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ABSTRACT

Objective: Gut microbiota dysbiosis and aberrant gut-brain functional modules
including short-chain fatty acid (SCFA) production and long-lasting immune
activation (1A) are presented in schizophrenia. Given the key roles of gut microbiota
and SCFA in shaping immunity, we propose that dysbiosis-induced SCFA
upregulation could contribute to 1A and behavioral symptoms in schizophrenia.
Design: Gut microbiota, SCFA, and IA biomarkers were compared between
schizophrenic  patients and healthy controls. The roles of SCFA in
schizophrenia-related IA were analyzed in cultured peripheral blood mononuclear
cells (PBMCs) and a mouse model of schizophrenia. The effects of SCFAs on
schizophrenia-related phenotypes were analyzed in both human and mouse.

Results: Both microbial-derived SCFA and SCFA-producing bacteria were elevated
in the guts of schizophrenic patients, and this increased SCFA production in gut was
associated with IA in schizophrenia. The microbiome signature underpinning
schizophrenia-related IA includes increased diversity and increased SCFA-producing
bacteria and inflammation-associated bacteria. The impact of SCFAs on immune
responses of cultured PBMC depend on the diagnosis and IA status of donors.
Small-molecule serum filtrates from immune-activated schizophrenic patients
increased the inflammatory response of PBMCs from healthy volunteers, which can
be enhanced and attenuated by SCFAs supplementation and inhibition of SCFA
signaling, respectively. Chronically elevated SCFAs in adolescence induced

neuroinflammation and schizophrenia-like behaviors in adult mice. Moreover,
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chronically elevated SCFAs in adult mice prenatally exposed to IA potentiated their
expression of schizophrenia-like behaviors.
Conclusion: microbiota-derived SCFAs are important mediators of dysregulated

gut-brain axis and participant in pathogenesis via enhance IA in schizophrenia.

Summary

Significance of this study

1. What isalready known about this subject?

» Schizophrenia pathogenesis goes beyond the brain since increasing peripheral
abnormalities are revealed including gut microbiota dysbiosis, GI dysfunction,

and systemic immune activation (1A).

» Systemic IA/inflammation contributes to the neuroinflammation and brain
impairment underlying schizophrenia, and adjunctive immunotherapy can

improve psychotic symptoms.

» Short-chain fatty acids (SCFA) mediate the microbiota-gut-brain communication
and modulate several pathways involved in schizophrenia, including pathways of

immunity and neurotransmitters.

2. What are the new findings?

» Patients with schizophrenia displayed increased rates of IA and increased SCFA

production compared with healthy controls, and increased SCFA is associated
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with 1A in patients.

» A unique microbiota signature including enriched SCFA-producing bacterial

species can distinguish patients with IA from other patients and controls.

» Small molecules in the serum of immune-activated patients with schizophrenia
enhance LPS-induced immune response of cultured peripheral blood

mononuclear cell (PBMCs), which is partially mediated by SCFA signaling.

» SCFA intake upregulates both peripheral and brain inflammation and potentiates

the expression of schizophrenia-like behaviors in mice prenatally exposed to IA.

3. How might it impact on clinical practice in the foreseeable future?

> Interference of SCFA signaling or targeted destruction of SCFA-producing
bacteria may provide a new approach for the prevention and treatment of

schizophrenia.

> Immune activation status of patients should be an important condition
considered when selecting immunotherapy for future precision psychiatric

therapy.
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INTRODUCTION

Schizophrenia is one of the most mysterious and devastating mental disorders[1];
however, much of the underlying pathogenic mechanisms remain unknown. The
immune/inflammation hypothesis of schizophrenia, based on widely reported
disturbances of immune/inflammatory mediators in patients and animal models, posits
that dysregulated immune processes interact with the neural system to promote
pathogenesis[2]. Increasing evidence indicates that abnormal immune responses
contribute to the ongoing pathophysiology of schizophrenia rather than merely the
outcome of disease development. Genetic variations that have the strongest
associations with schizophrenia risk span across the major histocompatibility complex
(MHC) region on chromosome 6.22 that plays a crucial role in immune function[3]. A
functional link between immune dysfunction and development of schizophrenia is
also suggested by the fact that immune activation is evident for several years prior to
the first onset of schizophrenic symptoms[4, 5]. Moreover, nonsteroidal
anti-inflammatory drugs and monoclonal antibodies targeting specific inflammatory
cytokines or cytokine receptors have shown efficacy at reducing psychopathology in
schizophrenic patients[6, 7]. It has been proposed that altered immune pathways
partly mediate schizophrenia symptoms, especially impaired cognition[8]. Although
great insights have been obtained into the immunological alterations in schizophrenia
(see review [9, 10]), the origins of the immune activation and how it is maintained

long-term are poorly understood.
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The key roles of gut microbiota in shaping the immune system have been
demonstrated by numerous studies[11, 12, 13]. Gut microbiota provide tonic immune
stimulatory signals to prime the peripheral innate immune system and induce elevated
levels of inflammatory cytokines[13]. The interaction between gut microbiota and the
host immune system is mainly mediated by microbiota-produced small diffusible
metabolites[14]. Short chain fatty acids (SCFAs), the most abundant microbial
metabolites in the intestine, play crucial roles in both immune regulation[15, 16, 17,
18, 19] and microbiota-gut-brain communication[20]. Interestingly, many recent
studies identified gut microbiota dysbiosis in schizophrenia[21, 22, 23, 24]. Our
previous study indicates that the same gut microbiota alterations seen in schizophrenic
patients can cause schizophrenia-like abnormal behaviors in mice[25]. Moreover, our
recent metagenome-wide association study ( MWAS ) further identified 83
schizophrenia-associated bacterial species and 27 altered neuroactive potentials of gut
microbiota in schizophrenic patients, including SCFA production (manuscript recently
accepted by Nature Communications). Several bacterial species that are significantly
enriched in the gut of schizophrenic patients are SCFA-producing bacteria, including
Bifidobacterium angulatum, Clostridiales bacterium, and Lachnospiraceae bacterium.
Neuroinflammation, a common brain abnormality in schizophrenia, is promoted by
SCFAs in a mouse model of Parkinson’s disease[26]. Therefore, it is logical to inquire
whether SCFA production is dysregulated and can link gut microbiota dysbiosis to

aberrant immune activation in schizophrenia.

Potential roles of SCFAs in the pathophysiology of schizophrenia are also likely since
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they are known to affect metabolic pathways[27, 28], oxidative stress pathways[29,
30], and neurotransmitter pathways[31, 32, 33], all of which are involved in
schizophrenia pathology [34]. SCFAs cross the blood brain barrier (BBB) and are
internalized by nerve cells to provide energy for these cells, particularly during
postnatal brain development[27, 28]. After entering the brain, SCFAs affect cellular
oxidative stress functions[29, 30], lipid metabolism[35, 36], regulate the release and
synthesis of neurotransmitters[31, 32, 33] and alter microglial homeostasis[37].
Moreover, overstimulation of propionic acid in the brain produces neurocognitive
defects, abnormal motor movements, and impaired social interactions in rodents[36,
38, 39]. Therefore, it is important to investigate the role of gut
microbiota-SCFA-immune axis interaction in the pathogenesis of schizophrenia,

especially schizophrenia-associated immune activation.

METHODs

Study design and procedure

Figure 1 shows study design and workflow. Detailed criteria and procedures for
recruitment of participants, metagenomic sequencing and bioinformatics, behavioral
testing, specimen collection and preparation, and tissues and cell analysis are
described in online supplementary methods.

Human study: We explored the relationships among gut microbial-derived SCFAs,
gut microbiome, immune functionality, and the diagnosis and phenotypes of

schizophrenia. A two-stage cross-sectional study was carried out to compare SCFA
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concentration between patients with schizophrenia and healthy controls. Systemic
immune activation was evaluated for each participant via quantifying four immune
mediators in serum, including two markers for monocyte activation: interleukin-6
(IL-6) and soluble CD14 (sCD14), a surrogate marker for T cell activation: soluble
interleukin-2 receptor (sIL-2R), and an acute-phase protein (high-sensitive C-reactive
protein, hsCRP) [2, 4, 40]. Next, a two-step cluster analysis[41] based on these four
immune mediators was applied to classify each participant into one of two distinct
categories: “immune-activated” or “non-immune-activated” (see Results). Next,
schizophrenia-related  phenotypes, SCFA level, structural and functional
characteristics of the microbiome, and immune functionality of peripheral blood
mononuclear cells (PBMCs) were compared among four subgroups of people, i.e.
immune-activated patients or controls and non-immune activated patients or controls.
Finally, functional roles of SCFA signaling in immune activation in schizophrenia
were analyzed in in vitro cultured PBMCs.

Animal study: The roles of microbial-derived SCFAs in schizophrenia pathology
were explored in mice. Three experiments were conducted (see below). Experiments 1
and 2 investigated the impacts of excessive SCFA intake in peri-puberty or adulthood
on the expression of schizophrenia-relevant behaviors and immune activation in
normal mice. Experiment 3 explored the impacts of SCFA elevation on the expression
of schizophrenia-relevant behaviors in adulthood and immune activation in a mouse
model of schizophrenia: maternal immune activation (MIA)[42]. The potential roles

of inflammation pathways in the effects of SCFAs on mice were evaluated by feeding
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the anti-inflammatory drug minocycline concurrently with SCFAs.

Subjects

Participants were recruited as described in our previous studies[25, 43]. This study is a
subproject affiliated with a publicly registered clinical trial for gut microbiome

investigation in schizophrenia (Identifier: NCT02708316; https://clinicaltrials.gov)

that was approved by the Medical Ethics Committee of The First Affiliated Hospital of
Xi'an Jiaotong University. All participants signed a consent form. No individuals in this
study had physical illness or evidence of infection (all subjects tested normal for
hepatic function, renal function, blood-rt (routine test), urine-rt, stool-rt and negative
for hepatitis B and C, HIV, HTLV, CMYV, syphilis, Chagas disease, and malaria). All

participants were physically asymptomatic for gastrointestinal distress.

