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Purpose: Depression has been recognized as a significant risk factor for ischemic stroke (IS). This study aimed to describe gut
microbiota differences between depression people with and without IS, thereby establishing the link between gut microbiota and an
elevated risk of IS development in people with depression.

People and Methods: This study included 30 hospitalized patients with comorbid depression and IS, and 30 age-/sex-matched
patients with depression alone. We used two approaches: (1) genetic analysis techniques (16S rRNA gene sequencing) to map gut
microbial ecosystems, and (2) broad-spectrum chemical (nontargeted metabolomics) analysis to detect blood metabolites.

Results: Alpha (a)-diversity and beta (f)-diversity of people with depression, with or without IS, did not show significant differences
between the two groups. The IS group showed increased levels of gut bacteria carrying pro-inflammatory molecules, specifically
Gram-negative Enterobacteriaceae containing lipopolysaccharide (LPS) components, the Linear discriminant analysis (LDA) value
=4.177, P=0.014. Alongside, the IS group reduced populations of beneficial microbes that produce butyric acid important for gut
health, such as Acidaminococcaceae (LDA value =4.045, P=0.014), Roseburia (LDA value =3.894, P=0.007), and Fusicatenibacter
(LDA value =3.345, P=0.012), compared to the non-IS group. 38 plasma metabolites with significant differences between people with
IS and non-IS groups. The abundance of Alloprevotella and Bacteroides massiliensis was correlated with 9 and 4 metabolites,
respectively.

Conclusion: This study highlighted that people with depression and IS exhibited distinct alterations in both their gut microbiome and
metabolite profiles, in contrast to people with depression without IS. These findings may guide future interventions targeting gut
microbiota to identify IS in depression people.

Plain Language Summary: Depression has been identified as a significant risk factor for ischemic stroke (IS); this study aimed to
describe gut microbiota differences between depression people with and without IS, thereby establishing the link between gut
microbiota and an elevated risk of IS development in people with depression. This study included 30 hospitalized patients with
comorbid depression and IS, and 30 age-/sex-matched patients with depression alone. We used two approaches: (1) genetic analysis
techniques (16S rRNA gene sequencing) to map gut microbial ecosystems, and (2) broad-spectrum chemical (nontargeted metabo-
lomics) analysis to detect blood metabolites. The results showed that people with depression and IS exhibited a higher prevalence of
bacteria with lipopolysaccharide (LPS) structures and reduced presence of butyrate-producing bacteria. This study highlighted that
people with depression and IS exhibited distinct alterations in both their gut microbiome and metabolite profiles, in contrast to people
with depression without IS.
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Introduction

Ischemic stroke (IS) is a critical condition that imposes substantial burden on both individuals and society, ranking
among the primary causes of disability and mortality worldwide.'” The estimated global cost of stroke is over US
$721 billion.* In 2019, the global incidence of IS reached 77.63 million cases, resulting 3.23 million deaths and a loss of
63.48 million disability adjusted life years (DALYs), with the bulk of the global stroke burden (86.0% of deaths and
89.0% of DALYs) residing in lower-income and lower-middle-income countries.* In China, IS remains the leading
cause of death and disability among adults.>

Depression is a prevalent and severe mental illness characterized by persistent feelings of sadness and impaired
cognitive functioning, often accompanied by reduced motivation and decelerated thought processes.” In 2020, depression
accounted for 49.4 million DALY globally, making it one of the leading contributor to the global disease burden.®
Depression poses a considerable public health challenge, resulting in diminished person functionality and elevated
mortality rates.” The 12-month global incidence of depression is estimated at approximately 6%, with over 20% of
individuals experiencing at least one depressive episode during their lifetime.'® Moreover, individuals diagnosed with
depression exhibit a mortality rate nearly double that of the general population.''

Depression is closely related to IS, but most previous studies have focused on post-stroke depression. However,
extensive cohort studies, meta-analyses of cohort studies, and Mendelian randomization studies have consistently
identified depression as a substantial risk factor for IS.'*!” Given these statistics, reducing the risk of IS in individuals
with depression is crucial for the primary prevention of IS and alleviating the overall disease burden.

