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Background and Hypothesis: Antipsychotics (APs), the
cornerstone of schizophrenia treatment, confer a relatively
high risk of constipation. However, the mechanisms under-
pinning AP-induced constipation are poorly understood.
Thus, we hypothesized that (1) schizophrenia patients
with AP-induced constipation have distinct metabolic pat-
terns; (2) there is more than one mechanism at play in
producing this adverse drug effect; and (3) AP-associated
changes in the gut microbiome are related to the altered
metabolic profiles. Study Design: Eighty-eight schizo-
phrenia patients, including 44 with constipation (C) and
44 matched patients without constipation (NC), were en-
rolled in this study. Constipation was diagnosed by Rome
IV criteria for constipation and colonic transit time using
radiopaque markers (ROMs) while severity was evaluated
with the Bristol Stool Form Scale (BSS) and Constipation
Assessment Scale (CAS). Fasting blood samples were drawn
from all participants and were subjected to non-targeted
liquid chromatography-mass spectrometry (LC-MS)
metabolomic analysis. Study Results: Eleven metabolites
were significantly altered in AP-induced constipation which
primarily disturbed sphingolipid metabolism, choline me-
tabolism, and sphingolipid signaling pathway (P value <
.05, FDR < 0.05). In the C group, changes in the gut bac-
teria showed a certain degree of correlation with 2 of the
significantly altered serum metabolites and were associated
with alterations in choline metabolism. Conclusions: Our
findings indicated that there were disturbances in distinct
metabolic pathways that were associated with AP-induced
constipation. In addition, this study presents evidence of
a link between alterations in the gut microbiome and host
metabolism which provides additional mechanistic insights
on AP-induced constipation.
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Introduction

Antipsychotics (APs), the gold-standard treatment for
schizophrenia, are frequently associated with a high
risk of constipation.! AP-induced constipation has a
prevalence rate as high as 60% in schizophrenia pa-
tients.> Among conventional APs, trifluoperazine
(~40%), loxapine (~40%), fluphenazine (~30%), thiorid-
azine (~20%), and pimozide (~20%) confer the greatest
constipation risk while atypical APs, including cloza-
pine (~80%), paliperidone (~30%), quetiapine (~25%),
ziprasidone (~15%), and risperidone (~12%), have the
highest probability of inducing constipation.’ Both the
physical and mental states of schizophrenia patients are
worsened by constipation which can potentially develop
into more serious conditions and result in a fatal outcome
if it is not detected and treated on time.**

Despite its relatively high incidence and life-threatening
potentiality, the underlying molecular mechanisms re-
sponsible for AP-induced constipation are not entirely
known. Neurotransmitter mechanisms have been impli-
cated in AP-induced constipation via the modulation of
neurotransmission.*® !> The anticholinergic activity of
some AP drugs or the concurrent administration of anti-
cholinergic agents can suppress duodenal contraction and
delay gastrointestinal transit time. APs additionally have
antagonistic effects on several receptors. Antagonism of
S-hydroxytryptamine (5-HT) receptors, H1 receptors,
a-noradrenergic receptors, and dopaminergic receptors
can inhibit gastrointestinal tract motility and prolong
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intestinal peristalsis. The activation of d-opioid receptor
can also lead to the impediment of colonic transit time.
Thus, the activity of APs at a synaptic level has the po-
tential ability of inducing constipation. However, there
might be other mechanisms at play in mediating consti-
pation in patients undergoing AP treatment.

Over the last few years, considerable attention has been
given to the relationship of the gut microbiome with neu-
ropsychiatric diseases and psychiatric medication due to
the communication and connection of the gut with the
central nervous system.'* Although there is accumulating
evidence for the presence of gut microbiome alterations in
schizophrenia, the current data on the gut microbiome’s
diversity, including alpha and beta diversity, are highly
heterogeneous and conflicting, regardless of medication
status.!*1” A few studies documented alterations in either
or both diversity indices while other investigations re-
ported no significant differences in one or both diversity
indices.'® 2 However, since these experiments were per-
formed in patients who were under AP therapy, it is not
possible to distinguish whether the differences in the gut
microbiome were related to the disease itself or occurred
as a result of AP administration. Interestingly, research
that investigated changes in the gut microbiome of drug-
naive schizophrenia patients and those that explored the
impact of AP on the gut microbiome in schizophrenia
demonstrated similar discrepancies in diversity as with
studies which did not factor in AP therapy.*? These
findings illustrate that the interplay between host and
gut microbiome is far more intricate than can be mod-
eled by microbial diversity. Nonetheless, the literature
identified substantial richness changes in an inexhaust-
ible list of diverse taxa in schizophrenia, irrespective of
AP administration and with little consistency across in-
vestigations.'*!'® The contrasting picture presented by the
current literature prompts further analyses employing
metabolomics which can provide better insight into these
differences.