Human specimen collection and preparation

Participants had a fasting blood draw at 07:00-09:00 hours. Serum isolated from
blood was stored immediately at -80 °C for immunoassay or was further isolated to
get small molecule filtrates by centrifugal filtration within three hours after blood
draw. The sterile heat-treated serum was centrifuged at 15,000xg for 30 min at 4 °C,
and the supernatant was sterile-filtered through a 5-kDa molecular weight cut-off
filter (Sartorius Vivaspin® 2 ultrafiltration centrifugal concentrator) to obtain
small-molecule serum filtrate. PBMCs were isolated from blood using Ficoll Density
Gradient (GE Healthcare, USA) and cultured within two hours of blood draw. Fresh
stool sample was collected in hospital and an aliquot was stored in commercial fecal

sample collection tubes with N-octylpyridinium bromide-based-based reagent
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(MGIEasy, MGI, Shenzhen, China) for metagenomic sequencing, and a second
aliquot was immediately stored at =80 °C for each subject. DNA was extracted from

feces as previously described[25].

Shotgun metagenomic sequencing and MWAS

Metagenomic sequencing was performed on fecal samples from 150 patients and 150
controls. Among them, 39 samples were sequenced in this study and other 261
samples had been sequenced and reported in our previous MWAS for schizophrenia
[add ref. after it is online]. The sequencing method, bioinformatic analysis and
MWAS were performed as published previously [add ref. after it is online] and as
further described in online supplementary methods. Sequence data summary is shown
in online supplementary table S3.

Invitro PBMC study

PBMCs collected from buffy coat were washed with PBS then resuspended in
RPMI-1640 medium supplemented with 10% heat-inactivated fetal bovine serum and
1 mM L-glutamine, and 1% Antibiotic-Antimycotic solution. To investigate the effect
of SCFAs on immune activation, 2 x 10° cells were treated with 2 mM mixed SCFASs
(1.2 mM acetate, 0.4 mM propionate, 0.4 mM butyrate) alone or in combination with
GLPG0974 (GLPG, antagonist of GPR43; 0.1 mM) and b-hydroxybutyrate (SHB,
antagonist of GPR41; 5 mM) for 16 h and were then exposed to lipopolysaccharide
(LPS, 5 pg/mL) for 12 h. To investigate the effects of serum filtrate on immune

activation, 2 x 10° PBMCs from healthy volunteers were incubated with PBS or
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small-molecule serum filtrate alone or in combination with mixed SCFAs, or in
combination with GLPG and SHB for 24 h. Supernatants were collected and stored at
-80 °C for cytokine measurement. mMRNA level of immune-related genes and GPR41

and GPR43 were measured via gPCR (supplementary table S2).

Animal studies

Male C57BL/6J mice were used for all experiments and were housed under standard
SPF environment with food and water provided ad libitum. All experiments were
approved by the Animal Care and Use Committee of Xi’an Jiaotong University. In
experiment 1, mice were fed with SCFAs (25 mM sodium propionate and 40 mM
sodium butyrate and 67.5 mM sodium acetate[37]) and minocycline (2g/L)[44],
SCFAs alone, minocycline alone in drinking water, or sodium-matched water for 4
weeks, from postnatal days (PD) 29-56, then tested on a series of behavioral tasks one
week later. In experiment 2, mice were fed with SCFAs or sodium-matched water
during postnatal days (PD) 57 - 84 and underwent behavior evaluation one week later.
In experiment 3, mice prenatally exposed to immune stimulation or sodium-matched
water were treated with combined SCFAs and minocycline, SCFAs alone,
minocycline alone, or saline during PD 57 - 84 and underwent behavioral testing one
week later. MIA was established as published previously[42]. Dosage of agents and
behavioral tests were identical in all three experiments. Behavioral testing was
performed in the following order: open field test (OFT), elevated plus maze (EPM),
three-chamber social test (TCST), Barnet maze (BM), and pre-pulse inhibition of

startle response (PPI). Mice were rapidly decapitated 24 hours after the final
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behavioral test. Serum was harvested from the neck, and prefrontal cortex (PFC) and
hippocampus were dissected from the brains. TNF-o and IL-6 were measured in

serum using ELISA Kits.

SCFA quantification

Acetate, propionate, and butyrate in serum of the discovery set subjects were
quantified via gas chromatography-triple quadrupole mass spectrometry
(GC-QQQ-MS) assay. Serum SCFAs of the validation set subjects and the mice and
all fecal SCFAs were measured via gas chromatography—mass spectrometry (GC-MS).
Detailed procedures and parameters for SCFAs quantification in GC-QQQ-MS and
GC-MS are shown in online supplementary methods and online supplementary Table
S1, respectively.

I mmunoassay

Hs-CRP was measured using immunoturbidimetric assay (TBA-200FR, Tokyo, Japan).
Pro-inflammatory cytokines in human serum, supernatant of cultured human PBMCs
and mouse colon, serum, and brain were quantified using commercially available
enzyme-linked immunosorbent assay kits according to the manufacturer’s
instructions.

The identifier, assay sensitivity and intra- and inter-assay coefficients of variation of
these kits are shown in online supplementary Table S2. The activity of NF-xB in
nuclear extracts of PBMCs was measured using a commercially available NF-xB (p65)
Transcription Factor Assay (Cayman Chemicals) following the manufacturer’s

instructions.
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Statistical analyses

Continuous variables were expressed as mean + standard deviation (SD), mean +
standard error of the mean (SEM), or median with interquartile range (IQR). Data
were tested for normal distribution using the D'Agostino & Pearson normality test.
Parametric (Student’s t-test and analyses of variance) or nonparametric group
comparisons (Mann-Whitney U and Kruskal-Wallis H-tests) were applied for
continuous variables as appropriate. 4 tests (for frequencies) were calculated for the
difference in distribution of categorical variables. Spearman rank correlation analyses
were performed for SCFA levels, inflammatory factors, gut bacterial abundance, and
gut microbiota diversity in both groups. Multivariate general linear model (GLM)
analysis was performed to investigate whether SCFAs or immune factors were
influenced by diagnosis and immune activation status. Gender, age, BMI, smoking
status, and alcohol drinking status were included in the model as potential
confounders. When the distribution of a variable was skewed, natural log (Ln)
transformations were used before GLM analysis to reduce variance and outlier
influence. The potential diagnostic values of SCFAs and gut microbial classifiers were
evaluated by a receiver-operating characteristic curve (ROC) analysis with calculation
of the value of the area under the ROC curve (AUC), as well as by a stepwise binary
logistic regression. Statistical significance was set at P < 0.05. Adjusted P-values
were obtained for multiple comparisons using the Benjamini and Hochberg correction
(false discovery rate FDR). All analyses were carried out using the free software

package R (http://cran.rproject.org/) and GraphPad Prism 7.0.
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Results

Upregulation of microbial-derived SCFAs in schizophrenic patients

Demographic characteristics of patients and controls are shown in table 1. In
discovery set, acetate, propionate, butyrate, and total concentration of these three
types of SCFA (referred to total microbial SCFA thereafter) significantly increased in
the patients compared to the controls (P < 0.0001 for each comparison; figure 2A-D;
supplementary table S4). Multivariate GLM analyses also revealed serum SCFAS
were mainly affected by diagnosis (P < 0.0, supplementary table S5). After adjusting
potential confounders, acetate, propionate, and total microbial-derive SCFA
significantly predicted the diagnosis of schizophrenia (all P < 0.001; supplementary
table S6), and total microbial SCFA had highest accuracy for diagnosis of
schizophrenia (P < 0.0001, AUC = 0.7542; figure 2E). The elevations of acetate,
propionate, butyrate and total microbial-derived SCFA in the serum of the patients
compared to those of the controls as well as their associations with the schizophrenia
risk were replicated to be also statistically significant in the validation set (100
patients vs. 101 controls; all P < 0.01; supplementary Tables 4, 6). Schizophrenic
patients displayed poor performance in all cognitive tasks (all P < 0.0001; table 1).
Moreover, SCFAs significantly negatively correlated with cognitive function after
controlling age, gender, education, and BMI, i.e. the patients with higher SCFA level
displayed more severe cognitive impairment (supplementary table 7a). Forty-five
patients were followed up three months later. Pair-wise comparison of serum SCFA

and cognitive function for treatment effect in these patients revealed treatment
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decreased serum SCFA and improved cognition, accompanied with significant
correlations between their changes caused by treatment (all P < 0.01; supplementary

table 7b).

Increased SCFA excretion and SCFA-producing bacteria in the gut of
schizophrenia patients

To determine the origin of increased serum SCFAs in schizophrenic patients, we
subsequently quantified acetate, propionate, and butyrate in the feces of 78 patients
and 80 controls who were selected randomly from the discovery set. GLM revealed
all three types of SCFAs were increased significantly in the feces of SCZ patients,
after adjusting for measured confounders (all P < 0.05; figure 3A-C; supplementary
table S8a). Moreover, there were significantly correlations between fecal SCFAs and
SCFAs in serum in patients (r = 0.236~0.394, all P < 0.001), but nor in controls
(supplementary table S8b). Increased microbial SCFAs in feces and the positive
association between fecal and serum SCFAs were again confirmed by data from 72
patients and 70 controls selected randomly from the validation set (supplementary
table S8). Our previous study indicates that some bacterial species that produce
SCFAs are enriched in the gut of schizophrenic patients[45]; therefore, we next
sought to seek out the bacterial species underpinning the upregulation of serum and
fecal SCFAs in schizophrenia. In line with our previous study[45], gut microbiota
a-diversity was increased in patients with schizophrenia, and was positively
associated with SCFA concentration in serum (Shannon index; r = 0.138~0.204, P =

0.016~0.0002) but not in feces (Supplemental Table S9).


https://doi.org/10.1101/2020.04.11.021915

bioRxiv preprint doi: https://doi.org/10.1101/2020.04.11.021915; this version posted April 13, 2020. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

Gut microbiota

Spearman correlation identified 129 species of gut bacteria that correlated with at
least one of the serum SCFAs in patients (P < 0.05, FDR < 0.1, online supplementary
table S10). Of these, 42 showed moderate-to-strong correlations (rho| > 0.20). Among
these 42 mOTUs associated with serum SCFAs in patients, 16 species of gut bacteria
were also significantly enriched in gut of patients compared to controls (g < 0.05;

online supplementary table S10; figure 3F).

Higher circulating SCFAs are present in a subgroup of schizophrenic patients
with immune activation

To determine the relationship between increased production of SCFAs and abnormal
immune activation in schizophrenia, we quantified four biomarkers for immune
activation: C-reactive protein, IL-6, sIL-2R, and sCD14 in serum of all participants.
All four biomarkers were significantly upregulated in schizophrenic patients
compared to controls (all P < 0.0001, figure 4A-D). There were small to moderate
inter-correlations among these four biomarkers in patients after adjustment for
potential confounders (all P < 0.001, r: 0.09~0.54; supplementary table S11). Several
significantly positive correlations existed between microbial-derived SCFAs and the
four biomarkers of immune activation in the serum of patients (all P < 0.0001,
supplementary table S11). The strongest correlation was between total
microbial-derived SCFAs and IL-6 (r = 0.445, P < 0.0001; figure 4E). Multivariate
GLM analysis showed significant interaction effects of diagnosis and total microbial
SCFAs on serum IL-6 and sCD14 (P < 0.001, supplementary table S12a).