Although a significant epidemiological association exists between depression and IS, the precise mechanisms under-
lying the coexistence of these conditions remain poorly understood. Next-generation sequencing technology is expected
to play a crucial role in elucidating the mechanisms underlying the increased risk of IS in people with depression,
particularly with respect to the gut microbiota. Often referred to as the “second genome” of humans, the gut microbiota
plays a crucial role in regulating physiological processes across various bodily systems through diverse pathways,
thereby contributing to the development of several diseases. Conversely, systemic disorders may disrupt the gut
microbiota balance through various mechanisms. Recent studies have separately linked gut microbiota to depression
and IS pathogenesis, yet no work has directly compared these microbial profiles in comorbid cases. Numerous clinical
studies and meta-analyses have reported significant differences in the gut microbiota composition and metabolites
between depression people and healthy controls.'® 2" Similarly, the gut microbiota has been implicated in the pathogen-
esis of IS by producing specific microbiota-derived metabolites such as lipopolysaccharide (LPS), short-chain fatty acids
(SCFAs), trimethylamine-N-oxide (TMAO), and phenylacetylglutamine (PAGIn).?' >* These findings suggest that gut
microbiota may play a pivotal role in the development of IS in individuals with depression, although the exact
mechanisms remain to be fully characterized.

Based on this, we hypothesized that depression individuals with IS would exhibit distinct gut microbiota and
metabolomic profiles compared to those without IS. This study aimed to describing gut microbiota differences between
depression people with and without IS, to establish the link between gut microbiota and an elevated risk of IS
development in patients with depression. Furthermore, metabolomics offers a novel approach to examine host-
microbiota interactions, potentially elucidating the impact of gut microbiota on host metabolic alterations. To this end,
we sequenced the gut microbiota and analyzed the plasma metabolome of depression people with and without IS. This is
the first study to directly compare gut microbiota and plasma metabolomes between depression people with and without
IS. Unlike prior work focusing on post-stroke depression, our findings uniquely identify microbial and metabolic
signatures that may precede IS development in high-risk populations, offering a new possibly preventive point of view
to IS.

Materials and Methods

Study Subjects and Sample Collection Procedures
This study focused on selected individuals with depression at the Inner Mongolia Autonomous Region Mental Health
Center in China between December 2022 and May 2023. The study included hospitalized patients with depression in the
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IS group who met the following criteria: (i) aged 18 years or older; (ii) previously diagnosed with depression according
to International Classification of Diseases, 10th version (ICD-10), the ICD-10 codes were F32 and F33, and the history of
depression was 5 years or more, and (iii) had a history of hospitalization for IS within the past 3 years according to the
person’s past medical history. And the diagnosis of IS was in accordance with the “Chinese guidelines for the diagnosis
and treatment of acute ischemic stroke (2018)”. The exclusion criteria were the presence of other mental disorders, as
defined by the ICD-10, treatment-resistant depression, severe suicidal and self-injurious tendencies, schizophrenia,
bipolar disorder, neurodegenerative diseases, chronic inflammatory disorders, thyroid disease, or cancer. Other exclusion
factors included pregnancy or breastfeeding, recent antibiotics (within the month prior to sampling), significant dietary
changes, or specific dietary restrictions (eg, food allergy, food intolerance, and vegetarianism).

Using a matched-pair design, each depression individual combined with IS was paired with another depression
individual without a history of concurrent IS. The matching criteria included sex, antidepressant medication use, and an
age difference of no more than two years. The individuals without IS were assigned to the non-IS group. The final study
sample comprised 60 participants: 30 participants diagnosed with depression and IS, and 30 participants diagnosed with
depression but without IS.

The current depression severity was assessed using the 24-item Hamilton Depression Rating Scale (HAMD-24).
Individuals were also interviewed regarding their smoking habits, and data on their blood pressure (BP), blood glucose
(GLU), blood lipid profiles, and past medication history were recorded. Fecal and blood samples were collected from all
participants within 48 h of hospital admission. For fecal collection, participants deposited their samples into clean, dry
containers specifically designed for this purpose. A sterile fecal sampler with a 15 mL capacity was used to collect
samples from the middle portion of the stool. A minimum of 2 g of fecal material was retained in a tube, and the samples
were stored at —80°C until analysis. Whole blood was collected by certified nurses and allowed to coagulate at room
temperature for 15 minutes. Blood was then centrifuged at 5000 rpm for 10 min. The resultant plasma was carefully
separated and stored at —80°C until further use.