While APs exert a strong effect on microbial composi-
tion in the gastrointestinal tract, the gut microbiome can
also reciprocally influence the effectiveness, tolerability, and
toxicity of APs.>* These interactions suggest the presence
of a bidirectional interaction between the gut microbiome
and APs, which can potentially exacerbate AP-induced
side effects. It was demonstrated that the gut microbiota
partially mediated the metabolic side effects attributable to
APs.*! In our previously published article, it was reported
that AP-induced constipation exhibited an increase in
alpha diversity; lower abundance of phyla Bacteriodetes
and Fusobacteria; higher abundance of phyla Firmicutes,
Verrucomicrobia, and Synergistetes; the increased richness
of genus Christensenella and Desulfovibrio in contrast to
the nonconstipation group which is somewhat inconsistent
with previous findings. Furthermore, functional predic-
tions of the gut microbiome revealed significant alterations
in the propionate and vitamin B6 metabolism in patients

with constipation.?> Nonetheless, the precise etiology and
interaction of gut microbiome pertaining to AP-induced
constipation have not yet been elucidated.

Psychiatric patients under AP therapy have an elevated
risk of metabolic disturbances, including alterations in
cholesterol, triglycerides, glucose, and insulin levels.?*®
Some studies reported that these disruptions were associ-
ated with a reduction in defecation and constipation.® !
In addition, there is mounting evidence indicating the
presence of metabolic dysfunctions, and gut microbiome
alterations in association with AP prescription.?®3242 Tt
was previously revealed that AP agents induced meta-
bolic abnormalities, such as altered glucose and lipid
metabolism,** which have been associated with alter-
ations in the intestinal epithelial barrier and a higher risk
of constipation.’*#+4¢ In addition, it was shown that the
anti-commensal effects of some APs on the gut micro-
biota altered microbial diversity and mediated metabolic
disturbances.”?#4" These abnormalities in metabolism
could influence the secretory and motor functions of the
gut and eventually lead to constipation.> The underlying
mechanisms of these metabolic dysfunctions could be ex-
plained by the effects of direct receptor binding action
of antipsychotics, altered expressions of microbial prod-
ucts, production of alternative metabolites, or changes in
metabolite levels.’>* However, the precise pathophysio-
logical basis through which these disturbances resulted in
constipation has not yet been elucidated.

Metabolomics, which is the study of metabolomes of
body fluids and tissues, has the ability to identify aberrant
metabolic processes involved in disease pathophysiology
and their association with disease risk. Furthermore,
metabolomics can expand the knowledge on differential
metabolites and altered metabolic pathways caused by
certain drugs in addition to detecting biomarkers of ad-
verse drug effects.”® Non-targeted liquid chromatography
(LC), in combination with mass spectrometry (MS), is a
common and sensitive analytical approach which has the
ability to characterize, identify, and quantify metabolites
at physiological concentrations. Along with multivar-
iate statistical analyses and data visualization, the results
obtained from LC-MS can be effectively interpreted.
While numerous studies have investigated the metabolic
profiles associated with neuropsychiatric diseases, there is
a paucity of reports pertaining to the metabolic processes
related to AP side effects.

In this study, we hypothesized that schizophrenia pa-
tients with AP-induced constipation have distinct meta-
bolic patterns compared to patients without constipation
and that there is more than one mechanism at play in pro-
ducing this adverse drug effect. Using the same dataset
from our previous research,* serum metabolomics were
scrutinized whilst correlative gut metagenomic and serum
metabolomic were further investigated in order to uncover
the potential mechanistic pathways by which the altered
gut microbiome might modulate intestinal hypomotility,
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thereby leading to constipation. Since APs are the cor-
nerstone of schizophrenia treatment and there is insuffi-
cient data on the pathophysiological basis of AP-induced
constipation, the goals of the present study were to offer
deeper insights into the serum metabolic profiles and po-
tential molecular mechanisms of AP-induced constipa-
tion. The investigation of metabolites in addition to their
relationship with the gut microbiome can expand our
understanding of the pathophysiological changes associ-
ated with AP-induced constipation as well as identify po-
tential metabolic targets for the prevention and treatment
of constipation in addition to novel drug development.

Methods

Participants

While the same dataset, including 90 schizophrenia pa-
tients, as our previous article was utilized for the current
article, 2 patients were excluded due to their refusal for
blood sample collection. As a result, a total of 88 patients
were recruited in this study. All participants were native
Han Chinese, aged 18-60 years and were recruited from
the in-patient department of Psychiatry at the Jiangning
District Second People’s Hospital, Nanjing, China from
January 2020 to January 2021.