A two-step cluster analysis on these four immune biomarkers identified two distinct
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clusters; “immune-activated group,” referring to a pattern of relatively higher
biomarker levels and “non-immune-activated group” for those with a pattern of
relatively decreased biomarker levels. The immune-activated group was characterized
by immune biomarker concentrations of >85% subjects in this group had biomarker
concentrations higher than mean + 2 x SD of the biomarker concentrations in the
non-immune-activated group (supplementary table S12b; P < 0.0001). The proportion
of subjects with immune activation in the patient group was 138/297 and for controls
this was 46/301. The proportion of the patients with immune remained similar
between the discovery cohort (95/197) and the validation cohort (43/100), suggesting
good reproducibility of clustering schizophrenia by these immune biomarkers. No
significant differences in most demographic features existed among the four
subgroups of subjects (P > 0.05), except for significantly greater age (P = 0.025) and
nominally elevated BMI (P = 0.061) in the controls with immune activation than
those without (supplementary table S13a). Subgroup comparison indicated that
immune-activated patients had higher serum SCFAs and fecal SCFAs and poorer
cognition than the patients without immune activation and all controls (all P < 0.001,

supplementary table S13b).

Microbiomesignaturefor theimmune activation in schizophrenia

Considering key roles of gut microbiota in shaping the host immune system, we
hypothesized that dysbiotic microbiota may underpin immune activation in
schizophrenia. Therefore, we sought to identify the unique microbial signature

correlating with immune activation in schizophrenia via a metagenome-wide
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association study. Immune-activated patients had greater a-diversity of gut microbiota
at the mOTU level than both non-immune-activated patients and controls (Shannon
index; figure 5A; online supplementary tables S14). B-diversity based on Bray-Curtis
distance also varied among four subgroups of people and non-immune-activated
healthy controls had increased Bray-Curtis distance compared other three subgroups
(figure 5B). PCoA based on Bray-Curtis dissimilarity of mOTUs showed that the
overall faecal microbiota composition was different between immune-activated
patients and non-immune-activated patient (figure 5C). Differentially enriched
mOTUs in gut of each subgroup are shown in online supplementary table S15.
Compared to non-immune activated controls, 20 mOTUs were differentially enriched
in the gut of immune-activated patients, 5 mOTUs in non-immune-activated patients,
and just one mOTU in immune-activated controls after Bonferroni correction (all P <
0.05/360). Top 5 differentially-enriched mOTUs in immune-activated patients
compared with non-activated controls includes Eggerthella lenta, Bifidobacterium
longum, Clostridium sp. HGF2, Akkermansia muciniphila, Bifidobacterium angulatum
(all P < 0.00001). Notably, the differentially enriched bacteria in immune-activated
patients included several SCFA-producing bacteria (supplementary table S15). Next,
we constructed a set of random forest disease classifiers based on gut mOTUs to
identify taxa that best distinguish four subgroups of people. A five-fold cross-validation
procedure was conducted ten times on 150 patients and 150 controls. We found that
three models displayed good efficacy to distinguish immune-activated patients from

other three subgroups with an AUC of 0.84~88 (figures 5D, E, F). We then constructed
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a mOTU network to depict the cooccurrence correlation between the
schizophrenia-associated gut bacteria under the condition of immune activation and
non-activation, respectively (figures 5G, H). Immune-activated
schizophrenia-enriched mOTUs were more interconnected than control-enriched

mOTUs (Spearman’s correlation coefficient <=0.3 or >0.3, P < 0.05).

Immune activation in schizophrenia is partially mediated through SCFA
signaling

To address whether SCFA functionality mediates immune activation in schizophrenia,
we explored the impacts of SCFAs on LPS-stimulated inflammatory response (IL-18,
IL-6, TNF-a secretion and NF-kB activation) of cultured PBMCs from each subgroup
of participant defined by diagnosis and immune activation status (supplementary table
S16). Pre-incubation of SCFAs significantly potentiated LPS-stimulated secretion of
IL-1B, IL-6, TNF-a and NF-kB activation in the PBMCs from non-immune-activated
patients, which was dependent on GPR41/43 signaling (all P < 0.01). The upregulated
inflammatory response by SCFAs in PBMCs of non-immune-activated patients was
not observed in immune-activated patients. For healthy controls, pre-incubation of
SCFAs significantly attenuated LPS-induced IL-6 secretion and NF-kB activation in
both immune-activated and non-immune-activated subgroups (all P < 0.01), which
was independent of GPR41/43 signaling (all P > 0.05). In line with the diverse effects
of SCFAs on immune response of PBMCs from the four different subgroups of
participants, basal and LPS-induced cytokine responsiveness of PBMCs also varied

among the subgroups. Both basal and LPS-stimulated inflammatory response in
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PBMCs were elevated in immune-activated patients compared with other three
subgroups (all P < 0.01 figure 6A-C). Next, basal gene expression of two SCFA
receptors and eight immune/inflammation mediators in PBMCs were quantified and
compared among the four subgroups of participants. The immune-activated patients
carried higher mRNA of GPR41, GPR43, NF-kB, T-bet, RORC, STATS3, IL-1B, IL-6,
IL-17a, and TNFA and decreased IL-10 and Foxp3 in PBMCs, suggesting upregulated
inflammatory response and enhanced differentiation potential into Thl7 and Thl
effector cells, compared with the other three subgroups (all P < 0.001).

Next, we investigated the impacts of serum small-molecule filtrates from different
subgroups of participants on the secretion of pro-inflammatory cytokines and the gene
expression profile of GPR41, GPR43, and 8 immune-related genes in cultured
PBMCs from heathy volunteers. The small-molecule filtrate of serum from
immune-activated patients and immune-activated controls significantly boosted
inflammatory cytokines release by PBMCs compared to PBS exposure (all P < 0.01).
SCFAs supplemented into the serum filtrates from immune-activated patients further
elevated pro-inflammatory cytokine secretion, but SFCA supplementation into serum
filtrate from immune-activated controls did not impact cytokine secretion.
Antagonism of GPR41/43 weakened pro-inflammatory effects exerted by the serum
filtrates of immune-activated patients on PBMC (all P < 0.01), but did not
significantly impact the serum filtrates from immune-activated controls (all P> 0.01).
The effects of SCFA supplementation on cytokine production were attenuated by

blocking GPR41/43 (all P < 0.01). In line with SCFAs in serum, SCFAs in
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small-molecule filtrate of serum were also increased in immune-activated patients
compared to the other three subgroups. Small-molecule filtrate of serum from
immune-activated patients significantly increased gene expression of GPR41, GPR43,
NF-kB, T-bet, RORC, STAT3, IL-6 and decreased mRNA of IL-10 and Foxp3 in
cultured PBMCs of healthy volunteers, which is similar to the expression signature in

their basal PBMCs cultured in vitro.

Chronic elevation of SCFAs in peri-puberty induced schizophrenia-related
abnormal behaviorsin adult mice

To address the role of SCFAs in schizophrenia, we investigated the impacts of SCFA
feeding on immune function and behaviors of mice (Experiments 1, 2 in figure 1). Four
weeks of excessive SCFA ingestion in adult mice did not induce marked behavioral
changes and inflammatory response in blood or gut (online supplementary figure S1).
However, excessive intake of SCFAs in peri-puberty, an important period of
neurodevelopment[46], induced schizophrenia-relevant abnormal behaviors, including
elevated anxiety level, impaired social behaviors, spatial memory and PPI in adulthood
(figures 6A-G). Moreover, feeding SCFAs in peri-puberty increased pro-inflammatory
cytokines (TNF-o, and IL-6) in PFC and hippocampus in adulthood (i.e. 20 days after
stopping drinking SCFAs; figure 6H, 1), as well as pro-inflammatory responses in both
blood and brain and elevated serum SCFAs on PD49 (i.e. had drunk SCFAs for three
weeks; figure 6J, K, L, M), compared with saline-treated mice (online supplementary
figure S2). Moreover, oral treatment of SCFA-fed animals with the anti-inflammatory

compound minocycline attenuated or eliminated the SCFA-induced abnormal
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behaviors and systemic immune activation (all P <0.01, figures 6A-G). Feeding SCFA
in peri-puberty did not exert significant effects on locomotor, inflammatory level in

blood and serum SCFAs and weight in adult mice (online supplementary figure S2).

SCFAs exacerbate immune activation and expression of schizophrenia-related
behaviorsin a mouse model of schizophrenia

To recapitulate the pathophysiology underlying SCFA elevation in immune-activated
patients with schizophrenia, we increased circulating SCFAs of adult mice with MIA
(mouse immune activation) via four-weeks of SCFA supplementation in drinking water.
And then we investigated the effects of SCFA elevations on immune status and
behavior symptoms in a MIA model of schizophrenia (figure 7A).

Although SCFA intake in adult mice did not significantly affect immunity and behavior,
excessive SCFA intake potentiated MIA-induced schizophrenia-relevant behaviors,
including more profoundly impaired PPl and social behavior (all P < 0.01, figure
7B-C). Moreover, SCFA intake also upregulated several pro-inflammatory cytokines in
serum (IL-6, TNF-a), PFC (IL-6), and hippocampus (IL-6) of adult offspring of MIA
mice (all P < 0.01, figure 7D and Supplementary table S17). Again, minocycline
significantly decreased the effects of SCFAs on expression of schizophrenia-relevant
behaviors and pro-inflammatory cytokines in adult offspring of MIA mice (all P<0.01,
figures 7D). Feeding SCFA in drinking water significantly increased cecum SCFA and
circulating SCFA in mice (online supplementary table S18). Moreover, prenatal

immune activation potentiated SCFA elevation during chronic SCFA intake, which is
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accompanied by increased gut permeability in mice (figures 7E, F).

