.090

4 M.VLDL.TG 0.015 0.100 0.035

S L.VLDL.TG, Leu 0.013 0.145,-0.186 0.039,0.057

6 L.VLDL.C, Leu 0.010 0.132,-0.176 0.036, 0.056

7 AcAce, Leu, M.VLDL.TG 0.009 -0.195,0.210, 0.182 0.076, 0.056,0.039
8 L.VLDL.C 0.009 0.093 0.035

9 S.VLDL.TG 0.009 0.083 0.031

10 Cit 0.008 -0.125 0.051

Daace is the model-averaged causal effect and 0, is the causal-effect estimate for a specific model. In Table 2A, blood biomarkers are ranked by decreasing mar-

ginal inclusion probability (MIP). In Table 2B, individual models are ranked by decreasing posterior probability (PP).

AcAce, acetoacetate; Cit, citrate; Lac, lactate; Leu, leucine; L.VLDL.C, total cholesterol in large VLDL; L.VLDL.TG, triglycerides in large VLDL;
M.VLDL.TG, triglycerides in medium VLDL; Serum.TG, serum total triglycerides; S.VLDL.C, total cholesterol in small VLDL; S.VLDL.TG, triglycerides in small
VLDL. The best individual multivariable models were identified by PP >0.01 (in bold).

CRP levels, in an age-dependent manner,>* were found not
only to be associated with schizophrenia status, but also to
be positively correlated with negative symptoms, cognitive
impairment and risk of metabolic syndrome in SCZ
patients.>®*” A relatively high proportion of schizophrenia
patients seem to have elevated CRP blood levels."*® It is
important to note, however, that MR is designed to esti-
mate a ‘lifetime effect’ of a risk factor. The GWAS of CRP
used for the current analyses was mainly conducted in mid-
dle-aged participants. One may speculate that genetic
mechanisms underlying CRP blood-level variation in child-
hood differ from those determining CRP blood-level con-
centration at older age.*” Following this line of reasoning,
our findings do not necessarily contradict meta-analytical
evidence showing that childhood central nervous system
(CNS) viral infections (that may result in elevated CRP in

childhood) increase the risk of adult psychotic illness.®*°

With regard to genetic overlap between CRP and schizo-
phrenia, although a small negative genetic correlation
(rg=-0.07, p-value = 0.015) has been found,?’ no associa-
tion between polygenic risk scores (PRS) of schizophrenia
with risk of infection and absent interaction effects of SCZ
PRS and infection on the risk of schizophrenia have been
found.*" We thus speculate that the increased incidence of
early-childhood infections in schizophrenia patients are
not fully attributed to genetic mechanisms. As early child-
hood is a sensitive period for the effects of infection on
neurocognitive development, early-childhood infections
may constitute an environmental factor increasing the
odds of psychosis in adolescence. Nonetheless, the underly-
ing mechanisms of high CRP levels decreasing the risk of
SCZ remain unknown. Our reasoning was that reverse
causality of CRP on schizophrenia might exist, which had
not been tested using MR. However, our results render this
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notion unlikely: no causal effects of liability to schizophre-
nia on CRP levels were detected by reverse MR analyses.
This insignificant reverse causal result is robust because
more instruments for schizophrenia in reverse MR analysis
were used than instruments for CRP in forward MR mod-
els and the big sample size of the GWASs.

Studies show that schizophrenia patients have a unique
blood metabolic profile compared with healthy controls,*
suggesting that blood metabolites can be used as potential
biomarkers. Identification of metabolic biomarkers for
schizophrenia may increase diagnostic accuracy, facilitate the
discovery of drug targets and deepen the understanding of its
aetiology. We successfully identified two potential triglycer-
ides in VLDL as risk factors for schizophrenia. Our results of
triglycerides being associated with schizophrenia are in line
with a longitudinal study showing that triglyceride blood lev-
els are significantly higher in schizophrenia patients and
remained stable over a 5-year follow-up period.*® In addition,
higher triglycerides are significantly positively associated with
suicidal behaviour in schizophrenia patients** independently
of antipsychotic medication.