The inclusion and exclusion criteria were the same
as our previous article’? and are described in detail in
Supplementary Materials (see Supplementary Methods,
Participants). Participants were categorized into 2 groups,
namely, patients with constipation (C) group and patients
without constipation (NC) group based on ROME IV
constipation criteria and colonic transit time via radio-
paque marker (ROM). The NC group was matched for
age, diet, and AP type and dosage. All participants were
provided a normal-fat diet by the hospital while the dose
equivalence of antipsychotics for each patient was esti-
mated by the equivalent doses of clozapine based on the
defined daily doses (see Supplementary Materials, sup-
plementary methods, Antipsychotic medication).>®>’

Constipation diagnosis and evaluation are described
in detail in Supplementary Materials (see supplemen-
tary methods, Rome IV criteria for constipation, Colonic
transit test, and Constipation severity evaluation). After
diagnosis and evaluation of constipation, 10 ml of fasting
blood samples were collected from all subjects.

This study was approved by the Institutional Review
Board of Jiangning District Second People’s Hospital
in accordance with the ethical guidelines of the World
Medical Association Declaration of Helsinki.”® All par-
ticipants signed a written informed consent form prior to
the start of the study.

Sample Collection and Pretreatment

A total of 10 ml of fasting blood sample was collected
from all participants on the next morning following
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stool collection for the first study. Blood was drawn into
vacutainer tubes containing sodium heparin and the
tubes were immediately placed on ice. The blood samples
were then centrifuged at 1500g for 15 min and the serum
obtained was transferred into polypropylene tubes and
stored in a —80°C freezer. The procedures for sample pre-
treatment are described in Supplementary Materials (see
supplementary methods, Sample pretreatment).

Serum Metabolites Profiling via LC-MS-Based
Untargeted Analysis

A comprehensive assessment of serum metabolites pro-
files was obtained using liquid chromatography-mass
spectrometry (LC-MS) system composed of ACQUITY
UPLC I-Class ultra-high performance liquid phase
coupled with Vion IMS QTOF high-resolution mass
spectrometer. Conditions for LC analysis are shown in
Supplementary Materials (see supplementary methods,
LC-MS analysis conditions).

Data Preprocessing and Analysis

Prior to pattern recognition, the acquired LC-MS raw
data were analyzed and are described in Supplementary
Materials  (see  supplementary  methods, Data
preprocessing). Following preprocessing, the identifi-
cation of metabolites was based on accurate mass, sec-
ondary fragments, and isotopic distribution, using the
Human Metabolome Database (HMDB), Lipidmaps
(v2.3), METLIN database, and self-built libraries.

In order to identify potential metabolic profiles of
AP-induced constipation, univariate and multivariate
analyses were performed on the normalized data using
MetaboAnalyst 3.0 software. Detailed analyses are de-
picted in Supplementary Materials (see supplemen-
tary methods, Data Analysis, and Metabolic Profile
Screening). The results were visualized by a principal
component analysis (PCA) score plot and orthogonal-
partial-least-squares-discriminant analysis (OPLS-DA)
s-plot for differential metabolites patterns identification.
Hierarchical clustering was performed on the expression
levels of the top 50 differential metabolites based on VIP
(variable importance of projection) values in order to
demonstrate the relationship and expression differences
of the metabolites between the 2 groups.

Correlation Analysis and Metabolic Pathway
Enrichment Analysis

Correlation analysis between the metabolites was com-
puted by Pearson’s correlation coefficient to measure
the degree of linear correlation between 2 metabolites
so as to determine the repeatability and to further un-
derstand the relationship between metabolites associated
with AP-induced constipation. The top 50 significant
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metabolites alterations of the VIP value were chosen for
visual analysis. Nonsignificantly different metabolites be-
tween the 2 groups were removed while those with sig-
nificant alterations were mapped in Kyoto Encyclopedia
of Genes and Genomes (KEGG) (http://www.kegg.jp/
kegg/pathway.html) database for metabolic pathway en-
richment analysis. Significantly enriched pathways of
significantly and differentially expressed metabolites
were identified with a hypergeometric test’s P value. The
pathway was considered as an enriched pathway when the
P value was <.05 and was thus retained. Significant en-
richment pathway was selected for the bubble plot.

Statistical Analyses

An independent sample ¢-test was used to analyze the dif-
ferences in clinical characteristics between the 2 groups
using SPSS software, version 19.0 (SPSS Inc., USA), with
2-tailed P < .05 set as significant. The statistical power
of the current sample size was analyzed by the power.
prop.test script written in R software (http://r-project.
org). Data were presented as the mean * standard devia-
tion (SD). Metabolites were identified according to accu-
rate mass, secondary fragments, and isotopic distribution
by Progenesis QI (Waters Corporation, Milford, USA)
Data Processing Software, based on public databases in-
cluding HMBD (http://www.hmdb.ca/); LIPID MAPS
(http://www.lipidmaps.org/), and self-built databases.
The potentially altered metabolites were selected based
on the combination of a statistically significant threshold
of VIP values obtained from all the peaks of the 7-fold
cross-validated OPLS-DA model, P values from a
2-tailed Student’s -test on normalized peak areas and
adjusted P value for correction obtained by Benjamini
and Hochberg false discovery rate (FDR), where VIP
values >1 and P < .05 represented potentially altered me-
tabolites. To account for multiple comparisons, P value
was adjusted by the Benjamini and Hochberg correc-
tion to allow for a maximum 5% probability (¢ = 0.05)
of a false positive detection. Heat maps and hierarchical
cluster analyses were conducted using MeV version 4.9.0.
Pearson correlation test coefficient was computed in R
statistical software for correlation analysis with a P value
of <.05 considered as significant between each compar-
ison. The KEGG database (https://www.kegg.jp/kegg/
pathway.html) was utilized to annotate significantly dif-
ferent metabolites to the metabolic pathway enrichment
analysis. Pearson’s correlation analysis was employed for
the correlation analysis of significantly altered serum me-
tabolites and gut microbials in R psych package.