DISCUSSION

In the present study, we elucidate causative roles of gut microbiota dysbiosis-induced
SCFA elevation in schizophrenia pathology, especially for immune activation and
cognitive impairment. This conclusion is based on two lines of evidence from human
and animal, respectively. Although SCFAs are generally regarded as beneficial
microbial metabolites for human health, our results, together with several lines of
evidence [47, 48, 49, 50] indicate that, like a double-edge sword, excessive SCFA
beyond physiological concentration can interfere with biological functioning of host.
To the best of our knowledge, this is the first study to show that higher fecal SCFA
excretion and circulating SCFA are presented in schizophrenia. Generally, circulating
SCFAs may better represent SCFA production and absorption[50]. Increased SCFA in
both circulation and feces of patients with schizophrenia suggests that SCFA
production by microbiota is too excessive in gut to be decreased to normal level by
increasing absorption. In line with this speculation, several SCFA-producing bacterial
species are more abundant in gut of patients and display moderate correlations
between serum and fecal SCFAs. To more precisely evaluate the status of bacterial
production and/or intestinal absorption of SCFA in schizophrenia, SCFA release in
different locations along the intestine and its concentration in portal vein, hepatic vein
and mesenteric vein[51] should be measured in future human study.

Elevated SCFA are also presented in autism spectrum disorder[47], periodontitis[52],


https://doi.org/10.1101/2020.04.11.021915

bioRxiv preprint doi: https://doi.org/10.1101/2020.04.11.021915; this version posted April 13, 2020. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

Gut microbiota

obesity, hypertension and cardiometabolic disease[9]. Shared pathological
pathways/systems exist between schizophrenia and these disorders, including gut
dysbiosis, perinatal inflammation[53], and systemic immune activation/chronic
low-grade inflammation[54]. These overlapped pathways imply that, apart from
dysbiotic gut microbiota, dysfunctional immune system may also underpin elevated
SCFA production and/or absorption. Previous studies propose that increased SCFA in
the systemic circulation may be facilitated by increased intestinal permeability [39, 55,
56], which are apparent in some patients with schizophrenia [57, 58]. Our human data
reveal that sCD14, serological surrogate markers for both bacterial translocation and
innate immune activation, are upregulated in schizophrenia and positively correlated
with circulating SCFAs. In addition, up-regulated SCFA in schizophrenia is mainly
presented in immune-activated patients. These findings suggest potential
mechanistical links between leaky gut, systemic immune activation, and excessive
entering of SCFA into circulation. Consistent with these findings in human, animal
data demonstrate that prenatal immune activation via viral mimetic poly(l:C)
challenge to pregnant maternal mice induces defective gut barrier in adult offspring
mice and in parallel potentiates oral SCFAs intake-induced upregulation of intestinal
expression of SCFA receptors and serum SCFA. The concentrations of SCFAs in
colon lumen and intestine wall at basal condition and after three-week of SCFAs
drinking are similar between the mice with prenatal immune activation and control
mice. These results indicate that intrinsic immune dysfunction and leaky gut promotes

to entering of SCFA into blood when excessive SCFAs are presented in gut.
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Combining evidence from human and mice, we propose that both increased gut
permeability derived from dysfunctional immune systems and increased formation of
exogenous SCFA in gut derived from dysbiotic microbiota contribute to increased
SCFAs in circulation in schizophrenia.

Circulating SCFAs upregulation are not only contributed by immune dysfunction and
leaky gut, but also further contribute to immune activation. It is like a positive feedback
to exacerbate the imbalanced immune response in schizophrenia. The contributory
effects of SCFAs on immune activation are also revealed by both human study and
mice study. ldentifying systemic effects of SCFAs on host physiology are important for
understanding their roles in disease pathophysiology. Our human data indicate that
excessive SCFA secretion in blood is positively associated with systemic immune
activation and cognitive impairment, but not with severity of psychotic symptom in
schizophrenic patients. Clinical investigation indicate that cognitive impairment is
intrinsic deficit of schizophrenia and largely resistant to current treatment. Similarly,
our data revealed that three-month antipsychotics treatment, although improve
cognitive symptoms to some extent, their cognitive function remained significantly
impaired relative to controls. Moreover, treatment did not significantly affect serum
SCFA level, abundance of SCFA-producing bacteria and the proportion of immune
activation in patients compared with those at baseline. Such stable alterations highlight
a unique axis of dysbiotic gut microbiota-excessive SCFA-immune
activation-cognitive impairment in schizophrenia. Previous studies have identified

many pathways mediating immune-brain communication[59, 60]. Increasing evidence
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suggest that dysregulated peripheral inflammatory signaling may increase astrocyte
tryptophan-dioxygenase activity in the brain and subsequently disturb glutamate
transmission and cholinergic signaling, which are in part responsible for negative and
cognitive symptoms of schizophrenia[61, 62]. Our human data reveal serum SCFA acts
as an upstream mediator linking gut microbiota dysbiosis and dysregulated immune
activation. Serum SCFAs more accurately reflect intestinal SCFAs production than
fecal SCFA [63, 64] and can be distributed throughout the body to regulate physiology
of remote organ[65]. Most absorbed butyrate is metabolized in intestinal epithelial
cells, while acetate and propionate reaches the systemic circulation at higher
concentrations[66]. Similarly, our data reveal butyrate is not elevated in serum of
patients despite increased concentration in feces. So, we propose that increased
acetate and propionate in serum exerts systemic effects on immune dysfunction in
schizophrenia.

Our human classification based on four immune mediators in serum reveals ~45%
patients and ~15% healthy controls display marked immune activation status
compared with other participants. These results are consistent with two previous
studies reporting that immune dysfunction is presented in a subgroup of patients with
schizophrenia but not all patients [41, 67], despite different immune/inflammatory
markers are selected by three studies. Serum SCFA is upregulated in
immune-activated patients but not in immune-activated healthy controls. And, gut
microbiota analysis also identifies unique bacterial signature underpinning

immune-activated schizophrenia that can distinguish these patients from others. These
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results highlight intrinsic factors driving immune activation in schizophrenia is
naturally different with those in general population. Some immune-related risk factors
for schizophrenia, such as genetic variations in immune-related genes and early-life
adversity and immune activation, may confer them biological heterogeneity in the
response of immune system and gut microbiota to exogenous stimulation[68, 69].

Another important finding in the present study is that excessive SCFA level
contributes to schizophrenia-related immune activation revealed by analyses in both
in-vitro human immune cell and mouse model of schizophrenia. The cellular targets
of SCFA action to modulate immune-related cell function, cellular signaling and gene
expression are very various, and include histone deacetylase activity, activation of
free fatty acid G-coupled receptor and mitochondrial inflammatory signaling cascades,
which may or may not be mutually reinforcing[70]. SCFAs promote T cell
differentiation into both effector and regulatory T cells to promote either immunity or
immune tolerance depending on immunological milieu[18]. On one hand, SCFAs,
particularly butyrate, are known to suppress intestinal inflammation[71, 72] and
down-regulate nitric oxide and proinflammatory cytokines in multiple cells or
tissues[73, 74]. On the other hand, over-stimulation of SCFAs also up-regulate
inflammatory cytokines in the colon of pig[75] and induce ureteritis and
hydronephrosis in mice[17]. Increasing evidence indicate that elaborate regulation of
SCFA on immune system are dose- and tissue-dependent, and exert dil"erent erlects
at key developmental time periods[76]. The effects of SCFA on immune response of

PBMC are dependent on diagnosis and intrinsic immune status of donors. SCFA
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exerts opposite effects (enhancement vs attenuation) LPS-induced pro-inflammatory
cytokine release in the PBMCs from non-immune-activated patients and from healthy
controls, respectively. These results again highlight intrinsic vulnerability factors for
immune in schizophrenia patients differ from controls. Significantly different
expression signature of immune-related genes in PBMCs among four subgroups of
participants may explain the differences in SCFA effects between four subgroups. The
PBMCs from immune-activated patients have exposed to excessive SCFA levels in
patients” serum and display increased monocyte proportion, elevated expression of
pro-inflammatory cytokines, increased Thl and Thl17 differentiation on baseline,
compared with other 3 subgroups. The cellular signaling of these PBMCs targeted by
SCFA may be saturated by pre-exposure of SCFA in serum, which disables them to
act to in-vitro SCFA stimulation. In non-immune-activated patients, in-vitro SCFA
potentiates LPS-induced inflammatory response of PBMC and these effects can be
blocked by inhibitor of GO/i. Moreover, small-molecule filtrate of serum from
immune-activated patients enhance LPS-stimulated inflammatory response of normal
PBMC, suggesting small molecules in serum of these patients are driving factor for
immune activation. Compared with immune-activated controls, small-molecule
filtrate of serum from immune-activated patients includes higher SCFA and also exert
more powerful effect on inflammatory mediator secretion of PBMC. Mechanistically,
the effects of small-molecule filtrate of serum from immune-activated patients on
immune response of PBMC can be attenuated by inhibition of SCFA signaling. These

data demonstrate that cellular signaling activated by enteric microbial-derived SCFA
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partially mediates the contributory effects of serum metabolites of patients on immune
activation. It is notable that SCFA signaling only account for a fraction of effects of
serum metabolites, more studies in future need to be done to identify more effector
metabolites for immune activation.

Our animal study provides more detailed mechanisms underlying the roles of SCFAs
in immune activation and aberrant brain function in schizophrenia. Mouse model of
schizophrenia revealed a mechanistic link between microbial-derived SCFAs (acetate
and propionate) and immune activation and cognitive impairments. Our data
demonstrate excessive SCFA intake in adolescent per se induced some
schizophrenia-relevant behaviors, including elevated anxiety level and impaired
spatial memory and social behaviors in mice. Although the mechanisms by which
SCFA contribute to behavioral abnormality in mice is still unclear, some neural
pathways affected directly SCFA should be considered, including adverse metabolic
effects, neuroinflammation, microglia activation, electrophysiological disturbances as
well as disruptions in lipid, mitochondrial and redox metabolism[26, 37, 77, 78].
Consistent with previous studies, prenatal immune stimulation by poly I:C induced
schizophrenia-like behaviors in adult, including deficit in learning and memory[79].
Moreover, our data revealed significant interaction between prenatal immune
stimulation and excessive SCFA intake in adolescent on systemic immune activation
and the expression of impaired memory and social behaviors in mice. The parallel
increase in serum SCFA and pro-inflammatory cytokines, neuroinflammation marker

expression in cortex, and neurochemical molecules in hippocampus, and memory
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impairment. Moreover, oral treatment of SCFA-treated mice with the
anti-inflammatory agent minocycline partially reduce serum pro-inflammatory
response and alleviated neuroinflammation and improve behavioral impairments.
These findings demonstrate that SCFA induces cascade changes in these pathways to
enhance behavioral impairment caused by prenatal immune activation. The systemic
immune activation are key pathways influenced by SCFA to modulate abnormal
behaviors expression in adult of prenatally immune-activated mice. Previous studies
have revealed mechanisms by which peripheral immune activation induce
neuroinflammation and psychopathology. Our study identified gut microbiota
dysbiosis-induce excessive SCFA production is upstream mediators for immune
activation in schizophrenia. In summary, findings from human and mouse study
identify increased SCFA production resulting from dysbiotic gut microbiota and
subsequent potentiate systemic immune activation and contribute to cognitive
impairment. The SCFA-producing bacteria-serum SCFA-immune activation can be

possible therapeutic targets for schizophrenia.