The three prioritized protective factors were leucine, cit-
rate and lactate, respectively. Increased leucine blood and
cerebrospinal-fluid levels have been observed in unmedi-
cated SCZ patients.*® However, those results need further
validation due to the small sample sizes. Another study ar-
gued that altered leucine levels in SCZ may be confounded
by medication status.*® The second protective factor priori-
tized by MR-BMA was citrate, which has strong clinical
support: a modest but significant negative genetic correla-
tion between citrate levels and schizophrenia was previously
unraveled.*” In addition, lower citrate levels were observed
in SCZ.*® We found no studies reporting on blood-lactate
levels associated with SCZ-disease status. However, lactate
is a (waste) product of glycolytic metabolism from muscles,
playing an important role in brain-energy metabolism, espe-
cially during acute neural activation. An animal study
showed lactate-transport glycogen-maintained adenosine
triphosphate (ATP) is a possible defence mechanism for neu-
rons in an exhausted brain.*’ In addition, lactate plays a
neuroprotective role against excitotoxicity, oxidative stress
and damage from trauma.’®! Possibly, lactate may in the
same manner protect against vulnerability to SCZ.

Limitations

This study has several limitations. First, although there is no
cohort overlap between the meta-analysis of CRP
(n=204402) and schizophrenia (7=105318), both
population-based studies were obtained from mostly
European studies and might therefore have some sample
overlap, resulting in inflation of test results.’> However, the

fact that we found similar results using both CRP GWASs
renders substantial inflation unlikely. In addition, MR esti-
mates the lifetime effects of exposures.>” The genetic instru-
ments of CRP effects may vary over time and CRP may only
affect schizophrenia risk in a specific period (e.g. childhood).
Furthermore, regarding the reverse-causality analysis, the
current findings merely suggest that liability to schizophrenia
does not lead to CRP-level alterations. To investigate possi-
ble causal effects of liability to schizophrenia-associated clin-
ical features (e.g. outcome) on CRP-level changes would
require longitudinal designs using individual-level data from
SCZ patients. Furthermore, the SNPs significantly associated
with blood constituents explained a relatively small propor-
tion of the variance in these traits; future, even better-
powered GWASs may thus yield more powerful genetic
instruments. Finally, MR-BMA is a relatively new multivari-
able MR method and we hope that future techniques will be
used to replicate these findings.

Conclusions

We provide consistent evidence for a protective effect of
CRP on schizophrenia without reverse causal effects, sug-
gesting that CRP is not influenced by schizophrenia liabil-
ity. Multiple potential biomarkers for schizophrenia such
as triglycerides, leucine, citrate and lactate were detected.
These findings add to a growing body of literature hinting
at metabolic changes—in particular related to triglycer-
ides—independently of medication status in SCZ and may
be used to further investigate the effects of interventions
targeting the above-mentioned constituents.

Supplementary Data

Supplementary data are available at IJE online.
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Schizophrenia is a debilitating psychiatric disorder affecting millions
of people worldwide. Both genetic and environmental factors con-
tribute to disease development, but the pathophysiology of schizo-
phrenia is poorly understood and treatment mainly consists of
psychosocial interventions and antipsychotic medication. Mendelian
randomization (MR) analysis has the potential to identify causal fac-
tors for an outcome of interest, providing insights into the biological
pathways that cause disease, and could aid in detecting novel thera-
peutic targets. Genome-wide association studies (GWAS) have iden-
tified more than 100 loci for schizophrenia that can be used in MR
analysis for the identification of causal factors for the disease.

In 2016, Prins et al. described for the first time an association be-

tween genetically determined C-reactive protein (CRP) and

schizophrenia in an MR study.! In contrast to prior published obser-
vational association studies, in which higher CRP levels were ob-
served in schizophrenia patients compared with controls,” Prins et
al.? found a protective causal effect of CRP on schizophrenia. Using
similar CRP and schizophrenia GWAS data, this finding was con-
firmed in a subsequent MR study that incorporated robust MR sen-
sitivity analyses.> Additionally, Hartwig et al.® investigated the role
of IL-6, which is the major upstream regulator of CRP, and findings
in the MR of IL-6 were in agreement with the protective effect of
CRP. Recently, in a novel CRP GWAS effort, up to 52 genetic var-
iants were included in MR analyses of CRP and schizophrenia, and
a similar protective effect of CRP on schizophrenia risk was found.*

Furthermore, the MR analysis that included only the genetic variant
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