Results

The expected statistical power of the sample size in the
present study was 0.9797. Demographic characteristics
of the participants are shown in table 1. The results are

presented as mean = SD for continuous variables and as a
percentage for categorical variables. Data were compared
by independent #-tests where appropriate. Colonic transit
time along with BSS and CAS scores were significantly
different between the 2 groups (P < .05). Patients with
constipation had slower intestinal transit, harder stools,
and more problems on defecation compared to the NC
group. Patients with constipation had a longer course of
schizophrenia and took higher doses of an equivalent to
clozapine but these were not significant compared to the
NC group. Age, BMI, weight, PANSS scores, and dura-
tion of drug use were not significantly different between
the 2 groups. A higher proportion of patients in the C
group had diabetes compared to the NC group while
more patients from the NC group had hypertension and
were smokers, albeit nonsignificantly.

Serum Metabolites Profiling

The untargeted LC-MS analysis yielded a total of 8804
peaks and 1065 metabolites from all samples in both pos-
itive and negative ion modes. PCA analysis was applied
to the serum samples from 44 C and 44 NC patients in
addition to QC samples in order to assess the discrimi-
nating power of the 8804 peaks, detect outliers and eval-
uate repeatability. The 2-dimensional PCA score plot
provided visual information on the distribution of the
metabolic profiles, which could discriminate metabol-
ites between the AP-induced constipation group and the
nonconstipation group. The PCA score plot depicting the
intrinsic variation between the C and NC groups is shown

Table 1. Demographic Characteristics of Participants

C group NC group
Characteristics (n=44) (n=44) P value
Age (y) 51.02 £9.11 50.68 £ 9.01 .861
Gender 28M, 16F 28M, 16F 1
Sex ratio (M:F) 1.6:1 1.6:1 1
BMI (kg/m?) 23.66 £2.94 2439 £ 245 213
Weight (kg) 65.84 £ 10.14 66.92 +9.32 .606
PANSS 67.55+£5.27 67.69 +2.69 .960
CD (y) 24.89 £9.43 22.27£9.93 212
CAS 2.32+2.59 0.61 +£0.95 <.05*%
BSS 245+1.37 4.02 £ 1.09 <.05*
ROM 0.55+0.50 0.25+0.44 <.05*
EDC (mg) 480.45 + 248.50 434.89 £247.98  .394
Duration of 20.20 £ 21.51 26.80 + 28.62 229
drug use (mo)
Diabetes 31.8% 20.5% 229
Hypertension — 22.7% 29.5% 472
Smokers 31.8% 45.5% 193

Note: Data are presented as mean * standard deviation. C, pa-
tients with constipation; NC, patients without constipation; M,
male; F, female; BMI, Body Mass Index; CAS, Constipation As-
sessment Scale; BSS, Bristol Stool Form Scale;ROM, radiopaque
marker; EDC, equivalent dose of clozapine; PANSS, Positive and
Negative Syndrome Scale; CD, course of the disease.
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in figure 1A. It demonstrates the possible presence of out-
liers, clusters, and other patterns in the data. The sample
distribution in the score plot was homogeneous in each
group which implied that there were no significant var-
iations within the groups. The QC samples were closely
clustered, indicating good detection stability and repro-
ducibility (Supplementary figure 1). The PCA score plot
corresponding to the first 2 principal components showed
that component 1 and component 2 explained 14% and
10.3% of the total variance in the dataset, respectively.
The clustered dots had similar metabolomic compos-
itions while scattered dots exhibited different metabolic
components.