Acknowledgements

This study was supported by the Clinical Research Award of the First Affiliated
Hospital of Xi'an Jiaotong University (No. XJTU1AF-CRF-2016-005), Innovation
Team Project of Natural Science Fund of Shaanxi Province (2017KCT-20), and Key

Program of Natural Science Fund of Shaanxi Province (2018ZDXD-SF-036).

Competing interests


https://doi.org/10.1101/2020.04.11.021915

bioRxiv preprint doi: https://doi.org/10.1101/2020.04.11.021915; this version posted April 13, 2020. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

Gut microbiota

Authors declare no competing interests.

Figurelegend:

Figure 1. Overview of workflow for the study design. (A) A two-stage of
participant recruitment in five hospitals in Shaanxi Province, China. Short-chain fatty
acids (SCFAs; acetate, propionate, butyrate) and four immune activation mediators
were measured in serum. Patients with schizophrenia (SZ) and healthy controls are
classified into four subgroups: immune-activated (IA) patients, non-1A patients, IA
controls and non-lA controls. SCFAs in serum and feces, immune response of
peripheral blood mononuclear cells (PBMCs) and the immune-activating potentials of
small molecule serum filtrates were compared among four subgroups. (B) Two
experiments in mice study were conducted to explore excessive SCFA intake in
peri-puberty and in adulthood on inflammation level and animal behaviors. Another
experiment evaluate the impacts of excessive SCFA intake on behavior symptoms and

immune system in mouse model of maternal immune activation (MIA).

Figure 2. Serum short-chain fatty acids (SCFASs) is differentially distributed
between schizophrenic patients and healthy controls and predicts the disease risk.
(A) acetate, (B) propionate, (C) butyrate, (D) their total concentration (main
microbial-derived SCFAS) in serum were compared between the patients (n = 197)
and the controls (n = 200). (A-D) The dot represents one value of serum concentration
from an individual participant; The box represents the median and interquartile ranges
(IQRs) between the first and third quartiles; whiskers represent the lowest or highest
values within 1.5 times IQR from the first or third quartiles; Outliers are not shown; P
value was determined by Mann Whitney test. (E) Classification performance of total
microbial SCFAs in serum to distinguish schizophrenia from controls was assessed by

area under the receiving operational curve (AUC).

Figure 3. Microbial short-chain fatty acids (SCFAs) and SCFA-producing
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bacteria were upregulated in the gut of schizophrenia patients and correlated
with the serum SCFAs. (A-D) Fecal acetate, propionate, butyrate and the sum of
these three types of SCFAS were elevated in the patients with schizophrenia. The box
represents the median and interquartile ranges (IQRs) between the first and third
quartiles; whiskers represent the lowest or highest values within 1.5 times IQR from
the first or third quartiles. P value were determined by Mann Whitney test. (E)
Spearman correlations of gut microbiota with the SCFAs in feces and with those in

serum in the patients with schizophrenia.

Figure 4. A subgroup of schizophrenic patients characterized by eevated serum
biomarkers for immune activation display expressed higher short-chain fatty
acids (SCFAs) in serum. (A-D) C-reactive protein, IL-6, sIL-2R, and sCD14 were
elevated in serum of the patients with schizophrenia compared with controls. The box
represents the median and interquartile ranges (IQRs) between the first and third
quartiles; whiskers represent the lowest or highest values within 1.5 times IQR from
the first or third quartiles. Outliers are not shown. P value were determined by Mann

Whitney test. (E) Correlation of four biomarkers of immune activation with SCFAs.

Figure 5. Gut microbiota alterations in immune-activated patients with
schizophrenia. (A, B) a-diversity (Shannon index) and p-diversity (Bray-Curtis
dissimilarity index of the gut microbiome). (C) Principal coordinates analysis on
Bray-Curtis dissimilarity of mOTUs for immune-activated patients with schizophrenia,
non-activated patients and non-activated controls. see panel legend for color key. (D-F)
Receiver operating curves (ROC) according to 300 samples calculated by cross-validated
random forest models. Area under ROC (AUCs) and the 95% confidence intervals (in
parentheses) are also shown. (G, H) Network of mOTUs differentially enriched in healthy
controls and schizophrenic patients. Node sizes reflect the mean abundance of significant
mOTUs. mOTUs annotated to species are colored according to family (Red edges, Spearman’s

rank correlation coefficient > 0.3, P < 0.05; blue edges, Spearman’s rank correlation coefficient
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<-0.3, P <0.05))

Figure 6. SCFAs contribute to schizophrenia-related immune activation in vitro

cultured peripheral blood mononuclear cdls.

Figure 7. SCFAs contribute to schizophrenia-related behavioral symptoms and

immune activation in mice.

Figure 8. SCFAs enhance the expression of schizophrenia-related behavioral

symptomsin mice model of maternal immune activation.

References

1 Perala J, Suvisaari J, Saarni Sl, Kuoppasalmi K, Isometsa E, Pirkola S, et al. Lifetime prevalence of
psychotic and bipolar | disorders in a general population. Arch Gen Psychiatry 2007;64:19-28.

2  Goldsmith DR, Rapaport MH, Miller BJ. A meta-analysis of blood cytokine network alterations in
psychiatric patients: comparisons between schizophrenia, bipolar disorder and depression. Molecular
psychiatry 2016;21:1696-709.

3 Schizophrenia Working Group of the Psychiatric Genomics C. Biological insights from 108
schizophrenia-associated genetic loci. Nature 2014;511:421-7.

4 Weber NS, Gressitt KL, Cowan DN, Niebuhr DW, Yolken RH, Severance EG. Monocyte activation
detected prior to a diagnosis of schizophrenia in the US Military New Onset Psychosis Project
(MNOPP). Schizophrenia research 2018;197:465-9.

5 Khandaker GM, Pearson RM, Zammit S, Lewis G, Jones PB. Association of serum interleukin 6 and
C-reactive protein in childhood with depression and psychosis in young adult life: a population-based
longitudinal study. JAMA Psychiatry 2014;71:1121-8.

6 Nitta M, Kishimoto T, Muller N, Weiser M, Davidson M, Kane JM, et al. Adjunctive use of
nonsteroidal anti-inflammatory drugs for schizophrenia: a meta-analytic investigation of randomized
controlled trials. Schizophrenia bulletin 2013;39:1230-41.

7 Girgis RR, Ciarleglio A, Choo T, Haynes G, Bathon JM, Cremers S, et al. A Randomized,
Double-Blind, Placebo-Controlled Clinical Trial of Tocilizumab, An Interleukin-6 Receptor Antibody, For
Residual Symptoms in Schizophrenia. Neuropsychopharmacology 2018;43:1317-23.

8 Miller BJ, Dias JK, Lemos HP, Buckley PF. An open-label, pilot trial of adjunctive tocilizumab in
schizophrenia. J Clin Psychiatry 2016;77:275-6.

9 Roomruangwong C, Noto C, Kanchanatawan B, Anderson G, Kubera M, Carvalho AF, et al. The
Role of Aberrations in the Immune-Inflammatory Response System (IRS) and the Compensatory

Immune-Regulatory Reflex System (CIRS) in Different Phenotypes of Schizophrenia: the IRS-CIRS


https://doi.org/10.1101/2020.04.11.021915

bioRxiv preprint doi: https://doi.org/10.1101/2020.04.11.021915; this version posted April 13, 2020. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

Gut microbiota

Theory of Schizophrenia. Mol Neurobiol 2019.

10 Horvath S, Mirnics K. Immune system disturbances in schizophrenia. Biol Psychiatry
2014;75:316-23.

11 Spencer SP, Fragiadakis GK, Sonnenburg JL. Pursuing Human-Relevant Gut Microbiota-Immune
Interactions. Immunity 2019;51:225-39.

12 Li XV, Leonardi I, lliev ID. Gut Mycobiota in Immunity and Inflammatory Disease. Immunity
2019;50:1365-79.

13  Hooper LV, Littman DR, Macpherson Al. Interactions between the microbiota and the immune
system. Science 2012;336:1268-73.

14 Postler TS, Ghosh S. Understanding the Holobiont: How Microbial Metabolites Affect Human
Health and Shape the Immune System. Cell Metab 2017;26:110-30.

15 Bachem A, Makhlouf C, Binger KJ, de Souza DP, Tull D, Hochheiser K, et al. Microbiota-Derived
Short-Chain Fatty Acids Promote the Memory Potential of Antigen-Activated CD8(+) T Cells. Immunity
2019;51:285-97 e5.

16 Schwarz A, Bruhs A, Schwarz T. The Short-Chain Fatty Acid Sodium Butyrate Functions as a
Regulator of the Skin Immune System. J Invest Dermatol 2017;137:855-64.

17 Park J, Goergen CJ, HogenEsch H, Kim CH. Chronically Elevated Levels of Short-Chain Fatty Acids
Induce T Cell-Mediated Ureteritis and Hydronephrosis. J Immunol 2016;196:2388-400.

18 Park J, Kim M, Kang SG, Jannasch AH, Cooper B, Patterson J, et al. Short-chain fatty acids induce
both effector and regulatory T cells by suppression of histone deacetylases and regulation of the
MTOR-S6K pathway. Mucosal Immunol 2015;8:80-93.

19 Kim MH, Kang SG, Park JH, Yanagisawa M, Kim CH. Short-chain fatty acids activate GPR41 and
GPR43 on intestinal epithelial cells to promote inflammatory responses in mice. Gastroenterology
2013;145:396-406 e1-10.

20 Dalile B, Van Oudenhove L, Vervliet B, Verbeke K. The role of short-chain fatty acids in
microbiota-gut-brain communication. Nat Rev Gastroenterol Hepatol 2019;16:461-78.

21 Xu R, Wu B, Liang J, He F, Gu W, Li K, et al. Altered gut microbiota and mucosal immunity in
patients with schizophrenia. Brain Behav Immun 2019.

22 ShenY, XuJ, Li Z, Huang Y, Yuan Y, Wang J, et al. Analysis of gut microbiota diversity and auxiliary
diagnosis as a biomarker in patients with schizophrenia: A cross-sectional study. Schizophrenia
research 2018.