16S rRNA Gene Sequencing of the Gut Microbiome

Fecal samples were thawed prior to DNA extraction using cetyltrimethylammonium bromide (CTAB) or sodium dodecyl
sulphonate (SDS). Agarose gel electrophoresis was used to assess the DNA concentration and purity, followed by
dilution to 1 ng/pL using sterile water. The V4 region of the 16S rRNA gene was amplified by PCR using specific
primers including barcodes (515F: GTGCCAGCMGCCGCGGTAA and 806R: GGACTACHVGGGTWTCTAAT).
Amplification was performed using the Phusion® High-Fidelity PCR Master Mix with GC Buffer (New England
Biolabs, USA). The PCR products were purified using the Qiagen Gel Extraction Kit (Qiagen, Germany). Sequencing
libraries were constructed according to the manufacturer’s guidelines using the TruSeq® DNA PCR-Free Sample
Preparation Kit (Illumina, USA). Library quality was evaluated using a Qubit® 2.0 Fluorometer (Thermo Fisher
Scientific, USA) and qPCR. Sequencing was performed using the NovaSeq 6000 system (Illumina, USA).

Plasma Metabolomic

Frozen plasma samples (—80°C) were thawed on ice, vortexed (10 s), and mixed with 300 pL extraction solution (ACN:
Methanol=1:4 v/v) containing internal standards. After 3 min vortexing, samples were centrifuged (12,000 rpm,
10 min, 4°C). The supernatant (200 pL) underwent secondary freezing (—20°C, 30 min) and centrifugation
(12,000 rpm, 3 min, 4°C), with 180 pL ultimately collected for LC-MS.

All samples were for two LC/MS methods. Analysis was performed on Waters ACQUITY Premier HSS T3 column
(1.8 pm, 2.1x100 mm) under two ion modes. Positive mode: 0.1% formic acid/water (A) vs 0.1% formic acid/acetonitrile
(B) Gradient: 5-20% B (0-2 min), 20-60% B (2—5 min), 60-99% B (5-6 min), 99% B (6—7.5 min), 5% B (7.6—-10 min).
Another aliquot was using negative ion conditions and was the same as the elution gradient of positive mode.

The data acquisition was operated using the information-dependent acquisition (IDA) mode using Analyst TF 1.7.1
Software (Sciex, Concord, ON, Canada). The source parameters were set as follows: (1) Ion source: GAS1/GAS2 50 psi,
CUR 25 psi, TEM 550°C; (2) Voltages: DP +60 V, ISVF £5000/4000 V (positive/negative) (3) TOF MS: 50-1000 Da,
200 ms accumulation (4) Product ion scan: 25-1000 Da, 40 ms accumulation, CE £30 V.
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Statistical Analysis

All statistical analyses were performed using R software version 4.2.0. Continuous variables were presented as mean +
standard deviation (SD), and statistical comparisons between groups were made using one-way analysis of variance
(ANOVA) or #-test. Categorical data were analyzed using the chi-square test. Spearman correlation tests were used to
assess the correlation between the gut microbiome and the metabolome. Statistical significance was set at P<0.05.

Gut Microbiome Analysis

After 16S rRNA Gene Sequencing of the gut microbiome, the raw data were processed to generate effective tags. The UPARSE
method (UPARSE v7.0.1001, http://www.drive5.com/uparse/) was applied to optical transform unit (OTU) clustering analysis of
sequences with a 97% similarity threshold. The resulting representative OTU sequences were aligned with a microbial taxonomy

database to identify the representative species.”> OTU analysis results were used to determine the community makeup of both
sample groups across all taxonomic levels (phylum, class, order, family, genus, and species).

Mothur software (v1.48) was used to calculate the Shannon diversity index, Simpson’s index of diversity, Chaol estimator,
and abundance-based coverage estimator (ACE), providing insights into species abundance and diversity within each sample. The
Bray—Curtis method was employed for principal coordinate analysis (PCoA) to evaluate variations in species diversity, commu-
nity composition, and structure across samples. Linear discriminant analysis effect size (LEfSe) analysis was conducted to identify
bacterial markers with high-dimensional characteristics among the different groups. Finally, the functional composition profiles of
the 16S rRNA sequences were inferred and mapped to the Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways using
Tax4Fun2.