Supervised OPLS-DA score plot was constructed
in order to further evaluate the differential serum me-
tabolites patterns between the 2 groups as observed in
PCA. The OPLS-DA score plot is shown in figure 1B.
The 2 groups were separated in the OPLS-DA score
plot (R2(X) = 0.229; R2(Y) = 0.724; Q2 = 0.287), sug-
gesting that there were significant differences in the met-
abolic patterns between the 2 groups. A total of 200
permutation tests demonstrated that the method was
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reliable without overfitting (R2 = 0.545, Q2 = —0.519)
(see Supplementary figure 2). Most of the serum sam-
ples presented in both PCA and OPLS-DA were located
within the elliptical region which represented a 95%
confidence interval. An OPLS-DA s-plot of serum sam-
ples was constructed so as to screen for significantly dif-
ferential metabolites between the 2 groups (figure 1C).
Metabolites that were farther from the point of origin
had significantly greater influence and higher VIP values
while those in the middle of the figure did not show any
relevance in the model. Potentially altered concentra-
tions of serum metabolites associated with AP-induced
constipation were screened and selected for further ana-
lyses when the VIP scores of the metabolites were >1.0
and P value was <.05. A volcano plot (figure 1D) was
constructed with combined statistical tests, including the
P value and fold-change (FC) value, so as to visualize
and identify these metabolites.

VIP values >1 and P values <.05 yielded a total of
63 serum metabolites (Supplementary table 2) which
were significantly and differentially expressed between
the 2 groups and could be classified into the following
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Fig. 1. Results of serum metabolites multivariate analysis. (A) Principal component analysis (PCA) score plot. C: patients with
constipation; NC: patients without constipation; PC: principal component. Each blue square represents a serum sample from a patient
with constipation while each red triangle depicts nonconstipation patients. (B) Orthogonal-Partial-Least-Squares-Discriminant-Analysis
(OPLS-DA) score plot. OPLS-DA allows the differentiation between the two groups. (C) OPLS-DA S-plot of serum samples. Each dot
denotes one metabolite. The closer the metabolites in the upper right corner and the lower left corner, the more significant the difference.
(D) Volcano plot of differential metabolites in the 2 groups. The x-axis denotes 2-fold up- and downregulation and the y-axis shows the P
values. The red dots represent the significantly upregulated differential metabolites while the blue dots depict significantly downregulated
differential metabolites and the gray dots indicate no significantly different metabolites.
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categories with the number of metabolites in brackets:
glycerophospholipids (13); fatty acyls (8); sphingolipids
(5); prenol lipids (5); carboxylic acids and derivatives
(4); organooxygen compounds (4); steroids and ste-
roid derivatives (4); organic sulfuric acids and deriva-
tives (3); organonitrogen compounds (2); polyketides
(2); sterol lipids (2); benzene and substituted derivatives
(1); carboximidic acids and derivatives (1); carboximidic
acids and derivatives (1); flavonoids (1); phenols (1);
phenylpropanoic acids (1); pyrrolines (1); tetrapyrroles
and derivatives (1); and unclassified (3). The levels of
45 metabolites were significantly upregulated (FC >
1) while the levels of 18 metabolites were significantly
downregulated (FC < 1) in the constipated group.

Hierarchical cluster analysis demonstrated the specific
expression patterns of the significantly and differentially
expressed metabolites among the 2 groups. A heat map
was constructed with the top 50 differential metabolites
based on VIP values and is shown in figure 2A. The heat
map showed distinct separation and the presence of sig-
nificantly different metabolites’ expression between the 2
groups. Only a few metabolites displayed similarities in
expression levels. The metabolites with a higher degree of
similar alteration patterns were close on the heat map, ie,
the metabolites of patients from the C group were clus-
tered closely and separated from NC patients which fur-
ther demonstrated distinct changes in the metabolites’
levels between the 2 groups.

Correlation analysis was computed so as to investigate
the associations of significantly and differentially ex-
pressed metabolites between the 2 groups using the top 50
differential metabolites based on VIP values. Differential
metabolite correlation analysis is shown in figure 2B.
Similar variation trends among the metabolites suggested
positive correlations and different variation trends im-
plied negative correlations. The metabolites were mostly
positively correlated with each other while only 2 metabol-
ites showed negative associations. The correlation details
are given in Supplementary Materials (see supplementary
results, correlation analysis between metabolites).

The 63 identified serum metabolites with altered levels
were subjected to metabolic pathway enrichment analysis
in order to identify affected metabolic pathways. The top
20 metabolic pathways were selected for a bubble map (see
figure 3). Eight metabolic pathways with a hypergeometric
P value <.05 were significantly altered between the 2
groups and included sphingolipid metabolism, choline
metabolism in cancer, sphingolipid signaling pathway,
fatty acid degradation, glycerophospholipid metabolism,
fatty acid biosynthesis, glutamatergic synapse, and Fc
gamma R-mediated phagocytosis (see table 2). However,
after FDR correction, sphingolipid metabolism, choline
metabolism in cancer and sphingolipid signaling pathway
were the most important pathways with lower P values
and higher number of altered metabolites level. The con-
centrations of 11 serum metabolites in these impaired

pathways were significantly different in the C group in
contrast to those in the NC group (see table 3).