23 Schwarz E, Maukonen J, Hyytiainen T, Kieseppa T, Oresic M, Sabunciyan S, et al. Analysis of
microbiota in first episode psychosis identifies preliminary associations with symptom severity and
treatment response. Schizophrenia research 2018;192:398-403.

24 Nguyen TT, Kosciolek T, Maldonado Y, Daly RE, Martin AS, McDonald D, et al. Differences in gut
microbiome composition between persons with chronic schizophrenia and healthy comparison
subjects. Schizophrenia research 2018.

25 Zhu F, Guo R, Wang W, Ju Y, Wang Q, Ma Q, et al. Transplantation of microbiota from drug-free
patients with schizophrenia causes schizophrenia-like abnormal behaviors and dysregulated
kynurenine metabolism in mice. Molecular psychiatry 2019.

26 Sampson TR, Debelius JW, Thron T, Janssen S, Shastri GG, llhan ZE, et al. Gut Microbiota Regulate
Motor Deficits and Neuroinflammation in a Model of Parkinson's Disease. Cell 2016;167:1469-80 e12.

27 Pierre K, Pellerin L. Monocarboxylate transporters in the central nervous system: distribution,

regulation and function. J Neurochem 2005;94:1-14.


https://doi.org/10.1101/2020.04.11.021915

bioRxiv preprint doi: https://doi.org/10.1101/2020.04.11.021915; this version posted April 13, 2020. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

Gut microbiota

28 Pellerin L. How astrocytes feed hungry neurons. Mol Neurobiol 2005;32:59-72.

29 Rose S, Bennuri SC, Davis JE, Wynne R, Slattery JC, Tippett M, et al. Butyrate enhances
mitochondrial function during oxidative stress in cell lines from boys with autism. Translational
psychiatry 2018;8:42.

30 Sharma S, Taliyan R, Singh S. Beneficial effects of sodium butyrate in 6-OHDA induced
neurotoxicity and behavioral abnormalities: Modulation of histone deacetylase activity. Behav Brain
Res 2015;291:306-14.

31 DeCastro M, Nankova BB, Shah P, Patel P, Mally PV, Mishra R, et al. Short chain fatty acids
regulate tyrosine hydroxylase gene expression through a cAMP-dependent signaling pathway. Brain
Res Mol Brain Res 2005;142:28-38.

32 Shah P, Nankova BB, Parab S, La Gamma EF. Short chain fatty acids induce TH gene expression via
ERK-dependent phosphorylation of CREB protein. Brain Res 2006;1107:13-23.

33 El-Ansary A, Al-Salem HS, Asma A, Al-Dbass A. Glutamate excitotoxicity induced by orally
administered propionic acid, a short chain fatty acid can be ameliorated by bee pollen. Lipids Health
Dis 2017;16:96.

34 Landek-Salgado MA, Faust TE, Sawa A. Molecular substrates of schizophrenia: homeostatic
signaling to connectivity. Molecular psychiatry 2016;21:10-28.

35 HaraH, Haga S, Aoyama Y, Kiriyama S. Short-chain fatty acids suppress cholesterol synthesis in rat
liver and intestine. J Nutr 1999;129:942-8.

36 Thomas RH, Meeking MM, Mepham IR, Tichenoff L, Possmayer F, Liu S, et al. The enteric
bacterial metabolite propionic acid alters brain and plasma phospholipid molecular species: further
development of a rodent model of autism spectrum disorders. J Neuroinflammation 2012;9:153.

37 Erny D, Hrabe de Angelis AL, Jaitin D, Wieghofer P, Staszewski O, David E, et al. Host microbiota
constantly control maturation and function of microglia in the CNS. Nat Neurosci 2015;18:965-77.

38 Shultz SR, MacFabe DF, Ossenkopp KP, Scratch S, Whelan J, Taylor R, et al. Intracerebroventricular
injection of propionic acid, an enteric bacterial metabolic end-product, impairs social behavior in the
rat: implications for an animal model of autism. Neuropharmacology 2008;54:901-11.

39 Morris G, Berk M, Carvalho A, Caso JR, Sanz Y, Walder K, et al. The Role of the Microbial
Metabolites Including Tryptophan Catabolites and Short Chain Fatty Acids in the Pathophysiology of
Immune-Inflammatory and Neuroimmune Disease. Mol Neurobiol 2016.

40 Fernandes BS, Steiner J, Bernstein HG, Dodd S, Pasco JA, Dean OM, et al. C-reactive protein is
increased in schizophrenia but is not altered by antipsychotics: meta-analysis and implications.
Molecular psychiatry 2016;21:554-64.

41 Fillman SG, Weickert TW, Lenroot RK, Catts SV, Bruggemann JM, Catts VS, et al. Elevated
peripheral cytokines characterize a subgroup of people with schizophrenia displaying poor verbal
fluency and reduced Broca's area volume. Molecular psychiatry 2016;21:1090-8.

42 Pendyala G, Chou S, Jung Y, Coiro P, Spartz E, Padmashri R, et al. Maternal Immune Activation
Causes Behavioral Impairments and Altered Cerebellar Cytokine and Synaptic Protein Expression.
Neuropsychopharmacology 2017;42:1435-46.

43 Sun Y, Bai L, Niu X, Wang Z, Yin B, Bai G, et al. Elevated Serum Levels of Inflammation-Related
Cytokines in Mild Traumatic Brain Injury Are Associated With Cognitive Performance. Front Neurol
2019;10:1120.

44 Kohman RA, Bhattacharya TK, Kilby C, Bucko P, Rhodes JS. Effects of minocycline on spatial

learning, hippocampal neurogenesis and microglia in aged and adult mice. Behav Brain Res


https://doi.org/10.1101/2020.04.11.021915

bioRxiv preprint doi: https://doi.org/10.1101/2020.04.11.021915; this version posted April 13, 2020. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

Gut microbiota

2013;242:17-24.

45 Zhu F, Ju Y, Wang W, Wang Q, Guo R, Ma Q, et al. Metagenome-wide association of gut
microbiome features for schizophrenia. Nature communications 2020;11:1612.

46  Sisk CL, Foster DL. The neural basis of puberty and adolescence. Nat Neurosci 2004;7:1040-7.

47 Wang L, Christophersen CT, Sorich MJ, Gerber JP, Angley MT, Conlon MA. Elevated fecal short
chain fatty acid and ammonia concentrations in children with autism spectrum disorder. Digestive
diseases and sciences 2012;57:2096-102.

48 Rau M, Rehman A, Dittrich M, Groen AK, Hermanns HM, Seyfried F, et al. Fecal SCFAs and
SCFA-producing bacteria in gut microbiome of human NAFLD as a putative link to systemic T-cell
activation and advanced disease. United European Gastroenterol J 2018;6:1496-507.

49 Perry RJ, Peng L, Barry NA, Cline GW, Zhang D, Cardone RL, et al. Acetate mediates a
microbiome-brain-beta-cell axis to promote metabolic syndrome. Nature 2016;534:213-7.

50 de la Cuesta-Zuluaga J, Mueller NT, Alvarez-Quintero R, Velasquez-Mejia EP, Sierra JA,
Corrales-Agudelo V, et al. Higher Fecal Short-Chain Fatty Acid Levels Are Associated with Gut
Microbiome Dysbiosis, Obesity, Hypertension and Cardiometabolic Disease Risk Factors. Nutrients
2018;11.

51 Neis EP, van Eijk HM, Lenaerts K, Olde Damink SW, Blaak EE, Dejong CH, et al. Distal versus
proximal intestinal short-chain fatty acid release in man. Gut 2018.

52  Yu X, Shahir AM, Sha J, Feng Z, Eapen B, Nithianantham S, et al. Short-chain fatty acids from
periodontal pathogens suppress histone deacetylases, EZH2, and SUV39H1 to promote Kaposi's
sarcoma-associated herpesvirus replication. J Virol 2014;88:4466-79.

53 Meyer U, Feldon J, Dammann O. Schizophrenia and autism: both shared and disorder-specific
pathogenesis via perinatal inflammation? Pediatr Res 2011;69:26R-33R.

54 Kirst ME, Li EC, Alfant B, Chi YY, Walker C, Magnusson |, et al. Dysbiosis and alterations in
predicted functions of the subgingival microbiome in chronic periodontitis. Appl Environ Microbiol
2015;81:783-93.

55 Nicholson JK, Holmes E, Kinross J, Burcelin R, Gibson G, Jia W, et al. Host-gut microbiota
metabolic interactions. Science 2012;336:1262-7.

56 Liu Z, Li N, Neu J. Tight junctions, leaky intestines, and pediatric diseases. Acta Paediatr
2005;94:386-93.

57 Severance EG, Prandovszky E, Castiglione J, Yolken RH. Gastroenterology issues in schizophrenia:
why the gut matters. Curr Psychiatry Rep 2015;17:27.

58 Maes M, Sirivichayakul S, Kanchanatawan B, Vodjani A. Upregulation of the Intestinal Paracellular
Pathway with Breakdown of Tight and Adherens Junctions in Deficit Schizophrenia. Mol Neurobiol
2019.

59 Khandaker GM, Dantzer R. Is there a role for immune-to-brain communication in schizophrenia?
Psychopharmacology (Berl) 2016;233:1559-73.

60 Chavan SS, Pavlov VA, Tracey KJ. Mechanisms and Therapeutic Relevance of Neuro-immune
Communication. Immunity 2017;46:927-42.

61 Khandaker GM, Cousins L, Deakin J, Lennox BR, Yolken R, Jones PB. Inflammation and immunity
in schizophrenia: implications for pathophysiology and treatment. Lancet Psychiatry 2015;2:258-70.

62 Meyer U, Schwarz MJ, Muller N. Inflammatory processes in schizophrenia: a promising
neuroimmunological target for the treatment of negative/cognitive symptoms and beyond. Pharmacol
Ther 2011;132:96-110.


https://doi.org/10.1101/2020.04.11.021915

bioRxiv preprint doi: https://doi.org/10.1101/2020.04.11.021915; this version posted April 13, 2020. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

Gut microbiota

63 Cummings JH, Pomare EW, Branch WJ, Naylor CP, Macfarlane GT. Short chain fatty acids in human
large intestine, portal, hepatic and venous blood. Gut 1987;28:1221-7.

64 Macfarlane GT, Macfarlane S. Bacteria, colonic fermentation, and gastrointestinal health. ] AOAC
Int 2012;95:50-60.

65 Pouteau E, Nguyen P, Ballevre O, Krempf M. Production rates and metabolism of short-chain fatty
acids in the colon and whole body using stable isotopes. Proc Nutr Soc 2003;62:87-93.

