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Abstract
Background  Metabolic syndrome (MetS) is highly prevalent in individuals with schizophrenia (SZ), leading to 
negative consequences like premature mortality. Gut dysbiosis, which refers to an imbalance of the microbiota, 
and chronic inflammation are associated with both SZ and MetS. However, the relationship between gut dysbiosis, 
host immunological dysfunction, and SZ comorbid with MetS (SZ-MetS) remains unclear. This study aims to explore 
alterations in gut microbiota and their correlation with immune dysfunction in SZ-MetS, offering new insights into its 
pathogenesis.

Methods and results  We enrolled 114 Chinese patients with SZ-MetS and 111 age-matched healthy controls from 
Zhejiang, China, to investigate fecal microbiota using Illumina MiSeq sequencing targeting 16 S rRNA gene V3-V4 
hypervariable regions. Host immune responses were assessed using the Bio-Plex Pro Human Cytokine 27-Plex Assay 
to examine cytokine profiles. In SZ-MetS, we observed decreased bacterial α-diversity and significant differences 
in β-diversity. LEfSe analysis identified enriched acetate-producing genera (Megamonas and Lactobacillus), and 
decreased butyrate-producing bacteria (Subdoligranulum, and Faecalibacterium) in SZ-MetS. These altered genera 
correlated with body mass index, the severity of symptoms (as measured by the Scale for Assessment of Positive 
Symptoms and Scale for Assessment of Negative Symptoms), and triglyceride levels. Altered bacterial metabolic 
pathways related to lipopolysaccharide biosynthesis, lipid metabolism, and various amino acid metabolism were also 
found. Additionally, SZ-MetS exhibited immunological dysfunction with increased pro-inflammatory cytokines, which 
correlated with the differential genera.

Conclusion  These findings suggested that gut microbiota dysbiosis and immune dysfunction play a vital role in 
SZ-MetS development, highlighting potential therapeutic approaches targeting the gut microbiota. While these 
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Introduction
Schizophrenia (SZ) is a complex neurodevelopmental 
disorder marked by altered thinking processes and fre-
quent deterioration of cognitive function, resulting in 
a 2-2.5 times higher risk of premature mortality and a 
reduced life expectancy of 15–20 years compared to the 
general population [1, 2]. SZ patients frequently suffer 
from metabolic syndromes (MetS) like abdominal obe-
sity, hypertension, hyperglycemia/diabetes, and dyslipid-
emia, which significantly contribute to premature death 
[3, 4]. MetS affects 33.4% of SZ patients [5], occurring 
2–3 times more frequently than in the general popula-
tion. SZ-MetS lead to increased risks of cardiovascular 
disease, reduced quality of life, heightened psychological 
symptoms such as depression and anxiety, poorer physi-
cal health, and cognitive deficits [6, 7]. Research also sug-
gests SZ-MetS influence disease progression, affecting 
negative symptoms, cognitive function, and brain white 
matter integrity [8, 9]. Thus, it is urgent to address the 
intertwined nature of SZ and MetS in current research 
and clinical practice to improve patient outcomes, as 
their coexistence exacerbates disease severity and com-
plicates treatment efforts.

The underlying mechanisms contributing to the high 
prevalence of MetS in SZ patients remain unclear; how-
ever, several risk factors have been identified. These 
include the neurodevelopmental aspects of SZ itself, 
genetic predispositions, unhealthy dietary habits, physi-
cal inactivity, smoking, and particularly the side effects of 
antipsychotic medications that impair glucose tolerance, 
insulin sensitivity, lipid metabolism, and weight regula-
tion [10]. Recent studies propose the potential involve-
ment of the gut microbiota in the onset and development 
of both SZ and MetS, influencing metabolism, immunity, 
and brain function, yet the precise connection to SZ-
MetS remains unclear. Emerging evidence has illustrated 
that changes in the composition and function of the gut 
microbiota, known as gut dysbiosis, are associated with 
both MetS and SZ [11–17]. Microbes enriched in both 
SZ and MetS/cardiovascular disease may contribute to 
the increased risk of these comorbidities in SZ patients. 
Notably, gut dysbiosis in MetS has been associated with 
cognitive deficits in SZ [9]. Our previous study identified 
fecal microbiota dysbiosis in elderly SZ patients, suggest-
ing a role in immune system disturbances [13]. Immune 
dysfunction, particularly chronic low-grade inflamma-
tion (a persistent, mild level of inflammation occurring 
over a long period without noticeable symptoms), is a 
shared component of MetS and SZ, potentially triggered 

by gut dysbiosis [18]. Thus, the gut microbiota may 
serve as a crucial link between MetS and SZ, suggesting 
potential dual therapeutic benefits through microbiota 
manipulation. Identifying specific gut microbiota mark-
ers in SZ-MetS patients could pave the way for targeted 
treatments. However, there is a significant gap in under-
standing the specific interplay between gut dysbiosis and 
the co-occurrence of SZ and MetS, especially within the 
Chinese population, whose distinct dietary habits, life-
style, and environmental exposures compared to Western 
countries can influence microbiota profiles.

In our current study, we enrolled hospitalized SZ-MetS 
patients and age- and gender-matched healthy con-
trols from Quzhou, China. We used high-throughput 
sequencing to compare their fecal microbiota profiles 
and performed immunoassays to analyze peripheral 
immune responses. We also investigated correlations 
between SZ-MetS-related key bacteria and inflammatory 
cytokines. Our goal is to develop novel strategies for pre-
venting, diagnosing, and treating SZ-MetS, potentially 
using microbiota-targeted therapies to address both con-
ditions concurrently, with the understanding that further 
validation in different populations is necessary.