Correlation Analysis Between Significantly Altered
Serum Metabolites and Gut Microbials

The potential correlations between the altered gut
microbiome composition at the genus level, obtained
from our previous study,* and the significantly different
serum metabolites from the present study, were further
investigated. Overall, the analyses revealed that the signif-
icant changes in the abundances of bacterial genus had a
mild correlation with the significantly altered serum me-
tabolites in AP-induced constipation (+ = 0.08, P = .01).
In particular, Ruminococcus was positively correlated
with serum PC(18:1(11Z)/18:0) (P < .05, r = 0.38), and
PC(20:1(117)/18:3(672,972,127)) (P < .05, r = 0.30) while
Clostridium_XI1Vb was negatively correlated to serum
PC(20:1(117)/18:3(62.,97.,127)) (P < .05, r = —0.32).

Discussion

In the present study, 88 serum samples from 44 schizo-
phrenia patients with constipation and 44 schizophrenia
patients without constipation underwent non-targeted
LC-MS-based metabolomics analysis in order to inves-
tigate the alterations of serum metabolic profiles asso-
ciated with AP-induced constipation and identify the
potential underlying molecular mechanisms. Moreover,
the relationship of the significantly altered serum me-
tabolites and altered gut microbiome was further inves-
tigated. Comprehensive metabolomics examinations
together with statistical analyses demonstrated that pa-
tients with AP-induced constipation had marked differ-
ences in serum metabolite levels which were associated
with an imbalance in distinct metabolic processes that
are potentially implicated in the occurrence of consti-
pation in these subjects. In addition, changes in the gut
microbiome composition were related to some of the al-
tered serum metabolites, demonstrating an interaction of
the gut microbiome and metabolism which might pro-
duce AP-induced constipation. Altogether, the impaired
metabolic pathways observed in these patients provide
additional mechanistic insights underlying AP-induced
constipation. To the best of our knowledge, the present
study is the first to explore serum metabolic profiles of
AP-induced constipation in addition to the relationship
of gut metagenomics and serum metabolomics in pa-
tients with constipation related to APs.

Patients with AP-induced constipation had lower
levels of sphingosine-1-phosphate (S1P), sphinganine,
phytosphingosine, lysophosphatidylcholines
LysoPC(18:0) and LysoPC(17:0) and lecithin (phos-
phatidylcholine  PC(14:1(972)/20:1(11Z))) in  addi-
tion to higher levels of lysophosphatidylcholines
LysoPC(22:4(7Z,102,137.,167)) and
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Fig. 2. Correlation analysis of top 50 significantly altered metabolites. (A) Heat map of the top 50 metabolites with significant level
alterations between the 2 groups constructed from hierarchical clustering analysis. The x-axis depicts the samples where C is a patient
with constipation and NC represents a nonconstipation patient, and the y-axis denotes the differentially expressed metabolites separated
by hierarchical clustering. The color scale shows the relative expression levels of the metabolites across all samples; blue represents
decreased metabolite level while red represents an increased metabolite level. (B) Correlation of the top 50 differentially expressed
metabolites. The color scale depicts the degree of correlation where 1 and —1 imply the strongest positive and negative correlations,
respectively. The color red indicates positive correlation and the blue color represents negative correlation. The different dots’ sizes signify
the correlation of Pearson’s coefficients.
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Fig. 3. Bubble map of metabolic enrichment pathways. The y-axis depicts the metabolic pathways and the x-axis shows the rich factor.
Rich factors are presented as enrichment degrees. The larger the rich factor, the greater the enrichment degree. The color scale ranges
from green to red and represents a higher significance to a lower significance, respectively. The area of each node denotes the number of
enriched metabolites. The larger the node, the greater the number of metabolites is enriched in the pathway.

Table 2. Impaired Metabolic Pathways in AP-Induced Constipation.

Metabolic pathway Total number of altered metabolites ~ Rich factor ~ Pvalue  -lg(P value)  FDR correction
Sphingolipid metabolism 3 0.12 .0004 3.444 0.015
Choline metabolism in cancer 2 0.182 .0017 2.762 0.037
Sphingolipid signaling pathway 2 0.133 .0032 2.488 0.047
Fatty acid degradation 2 0.04 .0336 1.474 0.199
Glycerophospholipid metabolism 2 0.038 .0361 1.443 0.199
Fatty acid biosynthesis 2 0.036 .0413 1.383 0.199
Glutamatergic synapse 1 0.125 .0459 1.339 0.199
Fc gamma R-mediated phagocytosis 1 0.125 .0459 1.339 0.199
LysoPC(20:2(11Z,147)), phosphatidylcholines ~ produces several bioactive metabolites, including SI1P

PC(18:1(11Z)/18:0), PC(16:0/20:4(8Z,11Z2,14Z,17Z))
and PC(20:1(112)/18:3(62,972,127)) compared to the
NC group. The related significantly disturbed metabolic
pathways comprised of sphingolipid metabolism, choline
metabolism in cancer, sphingolipid signaling pathway,
which distinguished patients with AP-induced constipa-
tion from the NC group.