66 Koh A, De Vadder F, Kovatcheva-Datchary P, Backhed F. From Dietary Fiber to Host Physiology:
Short-Chain Fatty Acids as Key Bacterial Metabolites. Cell 2016;165:1332-45.

67 Schwarz E, van Beveren NJ, Ramsey J, Leweke FM, Rothermundt M, Bogerts B, et al. Identification
of subgroups of schizophrenia patients with changes in either immune or growth factor and hormonal
pathways. Schizophrenia bulletin 2014;40:787-95.

68 Jasarevic E, Rodgers AB, Bale TL. A novel role for maternal stress and microbial transmission in
early life programming and neurodevelopment. Neurobiol Stress 2015;1:81-8.

69 Williamson LL, McKenney EA, Holzknecht ZE, Belliveau C, Rawls JF, Poulton S, et al. Got worms?
Perinatal exposure to helminths prevents persistent immune sensitization and cognitive dysfunction
induced by early-life infection. Brain Behav Immun 2016;51:14-28.

70 Correa-Oliveira R, Fachi JL, Vieira A, Sato FT, Vinolo MA. Regulation of immune cell function by
short-chain fatty acids. Clin Transl Immunology 2016;5:e73.

71 Chang PV, Hao L, Offermanns S, Medzhitov R. The microbial metabolite butyrate regulates
intestinal macrophage function via histone deacetylase inhibition. Proc Natl Acad Sci U S A
2014;111:2247-52.

72 Singh N, Gurav A, Sivaprakasam S, Brady E, Padia R, Shi H, et al. Activation of Gpr109a, receptor
for niacin and the commensal metabolite butyrate, suppresses colonic inflammation and
carcinogenesis. Immunity 2014;40:128-39.

73 Liu T, L J, Liu Y, Xiao N, Suo H, Xie K, et al. Short-chain fatty acids suppress
lipopolysaccharide-induced production of nitric oxide and proinflammatory cytokines through
inhibition of NF-kappaB pathway in RAW264.7 cells. Inflammation 2012;35:1676-84.

74 Vinolo MA, Rodrigues HG, Hatanaka E, Sato FT, Sampaio SC, Curi R. Suppressive effect of
short-chain fatty acids on production of proinflammatory mediators by neutrophils. J Nutr Biochem
2011;22:849-55.

75 Zhang Y, YuK, ChenH, Su Y, Zhu W. Caecal infusion of the short-chain fatty acid propionate affects
the microbiota and expression of inflammatory cytokines in the colon in a fistula pig model. Microb
Biotechnol 2018.

76 ParkJ, Wang Q, Wu Q, Mao-Draayer Y, Kim CH. Bidirectional regulatory potentials of short-chain
fatty acids and their G-protein-coupled receptors in autoimmune neuroinflammation. Sci Rep
2019;9:8837.

77 Frye RE, Nankova B, Bhattacharyya S, Rose S, Bennuri SC, MacFabe DF. Modulation of
Immunological Pathways in Autistic and Neurotypical Lymphoblastoid Cell Lines by the Enteric
Microbiome Metabolite Propionic Acid. Front Immunol 2017;8:1670.

78 MacFabe DF. Enteric short-chain fatty acids: microbial messengers of metabolism, mitochondria,
and mind: implications in autism spectrum disorders. Microb Ecol Health Dis 2015;26:28177.

79 Meehan C, Harms L, Frost JD, Barreto R, Todd J, Schall U, et al. Effects of immune activation
during early or late gestation on schizophrenia-related behaviour in adult rat offspring. Brain Behav
Immun 2017;63:8-20.


https://doi.org/10.1101/2020.04.11.021915

bioRxiv preprint doi: https://doi.org/10.1101/2020.04.11.021915; this version posted April 13, 2020. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

Gut microbiota



https://doi.org/10.1101/2020.04.11.021915

A lﬂ)ﬂ%/ar%e%ﬁrl]p (%i: htt

cértifiéd by pe-erggl\égvy)(:@tf@ f@;ﬁgr/ﬂjnder. All righ

po

s}ed—ApH—B—EOM}e—eepyﬂgh&—helée{—Fer—&h}s—pﬁep:\int (which

2served. No'reusgé@gvge&wjm%lmrmission.

was ng (s r
g N [ Y e N [ Y
SCZ patients (n=197) Controls (n=200) SCZ patients (n=100) Controls (n=101)
N ) ZEAN ) & 2
) (f Y N\ (7 Y )
Serum SCFAs (n=197) Serum SCFAs (n=200) Serum SCFAs (n=100) Serum SCFAs (n=101)
GC-MS h L < > 2 J
Feces SCFAs (n=78) Feces SCFAs (n=80) Feces SCFAs (n=72) Feces SCFAs (n=70)
- J NS S ZEA J S =/
4 N
4 SCZ patients Controls h
ELISA
Serum immune mediators (n=297) Serum immune mediators (n=301)
. /N J

Two-step cluster analysis

Serum SCFAs
Feces SCFAs and _ _ _ _
s et w1 119
PBMCs n=19 n=29 n=10 n=42
Serum filtrate n=19 n=20 n=10 n=20
B Animal study
Chronic SCFAs elevation Behavioral tests
Groupl: SCFAs Group2: Saline OFT EPM TCST BM PPI
RN v
Male C57BL/6J mice | , , ]
PDO PD57 PD84 PDI1 PD105
birth decapitate
Chronic SCFAs elevation Behavioral tests
Groupl: SCFAs and minocycline Group2: SCFAs
Group3: Minocycline Group4: Saline Of T EIiM TCfT BM Pl f 1
Male C57BL/6J mice | , , , ]
PDO  PD29 PD49 PD56 PD63 PD77
birth decapitate decapitate
Chronic SCFAs elevation q
Groupl: male offspring of poly (I:C)-treated pregnant mice, SCFAs Lttt G
Group2: male offspring of poly (I:C)-treated pregnant mice, Saline
Group3: male offspring of saline-treated pregnant mice, SCFAs OFT EPM TCST BM PPI
| Group4: male offspring of saline-treated pregnant mice, Saline $ ¢ $ ¢ |
Mouse model of MIA | T T  SSLANLIL AL S N S e s |
PDO PD57 PD84 PDI1 PD105
birth decapitate

|
SCFAs (25 mM sodium propionate and 40 mM sodium butyrate and 67.5 mM sodium acetate) and/or minocycline (2g/L) in drinking water \
OFT: Open field test EPM: Elevated plus-maze TCST: Three-chamber social test }
BM: Barnes maze PPI: Pre-pulse inhibition of startle response PD: Postnatal day \


https://doi.org/10.1101/2020.04.11.021915

>

Serum level (UM)

=)

Serum level (normalized)

bioRxiv preprint doi: https://doi.org/10.1101/2020.04.11.021915; this version posted April 13, 2020. The copyright holder for this preprint (which

was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

Acetate

45-

40- P <0.0001

3sd =

30-

25-

20-

15 —=

4 =52

5_

0 T L]
SCZ HC
Total SCFAs

10-

P <0.0001

8_ —

6-

4- + T

A L &=

0 L] L]
SCZ HC

=

Serum level (UM)

m

True positive rate (%)

Propionate

P <0.0001

==

100+

80+

60-

SCZ HC

C2+C3+C4

AUC=0.7542
P<0.0001

0

20 40 60 80 100
False positive rate (%)

a

Serum level (uM)

Butyrate
3 -
P <0.0001
2_
It N 1
—]
I I
0 T T
SCZ HC


https://doi.org/10.1101/2020.04.11.021915

A Acetate B Propionate C Butyrate D Total Concentration

p=1.4e-14 p=656-08 B=1e-06 ~ p=1.9e-14
256)_ORXIV-pfepfm(—dei:—hﬁps://(_j(?l.org/lO.llOl/_ZOZ B4+ : this version posted April £3; : yright holder for this pregrimt(whict——
§ was not certified by peer review) is the author/funder. All rlgh’ti rEs@Hved. Ne reuse allowed without pinﬁ&bn. o
S 500, So{ ° S . S ‘
5200 2 % i : 2 s = 3001
© 40 . © H '© 1001 [
3 150 E, 60- ) 3 ! E 200 !
= = ® — =
% 1001 8 | S 501 3
(0] D 301 (6} (]
H- 50 - | | L L 1001
[ — o [ —
SCZ  HC scz HC SCZ  HC SCZ  HC
E
0.2
Shannon index (in HC)
0.1
Shannon index (in all subjects)
0
Shannon index (in SCZ) I 0.1
& & & >
N O O O
N N N N Q Q )
Q)(Q %Q %Q %0 orb' Q Q Q
2 &2
S
F

Serum C2-C4
0.2
Serum C2

Serum C3 0

Serum C4 -0.2

Fecal C2-C4 -0.4

Fecal C2 0.6

Fecal C3

Fecal C4



https://doi.org/10.1101/2020.04.11.021915

A

Serum level (ng/ml)

2000+

1500

10001

500+

bioRxiv preprint doi: https://doi.org/10.1101/2020.04.11.021915; this version posted April 13, 2020. The copyright holder for this preprint (which

@ERrPt certified by peer review) isBe author/funder. All_ghﬁ reserved. No reuse allowefd without permissi@IL_ZR

P <0.0001

+

T =

)

Serum level (pg/ml)

35001
3000
25001
20001
1500+
10001

500+

SCZ HC

sCD14

P <0.0001

=

SCZ HC

Serum level (pg/ml)

IL-6 (pg/ml)

6_
P <0.0001
4- |
= ‘:_L:,
0 T T
SCZ HC
67 P<0.0001

60 80 l(I)0
SCFA (um/L)

Serum level (kU/L)

2000+ P <0.0001
15001
1000+
+ S
==
0 T T
SCZ HC


https://doi.org/10.1101/2020.04.11.021915

shannon

bioRxiv preprint doi: https://doi.org/10.1101/2020.04.11.021915; this version posted April 13, 2020. The copyright holder for this preprint (which