Materials and methods
Study participants
We recruited 114 SZ-MetS patients (aged 28 to 64) and 
111 age- and gender-matched healthy controls (HCs) 
from Quzhou Third People’s Hospital, China, between 
June and November 2023. The study was approved by 
the Ethics Committee of Quzhou Third People’s Hos-
pital (reference no. SY-2023-17). Prior to enrollment, 
written informed consent was obtained from all par-
ticipants or their guardians if they had cognitive impair-
ments or other disabilities. SZ was diagnosed based 
on Diagnostic and Statistical Manual for Psychiatric 
Disorders-Fifth Version (DSM-V) guidelines through 
structured clinical interviews by two experienced psy-
chiatrists [13], while MetS diagnosis followed ATEP III 
criteria [19]. All patients had a minimum 5-year history 
of SZ and were in the maintenance phase of treatment. 
Psychiatric symptoms severity was assessed using the 
Scale for Assessment of Positive Symptoms (SAPS) and 
Scale for Assessment of Negative Symptoms (SANS). 
Higher SAPS and SANS scores indicated higher symp-
tom severity. Detailed demographic data were collected 
using a series of questionnaires. The exclusion crite-
ria for the study included individuals with a body mass 
index (BMI) > 28 kg/m2, a history of neurological illness, 

therapies show promise, further mechanistic studies are needed to fully understand their efficacy and safety before 
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traumatic brain injury, substance-related disorders, first-
degree relatives with a history of psychosis, any form of 
tumor, vegetarian diets, diarrhea or constipation within 
the preceding month, administration of antibiotics, pre-
biotics, probiotics, or synbiotics within the preceding 
month, treatment with antidepressant, mood stabilizers 
or other psychiatric drugs in last months, known active 
infections such as viral, bacterial, or fungal infections, 
and other diseases such as inflammatory bowel disease, 
irritable bowel syndrome or other autoimmune diseases 
[13]. Age- and gender-matched HCs were enrolled from 
the Department of Physical Examination at the same 
hospital. A trained physician conducted standardized 
physical examinations, psychiatric evaluations, reviewed 
medical histories, and documented current medications/
supplements to identify eligible HCs.

Sample collection and processing
Approximately 2 g of fresh fecal sample was collected in 
a sterile plastic cup, and promptly stored at -80 °C within 
15  min of preparation until further use. Fasting blood 
samples were obtained from participants in the early 
morning and stored at -80 °C for subsequent analysis.

Sequencing of the fecal microbiota and bioinformatic 
analysis
Bacterial genomic DNA extraction, amplicon library con-
struction and sequencing have been previously described 
in details [13, 20–22]. The sequencing library was pre-
pared at Hangzhou KaiTai Bio-lab, and sequencing was 
performed using the MiSeq system (Illumina). After 
sequencing, the raw data (> 100 bp) with error rate < 1% 
were processed and quality-controlled using QIIME2 
(version 2020.11) [13, 20–25]. Before proceeding with 
data analysis, reads from each sample underwent nor-
malization to ensure even sampling depths. Annotation 
used the SILVA database via RDP Classifier and UCLUST 
v1.2.22 in QIIME2. Bacterial α-diversity metrics, includ-
ing Shannon, Simpson, observed species, ACE, and 
Chao1 estimator, were computed at a 97% similarity 
level. β-diversity was assessed using unweighted UniFrac, 
weighted UniFrac, Jaccard, and Bray-Curtis distances by 
QIIME2, visualized through principal coordinate analysis 
(PCoA) [26]. PERMANOVA tests evaluated the signifi-
cance of β-diversity differences between groups. Statisti-
cal Analysis of Metagenomic Profiles (STAMP) software 
package v2.1.3 [27] and LEfSe [28] analyzed microbiota 
composition variations, focusing on taxa with an aver-
age relative abundance > 0.01% for biomarker discovery 
(LDA score > 3.5; p < 0.05). Correlation analysis used the 
sparse compositional correlation (SparCC) algorithm on 
the complete operational taxonomic unit (OTU) table at 
the genus level, with the network visualized in Cytoscape 
v3.6.1. SparCC was particularly suitable for our study as it 

helps uncover potential ecological interactions within the 
microbial community, such as mutualism or competition. 
Functional predictions from the closed OTU-table gen-
erated by QIIME were compared with the KEGG data-
base using PiCRUSt v1.0.0, employing an ancestral-state 
reconstruction approach to infer microbial community 
functional potentials based on phylogenetic composition 
and categorizing them into KEGG pathways at levels 1–3 
[29].

Serum cytokine analysis
To assess participants’ systemic immune function, we 
used a 27-plex human group I cytokine assay kit (Bio-
Rad, CA, USA), following our previously described 
methodology [13, 20–22, 30]. 27 cytokines and chemo-
kines were quantified using a 27-plex magnetic bead-
based immunoassay kit according to the manufacturer’s 
instructions, which included 16 cytokines, 6 chemo-
kines, and 5 growth factors. The Bio-Plex 200 system 
was utilized for the analysis of Bio-Rad 27-plex human 
group I cytokines and the Bio-Plex assay (Bio-Rad) was 
performed according to the manufacturer’s directions. 
The results expressed as picogram per milliliter (pg/mL) 
using standard curves integrated into the assay and Bio-
Plex Manager v5.0 software with reproducible intra- and 
inter-assay CV values of 5–8%.

Statistical analysis
For continuous variables such as α-diversity indices, 
taxonomic abundance and cytokines, we used White’s 
nonparametric t-test, independent t-test, or Mann-Whit-
ney U-test based on data distribution and assumptions. 
Categorical variables were compared using Pearson’s 
chi-square test or Fisher’s exact test. Spearman’s rank 
correlation test between microbial abundances and cyto-
kines was employed for correlation analyses. Statistical 
analyses were performed with SPSS v24.0 (SPSS Inc., 
Chicago, IL) and STAMP v2.1.3, while graphical repre-
sentations were created using R packages and GraphPad 
Prism v6.0. All significance tests were two-sided, and 
p-values were adjusted for multiple comparisons using 
the Benjamini-Hochberg method to control the False 
Discovery Rate (FDR). A threshold of FDR < 0.05 was 
considered statistically significant.