In our study, 3 sphingolipids were significantly reduced
in the C group in contrast to the NC group, with impaired
sphingolipid metabolism and sphingolipid signaling
pathway. Sphingolipids are synthesized in the human
body via the de novo pathway, salvage pathway, or in-
testinal microbiota and could also be obtained through
dietary supplementation.”% Sphingolipid metabolism

(generated from sphingosine), phytosphingosine, and
sphinganine, which also act as signaling molecules and
play a role in cell survival, proliferation, migration, dif-
ferentiation, and apoptosis in addition to the modu-
lation of cardiovascular functions and contraction of
smooth muscles.®’#? It was previously demonstrated that
S1P induced modulation of intestinal smooth muscle
contractility and gastrointestinal motility via interstitial
cells of Cajal (ICC).*%* Since the ICC regulates gastro-
intestinal motility, lower levels of S1P might disrupt the
normal functioning of ICC by lowering or inhibiting co-
lonic motor activity and lead to constipation.®® Altered
levels of sphinganine in aged mice were also associated
with gastrointestinal contractile dysfunction.® Disturbed
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Table 3. Altered Metabolites and Associated Metabolic Pathways in AP-Induced Constipation

Metabolites Metabolic pathway Retention time/min mlz VIP Pvalue  FC value
Sphingosine-1-phosphate Sphingolipid metabolism, 7.01 378.24 1.61 .001 0.83]
sphingolipid signaling pathway
Phytosphingosine Sphingolipid metabolism 6.28 318.3 1.79 .01 0.90 |
Sphinganine Sphingolipid metabolism, 6.77 302.31 1.32 .0001 0.80 ]
sphingolipid signaling pathway
Phosphatidylcholine
PC(14:1(9Z)120:1(11Z)) Choline metabolism in cancer 9.72 780.55 454  0.04 0.90 |
PC(18:1(11Z)/18:0) 11.57 810.60 7.92  0.004 1151
PC(16:0/20:4(8Z,11Z,14Z,17Z)) 8.26 826.56 7.38  0.01 1.10 1
PC(20:1(11Z)/18:3(6Z.,97.,127.)) 8.28 854.59 8.64  0.01 1.10 1
Lysophosphatidylcholines
LysoPC(18:0) Choline metabolism in cancer 8.34 568.36  11.6 .04 093]
LysoPC(17:0) 8.34 508.34 7.89 .04 093]
LysoPC(22:4(7Z,10Z,13Z,167Z)) 7.84 616.36 1.24 .03 1.2117
LysoPC(20:2(11Z,147)) 8.45 548.37 2.23 .03 1.157

Note: 1 and | signs indicate upregulated and downregulated metabolites, respectively.

sphingolipid metabolism and sphingolipid-mediated
signal transduction via alterations in phytosphingosine
and sphinganine were associated with contractile dys-
functions in the heart, airway passage, uterus, and por-
cine heart,® " indicating their role in muscle contraction.
Dietary supplementation of both phytosphingosine and
sphinganine promoted gastrointestinal motility’! and
thus, lower levels might potentially result in hypomotility.
Moreover, metabolic disturbances in lipid and glucose
metabolism, including prediabetic state, diabetes mellitus,
and insulin resistance, were associated with alterations in
S1P, sphinganine, and phytosphingosine.” "

In this study, patients with AP-induced constipation
had altered levels of glycerophospholipids involved in ab-
normal choline metabolism. Lysophosphatidylcholines
(LPCs), also termed lysolecithins, are major serum lipids
that are generated by the cleavage of phosphatidylcholines
(PCs), also known as lecithins. Both LPCs and PCs are
the most abundant phospholipids in cell membranes and
serum.” While both are involved in cell survival, migra-
tion, proliferation and signaling, lipid metabolism, glu-
cose homeostasis, gene regulation, immunity, intestinal
fatty acid uptake, and intestinal mucosal barrier, LPCs
are also implicated in glycerophospholipids transport
and contraction of gastrointestinal muscles.””%* LPCs in-
duced alterations in Ca(2+), Na(+), and K(+) concentra-
tions® which might affect the contractility of muscles in
the gut. In an experiment involving mice, LPCs inhibited
gastrointestinal contractions and reduced transit time.”
Circulating LPCs also impaired the intestinal barrier by
altering intestinal permeability.?’ It was reported that ul-
cerative colitis (UC) patients had reduced PCs and LPCs
in their intestinal mucosa® and nearly half of those af-
fected with UC exhibited proximal constipation.®” These
findings suggested that the impaired intestinal mucosal
barrier, as a result of alterations in PCs and LPCs levels,
could mediate constipation. Moreover, constipation was
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reported as one of the side effects of dietary lecithin in
infant formula.®® The alterations in both LPCs and PCs
levels were associated with abnormalities in lipid and glu-
cose metabolism as well as insulin resistance.””#* These
results indicated that LPCs and PCs are also involved in
metabolic disturbances.