A was not certified by peer review) is the author/funder. All rigﬁs reserved. No reuse allowed without permission.
. Kruskal-Wallis, “P = 2.8e-07"
81 Kruskal-Wallis, “P = 0.00029”
91
1.5 T 0.9 1
0.1
1
! 0.0025 ‘ 2.5e-06
6 4 I 1
0.031 6.3e-05
5.1e-05 T .
T 0.05 1 0.011
T - ! 1.0
1
— . g
41 o o !° ° t . °
° ° . ° 02| &
o‘: : o ° ¢ > by P
o b OO Jo —‘A—.—
° \:..o e oo prg
. L R Y T 0.51
? T o0 oo ) '0?.? o’ °. .
21 'g .£‘°_' ¢ Poo ... °
cnpt e L .
A S - e '
° L]
ol . !
e o 0.0 4 L]
non-IAed HC 1Aed HC non-lAed SCZ |Aed SCZ non-lAed HC IAed HC non-lAed SCZ IAed SCZ
motu Bray—Curtis distance motu Bray—Curtis distance
P1=0.885 P1=0.001
P2 =0.006 °® P2=0.194
IND 0.24
0.251 .
®
4 q ® °
® § o 9
& = group 2 004 group
=] non-lAed HC ~ © non-lAed SCZ
~ 0.001 N
E 8 |Aed SCZ 8 |Aed SCZ
s ® -0.2- J
) ®
-0.25 p a
-0.4-
0.2 0.0 02 04 06 -04 0.2 00 02 0.4
PC1 25.6%

PC125.1%


https://doi.org/10.1101/2020.04.11.021915

Sensitivity (%)

Sensitivity (%)

Sensitivity (%)

bioRxiv preprint doi: https://doi.org/10.1101/2020.04.11.021915; this version posted April 13, 2020. The copyright holder for this preprint (which

=g was not certified by peer review) is the_author/funder All rights reserved. No reuse allowed without permission.
L~
o motu_linkage_group_520
© motu_linkage_group_310
Akkermansia_muciniphila  —
31 Eggerthella_lenta  —
Bifidobacterium_longum  ——
2 Lachnospiraceae_bacterium_3_1_57FAA_CT1 =o—
Clostridium_symbiosum  —
Clostridium_sp._ HGF2 =—
o |
o Bifidobacterium_angulatum  ee—
motu_linkage_group_624 e
AUC = 84.8 % .
oA 05% Cl: 78.63 %~ 90.96 % Dorea_formicigenerans
100 80 60 40 20 0 0 1.0 2.0 3.0
Specificity (%) Mean decrease accuracy (%)
o
S
i
- // motu_linkage_group_70 —
T Clostridium_sp._HGF2
=3 Clostridium_ramosum
©
Bifidobacterium_longum
ol motu_linkage _group_520
=
[Ruminococcus]_gnavus
Clostridium_symbiosum
o
N Clostridium_bolteae m————
Eggerthella_lenta —
AUC= 88.86 % .
o 1 95% C}fé_a??,fisgs % motu_linkage_group_624
100 80 60 40 20 0 0 1.0 2.0 3.0
Specificity (%) Mean decrease accuracy (%)
o
S+
° Clostridium_bolteae |
=
Dialister_invisus ]
31 Bifidobacterium_longum —
Clostridium_symbiosum I
o |
~ Clostridium_ramosum ——
Eggerthella_lenta ]
ISk
Bacteroides_ovatus -
o AUC= 85.64 % Clostridium_sp._HGF2 |
T 95% Cl: 79.63 %- 91.64 %
100 80 60 40 20 0 -2.0 0 2.0 4.0 6.0 8.0

Specificity (%)

Mean decrease accuracy (%)

4.0


https://doi.org/10.1101/2020.04.11.021915

G non-lAed HC-enriched mOTUs

IAed SCZ-enriched mOTUs

butyrate.producing_bacterium

bioRxiv preprint doi: https://doi.org/10.1101/2(L20.04.11.021915; this version post
W) is the autiRerifurders] Alleights re

was not certified by peer revie

X.Ruminococcus._tol

mOTU-113

Lactobacillus_acidophilus

Lactobaci

mOTU-565

Leuconostoc_gel

Prevotella
Streptococcus_agal

Spearman correlation

Positive

Negative

non-lAed SCZ-enriched mOTUs

X.Ruminococcus._obeum
Ruminococcus_sp._5_1_39BFAA

X.Ruminococeus._torques butyrate.producing_bacterium

Dorea_formicigenerans mOTU-490

Dorea_longicatena
mOTU-588

Coprococcus_comes
Coprococcus_catus

[Ruminococcus]_torques

4 [Ruminococcus]_obeum

mOTU-39 mOTU-520
mOTU-559
Alistipes_putredinis
mOTU-274 mOTU-135
mOTU-415 mOTU-414
mOTU-333
COPFOCOCCUS,BUHC‘UI%OTU_G%
mOTU-525
mOTU-212
mOTU-636

mOTU-502

m0Tu-327mOTUTzss/

mOTU-376
mOTU-383  mOTU-346

mOTU-306
mOTU-652 651
mOTU-226

mOTU-585
mOTU-362 mOTU-638

mOTU-230
Eubacterium_siraeum

mOTU-122
mOTU-240

Methanobrevibacter_smithii

Klebsiella_variicola.pneumoniae

mOTU-786 mOTU-613

Dorea_formicigenerans
butyrate-producing_bacterium

gg %ril 13, 2020. The copyright holder for this preprint (which
HIEE RS YeG9E°allowed without permission.
mOTU-490

mOTU-588 mOTU-240

Ruminococcus_sp._5-1-39BFAA

Coprococcus_comes Methanobrevibacter_smithii

mOTU-391  Alisti dini OTU-230
istipes_putre inis _ 5TU-135 m
Coprococcus_catus MOTU-520 T U1
rques ) e\ e mOTU-346— mOTU-306
[Ruminococcus]_obeum mOTU-559 MOTU-525 mOTU-122
. mOTU-274
Dorea_longicatena mOTU-376
mOTU-696moTU-212 i ) )
PN Eubacterium_siraeum
mOTU-333 Aol
S e mOTU-383
)% mOTU-502, | MOTU-588
mOTU-258"
mOTU-415 mOTU-652
mOTU-226

Coprococcus_eutactus

Bacteroides_dorei/vulgatus

Bifidobacterium breve Klebsiella_variicola.pneumoniae  Bacteroides_ovatus

Streptococcus_sp._C150

. mOTU-281
Enterobacter_hormaechei/cloacae

llus_johnsonii  ynclassified_Lachnospiraceae

Enterobacter_cloacae

Streptococcus_thermophilus

mOTU-49

Blautia_hanseniiStreptococcus_salivarius

Klebsiella_variicola/pneumoniae .
Clostridium_bolteae

mOTU-786
g . mOTU-613
Haemophilus_parainfluenzae

.. Prevotella_bivia
idum

Leuconostoc_gasicomitatum

_timonensis mOTU-701  Eubacterium_biforme
actiae Veillonella_sp._oral_taxon_158

non-lAed HC-enriched mOTUs

butyrate-producing_bacterium

mOTU113 Bifidobacterium_breve

mOTU-49

mOTU-281 Lactobacillus_johnsonii

Lactobacillus_acidophilus
mOTU-565

>Bacteroidesidorei/vulgatus

Bacteroides_ovatus

Prevotella_bivia Haemophilus_parainfluenzae

Prevotella_timonensis  Veillonella_sp._oral_taxon_158

Blautia_hansenii Streptococcus_sp._C150 Leuconostoc_gelidum

Streptococcus_thermophilus
unclassified_Lachnospiraceae Leuconostoc_gasicomitatum
Streptococcus_salivarius

Clostridium_bolteae Streptococcus_agalactiae

Klebsiella_variicola/pneumoniae

Enterobacter_hormaechei/cloacae

Enterobacter_cloacae

mOTU-701 Eubacterium_biforme

Spearman correlation
Positive

Negative


https://doi.org/10.1101/2020.04.11.021915

A Feeding 1/2/3/4 for 4 weeks Behavioral tests

bioRxiv preprint doi: https://doi.org/10. 11612020t 02 5eTsthis sersion posted April 13, 2020. THE ¢S

yrig dhtholder nghIS Ereﬁﬂ)ﬁt (which
rmissi

Time in open arms (sec)

=

Primary latency (sec)

Pre-pulse inhibition (%) )

11 ypifi iew) i . i . No r |
Male C57BL/6J m/as ot ceggified by peer review) is the author/funder. All rights reserved. No reuse allowed wit
PDO  PD29 PD49 PD56 PD63 PD77
birth decapitate decapitate
O Saline o SCFA C o Saline o SCFA D o Saline o SCFA
250 P=0.015 - 200 il L) _ 2007
2 ~ " 2 P=0.439
2004 P=0.0003 P=0356 2 P=0.001 P=0.193 K =z
@ —_— s = o 23 P=10.1204 P=0913
1504 o 5E 100 o 0 5z 100 s
° 22 3 B = o o8
o w ‘2 @ o=
: :3 % 2 |.B¥ =
oooo E o 11 E O Sy E e 04- T O LR
so{ % © g &7 ° gz o8 °
1) o @ (o]
o S
0 ' ' BT Y . . & 100 . .
Saline Minocycline Saline Minocycline Saline Minocycline
F o Saline o SCFA
1204 P=0.044 120- P=0.027
- P=10.0008 P=0849
T S 3 - - —_—
90 %2 N1 o, °
R o 050 00
- - [o] le)
i P=10.048 i 0
60 =5 60 gg;g 8
g s Oo
301 = 5 30 ©°° % © %00
-o- Saline -o- SCFA W B °
-@- Mnel -O- SCFA+Mncl o
N v > ™ < Saline Minocycline
I S S SO\
& & & & &
|° SCFA o SCEATMM o Mol P—— | H mRNA level in prefrontal cortex on PD76
1501
= - Saline
120 : P=0.021 | : P=10.0062
90- P=0.165 P=0.04: Mncl
© ° o P o
E2TTRIITITEE
30 0 O © O
6 o883 S % ° SCFA+Mnel
0- .................................... (.9 ............................... % ..........................
301—2 o RN R
=30 T T T QG '\Q & N «V’ L » o >
69 dB 73 dB 81 dB S Y IFT TS
I mRNA level in hippocampus on PD76 J mRNA level in prefrontal cortex on PD49
Saline Saline
Mncl Mncl
SCFA SCFA
SCFA+Mncl SCFA+Mncl
SR LN &R & N o D
STV IS Ww@@&”ﬁ &
L Concentrations in plasma on PD49
K mRNA level in hippocampus on PD49

SCFA+Mncl

Saline
Mncl
SCFA
o Q b
§°' '\§ a ;\ ¢\V’ .
RN R AN

’
0’71

&
> ¢

Saline

Mncl

SCFA

SCFA+Mncl

PR
& ¢


https://doi.org/10.1101/2020.04.11.021915