Accession number
The sequence data are available at GenBank Sequence 
Read Archive under accession number PRJNA1034806.
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Results
Changed overall structure of the fecal microbiota in 
SZ-MetS patients
Participants’ demographics
In our study, we recorded participants’ characteristics, 
including age, gender, BMI, past medical history, and 
medication history, as summarized in Table  1. All SZ-
MetS patients met DSM-V and ATEP III criteria and 
were in the maintenance phase of SZ. There were no sig-
nificant differences in age, gender, smoking, or drinking 
between the SZ-MetS and control groups (p > 0.05).

Bacterial diversity analyses
After sequencing, we obtained 13,459,449 high-quality 
sequence reads from 16,582,495 raw sequence reads, 
with an average of 59,819 reads per sample. Data nor-
malization to 30,000 reads per sample was performed 
for microbiota analysis, identifying 8,521 bacterial 
OTUs across the cohort. Comparing α-diversity indi-
ces between SZ-MetS patients and HCs (Fig.  1A-E), we 
observed reduced bacterial diversity (Shannon index) and 
richness (observed species, ACE, and Chao1) in SZ-MetS 
patients (p < 0.05). β-diversity analysis indicated signifi-
cant differences in fecal microbiota composition between 
SZ-MetS and HC groups (ANOSIM R = 0.106, p = 0.001; 
Fig.  1F). PCoA using multiple algorithms (unweighted 
UniFrac, weighted UniFrac, Bray-Curtis, and Jaccard) 
clustered SZ-MetS patients and HCs into distinct groups 
(ADONIS test: p < 0.01; Fig.  1G-J). Additionally, a Venn 
diagram revealed slightly more unique bacterial phylo-
types in SZ-MetS patients (2,149 OTUs) compared to 
HCs (2,075 OTUs) (Fig. 1K). These results underscore a 
discernible divergence in the overall structure of the fecal 
microbiota between SZ-MetS patients and HCs.

Fecal microbiota dysbiosis in SZ-MetS patients
Taxonomic composition
We compared the fecal microbiota of SZ-MetS patients 
and HCs at various taxonomic levels, categorizing 
sequencing reads into 15 phyla, 127 families, and 418 
genera using the RDP classifier. Figure 2 displays differ-
ences in microbiota composition at the phylum, family, 
and genus levels. Firmicutes, Actinobacteria, Proteobac-
teria, Bacteroidetes, and Verrucomicrobia were predomi-
nant, comprising over 98.9% of the total sequences.

Specific bacterial taxa differences
We employed the LEfSe method to identify key func-
tional bacterial taxa with an average relative abundance 
exceeding 0.01%. Many key functional taxa at mul-
tiple taxonomic levels were identified (LDA score > 3.5, 
p < 0.05, Fig.  3). Figure  3A illustrates cladograms high-
lighting differentiating biomarkers from phylum to genus 
levels between SZ-MetS patients and HCs. Figure  3B 
highlights potential microbiota biomarkers at various 
taxonomic levels in SZ-MetS patients, with notable gen-
era including Megamonas, Megasphaera, Collinsella, Pre-
votella_9, Escherichia_Shigella, Lactobacillus, Olsenella, 
Holdemanella, and Desulfovibrio.

We also used the MetaStats 2.0 package to compare 
bacterial community profiles. Actinobacteria and Syn-
ergistetes were enriched in SZ-MetS patients, while Fir-
micutes were decreased at the phylum level (Fig. 4A). At 
the family level, SZ-MetS patients showed elevated lev-
els of 12 families such as Veillonellaceae, Prevotellaceae, 
Coriobacteriaceae, Lactobacillaceae, Acidaminococca-
ceae, and Desulfovibrionaceae, with decreases observed 
in seven families like Lachnospiraceae and Ruminococ-
caceae (Fig.  4B). Consistent with LEfSe results, 29 gen-
era exhibited differential expression between SZ-MetS 
patients and HCs (Fig. 4C). 14 genera known for butyr-
ate production such as Subdoligranulum, Blautia, 

Table 1  Demographic and clinical characteristics of the subjects
Characteristics Control (n = 111) SZ-Met (n = 114) p valuea, b

Age (years, means ± SD) 45.4 ± 11.4 47.5 ± 10.9 > 0.05
Gender (Female/Male), no 32/79 40/75 > 0.05
BMI (kg/m2, means ± SD) 23.1 ± 2.4 27.2 ± 3.6 > 0.05
Habitation (Urban/Rural), no 98/13 96/19 > 0.05
Smoking, no 15 18 > 0.05
Drinking, no 28 28 > 0.05
Complications, no
  Hypertension 0 25 0.000
  Diabetes mellitus 0 69 0.000
  Hyperlipidemia 0 106 0.000
SAPS (means ± SD) - 10.1 ± 9.3 ND
SANS (means ± SD) - 46.5 ± 16.2 ND
*BMI: Body mass index; ND: no detected; no, number; SAPS, Scale for the Assessment of Positive Symptoms; SANS, Scale for the Assessment of Negative Symptoms; 
SD, standard deviation
a Mann Whitney test for continuous variables; b Pearson’s Chi square test for categorical variables
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Faecalibacterium, Dorea, and Ruminococcus_2 were 
notably reduced in SZ-MetS patients, while 15 genera 
associated with acetate production like Megamonas, Pre-
votella_9, Collinsella, Megasphaera, Dialister, Lactobacil-
lus, Holdemanella, and Desulfovibrio were enriched.