Another notable finding of the current article is
the relationship between significantly altered serum
metabolites and gut microbiome composition in pa-
tients with AP-induced constipation. Out of the 11 sig-
nificantly altered serum metabolites in the C group,
PC(18:1(11Z)/18:0), and PC(20:1(11Z)/18:3(6Z,9Z,127))
were substantially correlated with changes in bacte-
rial gut composition. In our previously published ar-
ticle,? there was a higher abundance of Ruminococcus
and Clostridium_XIVb amongst others. In the present
study, we found that a higher level of Ruminococcus
and Clostridium_XI1Vb was associated with disturbances
in choline metabolism. It was previously demonstrated
that Ruminococcus, a constipation-associated gram-pos-
itive bacteria with mucolytic activity,”*? was involved
in glycerophospholipid metabolism and was positively
associated with circulating glycerophospholipid.”® The
Clostridium genus has the ability to produce lecithinase
which hydrolyzes lecithin, thereby affecting the absorp-
tion of lecithin and inducing metabolic disturbances and
mucosal barrier impairment.® Therefore, a greater abun-
dance of Ruminococcus and Clostridium_XIVb could
lead to increased gut permeability into the circulation via
loss of epithelial cells and mucosal barrier integrity of
the gut. Furthermore, the changes generated by APs in
the abundance of these bacteria might induce metabolic
disturbances which ultimately lead to constipation.

It is noteworthy that the perturbations detected in the
top-hit pathways were previously associated with schiz-
ophrenia. However, some of these investigations did not
take into account the potential confounding effects of
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APs,”> 1% while others reported that disruptions in these
pathways emerged from AP administration,'*'% which is
in line with our findings. Nonetheless, a handful of studies
have shown disturbances in these pathways in drug-free
schizophrenia patients,'1%" suggesting that they might
be implicated in the pathophysiology of the disease itself.
Due to the disparity in the literature, the notion that the
top-hit pathways were altered as a result of AP therapy
cannot be excluded. Further analyses are warranted with
schizophrenia participants with and without AP admin-
istration in order to validate these findings.

Several strengths of this study are worth mentioning.
First, the type and dose of antipsychotic drugs were
matched in the constipation and nonconstipation groups.
These factors produce greater homogeneity between the 2
groups. In addition, a combination of subjective ROME
1V constipation criteria and objective colonic transit test
using radiopaque markers allowed for more precise dis-
crimination between constipation and nonconstipation
patients. Altogether, the rigorous study design provides
good credibility and improves the scientific value of this
study. Furthermore, serum metabolomics is an indispen-
sable method that provides deeper insights into the inter-
action of the gut microbiome and the metabolism of the
body.

There are also a few limitations in the present study
that should be considered. The sample size was relatively
small and could have influenced the power of the study.
Thus, the current findings should be seen as preliminary
and need to be validated in independent and larger sam-
ples. Both groups under investigation were taking anti-
psychotics. As such, we did not investigate the patients
before and after receiving medication which could have
provided additional information. Other variables could
influence the occurrence of constipation and should also
be taken into consideration. The databases employed for
the identification of metabolites based on the LC-MS
approach are less developed than those for gas chroma-
tography and therefore, could have been less effective
at identifying all the metabolites. The current study is
cross-sectional and employs untargeted metabolomics.
Future longitudinal studies utilizing targeted metabol-
omics and including a larger population with well-defined
antipsychotic agents, especially clozapine, are warranted
for validation and further analysis.

Conclusion

The results of LC-MS metabolomic analyses on serum
samples from patients with and without constipation
under AP therapy demonstrated that there were significant
differences in the metabolic profiles between the 2 patients’
groups and could be considered as specific to the condition.
Overall, the presence of disruptions in organonitrogen
compound metabolism, sphingolipid signal transduction,
and phospholipid metabolism provide further insights

on the potential mechanistic basis of AP-induced consti-
pation. In our previous study, APs instigated propionate
and vitamin B6 metabolism alterations in the gut which
influenced the gut microbiome composition and func-
tion. In the present study, the integrative analysis of fecal
metagenomics and serum metabolomics revealed that the
interaction between the altered gut microbiome and serum
metabolites was associated with an imbalance in choline
metabolism which is potentially involved in AP-induced
constipation. The administration of APs potentially im-
pedes the normal gut microbiome composition and func-
tion that produce metabolic disturbances, intestinal barrier
dysfunctions, muscle contractility impairment, and cells
dysmotility leading to gut hypomotility and constipation.
Our findings suggested that there are multiple mechanisms
synergistically at play in AP-induced constipation and
could provide a basis for future studies for better optimi-
zation of AP treatment in view of mitigating constipation.

Supplementary Material

Supplementary material is available at https://academic.
oup.com/schizophreniabulletin/.
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