Additionally, we constructed a co-occurrence net-
work among these key functional genera using SparCC 
on relative abundance data (Fig.  5), revealing a simpler 

co-occurrence pattern in SZ-MetS patients compared to 
HCs. These findings collectively indicate significant fecal 
microbiota dysbiosis in SZ-MetS patients.

Clinical relevance
To assess the clinical relevance of fecal microbiota dis-
turbances, we conducted Spearman rank correlations 
between key functional genera and clinical indicators in 

Fig. 1  Comparison of the overall structure of the fecal microbiota between SZ-MetS patients and healthy controls. (A-E) α-diversity indices (Shannon and 
Simpson) and richness indices (ACE, Chao1, and observed species) were utilized to assess the overall structure of fecal microbiota. Data are presented as 
mean ± standard deviation. Unpaired two-tailed t-tests were employed for inter-group comparisons. (F) Analysis of similarities (ANOSIM) demonstrated 
significant differences in fecal microbiota composition between SZ-MetS patients and healthy controls. (G-J) Principal coordinate analysis (PCoA) plots 
illustrate β-diversity of individual fecal microbiota based on Bray–Curtis, Jaccard, unweighted UniFrac, and weighted UniFrac distances. Each symbol 
represents a sample. (K) Venn diagram depicts overlap of Operational Taxonomic Units (OTUs) in microbiota associated with SZ-MetS and healthy controls
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SZ-MetS. Our analysis revealed significant associations 
with indicators such as SANS, SAPS, BMI, and triglyc-
eride (TG) levels (Fig. 6). Holdemanella and Hungatella, 
enriched in SZ-MetS, positively correlated with SANS 
(Fig. 6A, B), while the decreased genus Subdoligranulum 
showed a negative correlation (Fig.  6C). Desulfovibrio 
correlated positively with SAPS (Fig.  6D). Megamonas 
correlated positively with BMI (Fig.  6E), whereas Rose-
buria and Lachnospiraceae_NK4A136_group showed 
negative and positive correlations with BMI, respectively 
(Fig. 6F, G). Additionally, Lactobacillus exhibited a posi-
tive correlation with TG levels, suggesting a potential role 
in lipid metabolism (Fig.  6H). These findings highlight 
the significant links between altered fecal microbiota in 
SZ-MetS and clinical and metabolic characteristics.

Differences in bacterial metabolic pathways in SZ-MetS 
patients versus HCs
Inferred microbiota function
We used PiCRUSt to predict the functional profiles of 
microbial communities based on closed-reference OTUs 
(Fig. 7). Comparing 64 KEGG pathways at level 2 revealed 
five distinct categories between SZ-MetS patients and 
HCs. SZ-MetS patients showed enriched pathways in 
cofactor and vitamin metabolism, as well as metabo-
lism of other amino acids, but reduced pathways in lipid 
metabolism, transcription, and biosynthesis of second-
ary metabolites. At KEGG level 3, 26 metabolic pathways 
differed significantly between two groups. (p < 0.05). SZ-
MetS microbiota were enriched in 11 pathways, includ-
ing LPS biosynthesis, PTS, lipoic acid metabolism, and 
vitamin B6 metabolism. Conversely, 15 pathways, such as 
fatty acid biosynthesis, histidine metabolism, starch and 

sucrose metabolism, pyruvate metabolism, biosynthesis 
of unsaturated fatty acids, alanine, aspartate, and gluta-
mate metabolism, oxidative phosphorylation, and glyc-
erophospholipid metabolism, were significantly reduced. 
These alterations in the functional profiles of fecal micro-
biota in SZ-MetS patients were linked to decreased meta-
bolic activity and increased inflammation. MetS were 
characterized by low-grade inflammation and disrupted 
lipid and amino acid metabolism, features also seen in SZ 
[31]. These findings suggest that dysregulated microbial 
metabolic pathways might contribute to the pathogenesis 
and progression of both SZ and MetS.

Correlation analysis between key functional taxa and 
inferred functions
To link differential key functional genera with altered 
KEGG pathways at level 3 (Fig. 8), Pearson’s correlation 
analyses were conducted. Genera enriched in controls, 
like Subdoligranulum and Faecalibacterium, positively 
correlated with KEGG pathways such as carbohydrate 
metabolism, amino acid metabolism, lipid metabolism, 
energy metabolism, and nucleotide metabolism (p < 0.05), 
but negatively correlated with LPS biosynthesis, lipoic 
acid metabolism, and PTS (p < 0.05). In contrast, gen-
era enriched in SZ-MetS patients, such as Lactobacillus, 
Escherichia-Shigella, and Dialister, exhibited predomi-
nantly negative correlations with dysregulated KEGG 
pathways, except for Megamonas. Notably, Megamonas 
positively correlated with glycerophospholipid metabo-
lism, phenylalanine, tyrosine, and tryptophan biosyn-
thesis, D-Arginine and D-ornithine metabolism, PTS, 
as well as the insulin signaling pathway (p < 0.05). These 
findings highlight a significant link between dysregulated 

Fig. 2  Taxonomic compositions of fecal microbiota in SZ-MetS patients and healthy controls. (A) Relative abundance of major phyla. (B) Relative abun-
dance of major families. (C) Relative abundance of major genera
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metabolic pathways and altered fecal microbiota, sug-
gesting that key functional bacteria in the microbiota 
may play a crucial role in the pathogenesis of SZ-MetS.

Immunological disturbance correlated with differential 
genera in SZ-MetS patients
Immunological findings
Using the Bio-Plex Pro Human Cytokine 27-Plex Assay 
on the Bio-Rad MAGPIX Multiplex Reader, we observed 
elevated levels of inflammatory cytokines such as IL-1β, 
IL-1ra, IL-4, IL-5, IL-6, IL-8, IL-17, and IFN-γ, along-
side chemokines including IP-10, MCP-1, MIP-1α, and 
MIP-1β in SZ-MetS patients (see Fig. 9, p < 0.05 for each). 
This suggests the presence of chronic systemic low-grade 
inflammation in SZ-MetS.

Microbiota-immune interactions
We conducted Spearman’s correlation analysis to explore 
the interaction between differential key functional genera 
in SZ-MetS patients and circulating inflammatory mark-
ers (Fig. 10). The decreased genera in SZ-MetS patients, 
such as Subdoligranulum, exhibited negative correlations 
with IL-1ra, MIP-1α, IP-10, FGF basic, and G-CSF levels. 
Additionally, Megamonas exhibited a negative correlation 
with MCP-1. On the other hand, the genera enriched in 
SZ-MetS patients, like Megasphaera, showed positive 
correlations with IL-6 and PDGF-bb. Holdemanella had a 
positive correlation with MCP-1 and VEGF, while Diali-
ster exhibited a positive correlation with IL-4 and IL-17. 
These correlation analyses suggest that the differential 
bacteria associated with SZ-MetS may contribute to 
changes in the host immune response, potentially playing 
a direct role in the pathophysiology of SZ-MetS.

Fig. 3  Differential bacterial taxa in the fecal microbiota between the SZ-MetS patients and healthy controls. (A) LEfSe cladograms illustrating bacterial 
taxa significantly associated with SZ-MetS patients (green) or healthy controls (red). The size of each circle in the cladogram corresponds to the relative 
abundance of the bacterial taxon. Circles represent taxonomic levels from inner to outer: phylum, class, order, family, and genus. Statistical significance 
was determined using the Wilcoxon rank-sum test with p < 0.05. (B) Histogram depicting the distribution of Linear Discriminant Analysis (LDA) scores 
(> 3.5) for bacterial taxa that show the greatest differences in abundance between SZ-MetS patients and healthy controls (p < 0.05)
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Discussion
The gut microbiota serves as a pivotal “metabolic organ”, 
essential for nutrient absorption, energy regulation, 
and metabolic homeostasis. A healthy gut microbiota 
is integral to maintaining host homeostasis [32], while 
a dysbiotic gut microbiota has been linked to a range of 
metabolic disorders, including MetS, obesity, and type 
2 diabetes [33–36]. Furthermore, the gut microbiota 
exerts influence over neurochemical pathways via the 
gut-brain axis [37], thereby impacting brain develop-
ment and behavior [38]. Due to its intricate and complex 
communication network between gut and brain, the gut 
microbiota is frequently termed the “second brain” [39], 

potentially playing a role in the onset of various psychiat-
ric disorders, including SZ [40, 41]. Yuan et al. have out-
lined that gut dysbiosis might play a role in SZ by causing 
neuronal damage and disrupting brain development [42]. 
Emerging evidence suggests that the gut microbiota may 
serve as a potential bridge connecting between MetS and 
SZ [43–48]. People with SZ have a higher risk of devel-
oping MetS, which can lead to cardiovascular disease 
and premature mortality. Both MetS and SZ show gut 
microbiota changes, hinting at a potential link. However, 
the exact mechanisms behind gut dysbiosis and its con-
nection to SZ-MetS are still being explored. One impor-
tant proposed mechanism is the involvement of the gut 

Fig. 4  Comparisons of the relative abundance of abundant bacterial taxa in the fecal microbiota between SZ-MetS patients and healthy controls. (A) Key 
differential functional phyla. (B) Key differential functional families. (C) Key differential functional genera. The data are presented as the mean ± standard 
deviation. Data were analyzed using Mann–Whitney U-tests to assess differences between SZ-MetS patients (n = 114) and healthy controls (n = 111). * 
p < 0.05 compared with the control group
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microbiota in regulating inflammation and immune 
function. Chronic low-grade inflammation and immune 
dysregulation are common in both MetS and SZ, con-
tributing to cognitive dysfunction related to metabolism 

in SZ patients [43]. Gut dysbiosis, including bacterial 
composition and metabolites, may drive this persistent 
low-grade inflammation [49]. Correcting immune dys-
function by targeting the gut microbiota holds promise 

Fig. 6  Correlation analyses between SZ-MetS associated genera and clinical indicators. Spearman rank correlation analyses reveal significant associations 
between specific bacterial genera and clinical indicators in SZ-MetS patients, which underscore potential contributions of gut microbiota to metabolic 
and psychiatric health parameters in SZ-MetS patients. (A-C) Holdemanella, Hungatella, and Subdoligranulum show significant positive correlations with 
SANS (Scale for the Assessment of Negative Symptoms). (D) Desulfovibrio correlates positively with SAPS (Scale for the Assessment of Positive Symptoms). 
(E-G) Megamonas, Roseburia, and Lachnospiraceae_NK4A136_group exhibit positive correlations with BMI (Body Mass Index). (H) Lactobacillus correlates 
positively with TG (Triglycerides)

 

Fig. 5  Co-occurrence network of abundant fecal genera in SZ-MetS patients and controls. Co-occurrence network was constructed using the SparCC 
algorithm applied to relative abundance data at the genus level, illustrating potential ecological interactions within the microbial community. Cytoscape 
version 3.6.1 was used for network construction. The red and blue lines represent positive and negative correlations, respectively
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for mitigating the progression of SZ-MetS. Consequently, 
unraveling the precise role of the gut microbiota in SZ-
MetS could pave the way for novel therapeutic strategies, 
ultimately improving the quality of life for individuals 
affected by SZ-MetS.

A recent study has revealed a strong correlation 
between gut dysbiosis and the onset and progression of 
SZ [41]. However, the changes in gut microbiota among 
patients with SZ-MetS have received limited attention. 
In our current cross-sectional case-control study, sig-
nificant alterations in the gut microbiota of individuals 

Fig. 7  PiCRUSt-based examination of the fecal microbiota of the SZ-MetS patients and controls. PiCRUSt analysis was employed to assess differences in 
bacterial functions between SZ-MetS patients and controls using a two-sided Welch’s t-test. Comparative analyses of KEGG functional categories (levels 
2 and 3) are presented as percentages. Multiple testing correction based on the false discovery rate (FDR) was applied using the Benjamini–Hochberg 
method through STAMP
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with SZ-MetS were observed compared to HCs. Unlike 
previous studies in SZ patients, decreased α-diversity 
and richness indices were observed in SZ-MetS cohort 
[13, 16], while increased α-diversity was found in Chi-
nese male SZ-MetS patients when compared SZ patients 
without MetS [14]. Regarding β-diversity, the changes 
in SZ-MetS were relatively consistent with previous 
studies in SZ [13, 16]. PCoA revealed substantial differ-
ences in microbiota composition at a community level 
between the two groups. The observed alterations in 

both α-diversity (within-sample diversity) and β-diversity 
(between-sample diversity) indicate a more pronounced 
gut microbiota dysbiosis in SZ-MetS patients, indicat-
ing that the coexistence of SZ and MetS may exacerbate 
disruptions in the gut microbiota. In addition to changes 
in bacterial diversity, specific shifts in gut microbiota 
composition were identified in SZ-MetS patients. Nota-
bly, there was a decrease in genera with anti-inflam-
matory properties and butyrate production, such as 
Subdoligranulum, Blautia, Faecalibacterium, Dorea, 

Fig. 8  Correlation between key functional genera and KEGG metabolic pathways in the SZ-MetS patients. The figure depicts correlations between key 
functional bacterial genera and KEGG metabolic pathways in SZ-MetS patients. Colors indicate Pearson correlation coefficients: red denotes significant 
positive correlations (p < 0.05), blue indicates significant negative correlations (p < 0.05), and white signifies non-significant correlations (p > 0.05)
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and Ruminococcus_2. Conversely, 15 genera known for 
pro-inflammatory properties and acetate production, 
including Megamonas, Prevotella_9, Collinsella, Mega-
sphaera, Dialister, Lactobacillus, Holdemanella, and 
Desulfovibrio, increased. These changes in gut microbi-
ota in SZ-MetS patients align with previous research on 
SZ [8, 17, 50–52]. Interestingly, the enriched genera in 
SZ-MetS like Holdemanella, Hungatella, Desulfovibrio, 
Megamonas and Lactobacillus correlated positively with 
clinical markers such as SANS, SAPS, BMI, and TG. In 
contrast, decreased genera like Subdoligranulum, Rose-
buria and Lachnospiraceae_NK4A136 showed negative 
correlations with SZ-MetS-associated indicators, sug-
gesting their potential as biomarkers for diagnosing SZ-
MetS. Xing et al. constructed a diagnostic model using 
five microorganisms (Epulopiscium, p_75_a5, Dialister, 
Blautia, and Desulfovibrio) that effectively distinguished 
between SZ patients with and without MetS (AUC = 0.94) 
[14]. Li et al. found that altered genera such as Coryne-
bacterium and Succinvibrio were linked to SZ symptom 
severity (PANSS scores) [51]. Schwarz et al. observed an 
increase in Lactobacillus in first-episode SZ, correlating 
with symptom severity [52]. Tasi et al. reported gender-
dependent alterations in microbiota composition in SZ 
patients with central obesity (female BMI: 26.2  kg/m2; 
waist circumstance > 80 cm) [53]. Additionally, the func-
tional prediction of gut microbiota has identified altered 
core metabolic pathways, suggesting that the changed 

SZ-MetS microbiota could directly regulate host metabo-
lism, including lipid and amino acid metabolism, and pro-
mote the production of inflammatory inducers like LPS. 
These pathways are linked with inflammatory cytokines 
and coronary heart disease risk in SZ [54]. Obviously, 
the altered SZ-MetS microbiota, divided into two dis-
tinct clusters, were associated with increased cytokines, 
chemokines, and growth factors, indicating disrupted 
immune homeostasis. This immune imbalance in SZ and 
MetS correlated with altered key functional genera. Gen-
era enriched in SZ-MetS microbiota positively correlated 
with inflammatory cytokines, whereas decreased genera 
were negatively correlated. The reduction in protective 
bacteria and increase in inflammatory mediators induced 
by SZ-MetS-associated microbiota might disturb meta-
bolic homeostasis, activate the peripheral immune sys-
tem, damage the blood-brain barrier (BBB), and trigger 
neuroinflammation, ultimately contributing to the onset 
of SZ-MetS. These findings suggest that gut microbiota 
dysbiosis in SZ-MetS exacerbates inflammation and met-
abolic disruptions, highlighting potential mechanisms 
underlying SZ-MetS. However, further research should 
prioritize more mechanistic studies to better understand 
these pathways.

Recent ongoing research has highlighted the role of 
gut microbiota metabolites as regulators of the gut-
brain axis, particularly in SZ-MetS as mentioned above. 
Changes in the gut microbiota associated with SZ-MetS, 

Fig. 9  Circulating immune dysfunction in SZ-MetS patients. Bio-Plex multiplexed immunoassays employ fluorescently colored magnetic beads to simul-
taneously quantify 27 inflammatory cytokines, chemokines, and growth factors in SZ-MetS patients compared to controls. Mean concentrations (pg/ml) 
with standard error of the mean (SEM) are provided, and statistical significance levels are indicated as follows: *p < 0.05, **p < 0.01
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particularly in bacteria producing short-chain fatty acids 
(SCFAs), have been observed. These SCFAs play critical 
roles in regulating host energy metabolism and immune 
homeostasis [55, 56]. A recent study has observed that 
changes in fecal SCFA levels correlate with subclini-
cal inflammation and poorer cognitive performance in 
individuals with SZ [57]. Reductions in specific butyr-
ate-producing bacteria within the SZ-MetS-associated 
gut microbiota, such as Subdoligranulum, Blautia, Fae-
calibacterium, Dorea, and Ruminococcus_2, may have a 
detrimental impact on SZ-MetS progression. Butyrate, 
a key metabolite in various physiological processes, can 
cross the BBB and regulate the microbiota-gut-brain axis, 
thereby influencing brain function [58, 59]. Butyrate pro-
duced by the gut microbiota has been shown to mitigate 
LPS-induced inflammation in various brain cells and 
attenuate the expression of pro-inflammatory cytokines 
such as IL-1β. However, there is still a lack of detailed 
mechanistic understanding regarding how butyrate 

affects the brain and behavior. Butyrate, produced by gut 
microbiota, has demonstrated anti-inflammatory effects 
by mitigating LPS-induced inflammation in microglia, 
hippocampal neurons, and co-cultures with microglia or 
astrocytes in rodents [60]. Matt et al. has demonstrated 
that butyrate can attenuate the expression of IL-1β in 
microglia in aged mice [61]. The anti-inflammatory effect 
induced by butyrate may directly or indirectly improve 
cognitive impairments in SZ, such as executive function, 
attention, memory, and language [59]. Research indi-
cates that butyrate could help normalize behavioral and 
physiological abnormalities in drug-naïve first-episode 
SZ [62], and ameliorate cognitive impairment and neu-
ronal spine loss induced by quinolinic acid in obesity 
models, along with promoting BDNF levels [63]. More-
over, butyrate shows promise in improving metabolic 
impairments like obesity, hypertension, dyslipidemia, 
hyperglycemia, and insulin resistance in animal and cell 
models [64, 65]. Exogenous butyrate supplementation 

Fig. 10  Spearman correlation heatmap between key functional differential genera and circulating inflammatory markers in SZ-MetS patients. The heat-
map illustrates Spearman’s rank correlations (r) and associated probabilities (p-values) between key functional differential genera of gut microbiota and 
circulating inflammatory cytokines, chemokines, and growth factors in SZ-MetS patients. Significant correlations (*p < 0.05) are indicated

 



Page 14 of 18Ling et al. Journal of Translational Medicine          (2024) 22:729 

has been shown to reduce weight gain by decreasing food 
intake and enhancing energy metabolism [66]. Given 
its beneficial effects on both SZ and MetS, enhancing 
butyrate-producing gut bacteria may be a valuable thera-
peutic approach. However, the SZ-MetS gut microbiota 
also shows an increase in pro-inflammatory bacteria 
and acetate-producing genera, consistent with previous 
SZ studies, highlighting acetate’s potential physiological 
effects and its impact on mental health [50, 52]. Acetate, 
another important SCFA, has been implicated in various 
physiological processes, including metabolic regulation 
and mental health impacts. Recently, Erny et al. identi-
fied acetate as a key microbiota-derived SCFA that drives 
microglia maturation and regulates their homeostatic 
metabolic state. They also demonstrated that acetate 
could influence microglial phagocytosis and affect dis-
ease progression during neurodegeneration [67]. Perry 
et al. also discovered that elevated acetate production in 
high-fat diet (HFD)-fed rodents mediated a microbiome-
brain-β-cell axis, promoting MetS. This led to increased 
food intake (hyperphagia), elevated triglyceride levels 
(hypertriglyceridemia), ectopic lipid accumulation in 
the liver and skeletal muscle, as well as insulin resistance 
in both liver and muscle tissues [68]. Fecal microbiota 
transplantation studies further supported that the gut 
microbiota is the primary source of increased endog-
enous acetate production in HFD-fed rats. This height-
ened acetate production activates the parasympathetic 
nervous system, leading to increased glucose-stimulated 
insulin secretion, elevated ghrelin secretion, hyperpha-
gia, and ultimately, obesity [68]. Given these findings, 
while butyrate shows promise for its anti-inflammatory 
and metabolic benefits, the role and mechanisms of 
acetate in SZ-MetS patients need further investigation. 
Based on current evidence, modulating the gut micro-
biota by supplementing with butyrate-producing bacteria 
and inhibiting acetate-producing bacteria may be consid-
ered a viable therapeutic approach for treating SZ-MetS. 
Further studies will be essential to understand the precise 
roles and interactions of these SCFAs and their impact 
on SZ-MetS.

Given the intimate link between gut microbiota and SZ-
MetS, manipulating the gut microbiota could offer a dual 
therapeutic potential for both SZ and MetS. Schmitt et al. 
found that interventions targeting MetS, such as physical 
activity, psychosocial support, and dietary changes, can 
effectively alleviate SZ symptoms [69]. Recent evidence 
strongly suggests that gut microbiota could help treat 
antipsychotic-induced MetS and cognitive impairment in 
SZ [70]. Previous studies have identified that prolonged 
use of antipsychotics like olanzapine and clozapine is 
associated with high metabolic risks [71–73]. While 
olanzapine effectively treats SZ symptoms and reduces 
relapse chances, it often causes significant weight gain, 

increasing the risk of MetS and cardiovascular disease 
[74]. Studies showed that gut microbiota is essential for 
olanzapine-induced weight gain [74, 75]. Bahr et al. also 
reported that patients undergoing antipsychotic treat-
ment exhibited a progressive elevation in the Firmicutes/
Bacteroidetes ratio, correlating with higher BMI [72]. 
This suggested that modifying specific components of 
the gut microbiota through supplementation or removal 
could mitigate these metabolic side effects [76]. Huang 
et al. found that probiotics and dietary fiber can mitigate 
antipsychotic-induced weight gain in drug-naïve, first-
episode SZ patients [77]. Prebiotics like galacto-oligo-
saccharides alongside olanzapine also decreased weight 
and metabolic disturbances in female rats by modulat-
ing the gut microbiota [78, 79]. Sevillano-Jiménez et al. 
found that an individualized nutritional education pro-
gram incorporating a high content of prebiotics and pro-
biotics (including dairy and fermented foods, green leafy 
vegetables, high-fiber fruits, and whole grains) effectively 
improves the cardio-metabolic profile in SZ [80], while 
another study confirmed the efficacy of dietary fiber 
and probiotics, alone and combined, in reducing meta-
bolic side effects of atypical antipsychotic medications 
[81]. Ghaderi et al. showed that a 12-week supplemen-
tation with a probiotic mix (Bifidobacterium and Lacto-
bacillus) and vitamin D significantly reduced metabolic 
abnormalities and improved psychiatric symptoms in SZ 
patients [82]. In another randomized, double-blind, pla-
cebo-controlled trial, the same group found that probi-
otics (comprising B. lactis, B. bifidum, B. longum, and L. 
acidophilus) combined with selenium improved general 
SZ symptoms and metabolic profiles [83]. Huang et al. 
observed that a subtype of Akkermansia muciniphila can 
improve olanzapine-related hyperglycemia and insulin 
resistance, restore intestinal barrier function, as well as 
alleviate systemic inflammation, thereby improving treat-
ment adherence, quality of life, and functional outcomes 
of patients with SZ-MetS [84]. However, several studies 
also demonstrated that probiotic administration had no 
significant difference on the PANSS scale [85, 86], sug-
gesting that the efficacy for SZ-MetS may depend on the 
specific probiotic strains used. Therefore, while the use 
of prebiotics and probiotics in treating SZ and its comor-
bidities like MetS shows promise, it remains in the early 
stages of research [70]. These findings suggest that gut 
microbiota modulation could serve as an adjunct treat-
ment for SZ-MetS, potentially enhancing medication 
tolerance, improving patient quality of life, and reducing 
cardio-metabolic disorder risks.

However, there are several limitations in our study. 
Firstly, we did not gather complete clinical information 
for all SZ-MetS patients, including detailed parameters of 
MetS and PANSS scale scores. Additionally, while all SZ-
MetS patients were maintained on stable antipsychotic 
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treatment, the specific types of antipsychotics were not 
standardized, potentially influencing gut microbiota 
composition. Moreover, changes in dietary and living 
conditions during hospitalization could serve as con-
founding factors affecting gut microbiota. Secondly, 
despite the relatively large sample size of participants, 
the cross-sectional design with a discovery cohort can 
only be considered preliminary and cannot be further 
extrapolated. This limitation thereby restricts the ability 
to draw definitive conclusions regarding the role of gut 
microbiota in SZ-MetS subjects. Future studies using 
independent validation cohorts will be necessary to con-
firm and extend these findings, providing more robust 
evidence on the relationship between gut microbiota and 
SZ-MetS subjects. Thirdly, this study focused only on the 
associations among gut microbiota, immune disturbance 
and SZ-MetS, without investigating the causal relation-
ship among them. To confirm the causality between gut 
microbiota dysbiosis and SZ-MetS development, larger, 
prospective longitudinal cohort studies or intervention 
studies are needed. Finally, our study only included Chi-
nese participants, and the findings may not be general-
izable to other ethnic groups, including Chinese ethnic 
minority groups, or populations from westernized coun-
tries, as the gut microbiota may be subjected to varying 
degrees of environmental, dietary, and genetic influences. 
Multicenter, multi-ethnic cohort studies will be essen-
tial to validate and extend our findings. Despite these 
limitations, our study laid the groundwork for further 
investigations into the roles and mechanisms of the key 
functional bacteria in SZ-MetS.

Conclusions
In summary, unlike previous studies explored gut dys-
biosis in MetS or SZ separately, our study highlights the 
link between gut dysbiosis and immune dysfunction in 
SZ-MetS based on a larger cohort of Chinese SZ-MetS 
patients. The structural and functional dysbiosis of gut 
microbiota may influence peripheral inflammation in 
the host, actively contributing to the development of 
SZ-MetS. Specific changes in certain gut microbes, such 
as reduced butyrate-producing bacteria and enriched 
acetate-producing bacteria, were correlated with the 
clinical features and chronic low-grade inflammation 
of SZ-MetS, suggesting their pivotal roles in SZ-MetS 
pathogenesis. Our findings suggest that interventions 
targeting these specific microbiota changes, such as 
probiotics, prebiotics, or dietary modifications, could 
potentially mitigate the onset or progression of SZ-MetS. 
However, our study primarily focuses on Chinese SZ-
MetS patients, limiting generalizability to other ethnic or 
geographic populations. Further large-scale, multicenter, 
multi-ethnic cohort studies, both longitudinal and inter-
ventional, are essential to offer comprehensive insights 

into the role of gut microbiota in SZ-MetS. Longitudinal 
studies are crucial as they can help establish causality and 
mechanisms by tracking changes in microbiota composi-
tion over time and correlating these changes with clinical 
outcomes in SZ-MetS patients. The randomized, double-
blind, placebo-controlled interventional trials will be piv-
otal in exploring the therapeutic potential of modulating 
gut microbiota in SZ-MetS. Together, these findings col-
lectively help to decipher the intricate links between gut 
microbiota, immune dysregulation, and disease patho-
genesis in SZ-MetS, and pave the way for innovative, 
microbiota-based treatments aimed at preventing and 
treating SZ-MetS.
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