Plasma Metabolomics Analysis
The initial LC-MS data file was first converted into the mzML format using ProteoWizard, followed by peak extraction,
alignment, and retention time correction using XCMS. The matching criteria were set as follows: m/z error <25 ppm and retention
time error <6 seconds between primary (Q1 from Full Scan) and secondary (Q1 from Product ion scan) spectra. Post-correction
peaks were identified through a comprehensive approach combining in-house laboratory databases, public databases, predictive
libraries, and metDNA methodology.”® Database searches employed mass tolerances of 25 ppm for precursor ions (Q1) and 50
ppm for MS2 spectra, with a retention time filter of +60 seconds. The MS2 scoring system comprised three weighted components:
fragment score (10%), forward search score (30%), and reverse search score (60%), requiring a minimum composite score of 0.3.
Peaks with >50% missing values across sample groups were filtered out. Missing values were imputed using either 1/
5 of the minimum value (for samples with >50% blanks) or K-nearest neighbors (KNN) imputation (for samples with
<50% blanks).”” Peak areas were subsequently normalized using Support Vector Regression (SVR).?* Post-correction
peaks were identified through a comprehensive approach combining in-house laboratory databases, public databases,
predictive libraries, and metDNA methodology.?® Identified metabolites were selected based on a comprehensive score
>0.5 and quality control (QC) samples demonstrating coefficient of variation (CV) <0.3. Positive and negative mode
results were merged, retaining compounds with the highest identification confidence level and lowest CV values.
Principal component analysis (PCA) and orthogonal partial least-squares discriminant analysis (OPLS-DA) were used for data
analysis. Differentially abundant metabolites were identified based on the following criteria: variable importance in projection
(VIP) score > 1, P-value < 0.05, and fold change > 2 or < 0.5. LDA effect size plots and volcano plots were generated to visualize
metabolite differences across groups. KEGG pathway was used to elucidate the metabolic pathways enriched with differentially
abundant metabolites.

Results

Clinical Characteristics of the Participants

This study encompassed a comprehensive analysis of the gut microbiota and plasma metabolome in 60 samples derived from
depression individuals with and without IS. No statistically significant differences were observed between the groups in
demographic parameters, including HAMD-24 score, blood pressure, blood glucose level, or blood lipid profiles.
Demographic parameters showed no differences between groups (Table 1). These well-matched samples facilitated the identifica-
tion of differences in gut microbiota and plasma metabolome profiles between depression individuals with and without IS.
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Table | Clinical Characteristics of the Participants

MDD with IS MDD tiy? P
Score of HAMD-24 (mean * SD) 29.87+8.127 26.17£7.231 1.863 | 0.068
Smoking status (Yes), n (%) 6 (20%) 4 (13.8%) 0.424 | 0.525
Systolic blood pressure (SBP) (mmHg) (mean + SD) 126.60+14.053 | 130.51+15.120 | 1.035 | 0.305
Diastolic blood pressure (DBP) (mmHg) (mean + SD) 78.60+8.677 78.63£9.238 | 0.014 | 0.989
Blood glucose (GLU) (mmol/L) (mean + SD) 5.75%1.658 5.95+1.119 0.559 | 0.579
Total cholesterol (TC) (mmol/L) (mean + SD) 4.37%£1.293 4.51%1.041 0.465 | 0.643
Triglyceride (TG) (mmol/L) (mean % SD) 1.75%1.101 1.86x1.312 0.357 | 0.722
Low-density lipoprotein cholesterol (LDL-C) (mmol/L) (mean + SD) 2.77+0.994 2.94+0.771 0.768 | 0.873
High density lipoprotein cholesterol (HDL-C) (mmol/L) (mean * SD) 1.22+0.279 1.21+0.283 0.161 | 0.446

Abbreviations: SD, standard deviation; SBP, systolic blood pressure; DBP: diastolic blood pressure; GLU: blood glucose; TC: total cholesterol;
TG: triglyceride; LDL-C: low-density lipoprotein cholesterol; HDL-C: high density lipoprotein cholesterol.

There was No Difference in the Diversity of the IS People Compared to the Non-IS
People

Gut microbiomes of individuals with depression, with or without IS, were assessed using 16S rRNA gene sequencing. Alpha
(a)-diversity, which quantifies both species richness and their relative abundance, was initially assessed. The results suggested
a trend toward reduced gut microbiota diversity in people with depression and IS, as indicated by comparatively lower
Shannon diversity indices (Figure 1A), Simpson’s indices (Figure 1B), Chaol (Figure 1C), and ACE indices (Figure 1D).
However, none of these differences was statistically significant. Additionally, PCoA was performed to evaluate beta (f3)-
diversity, but no clear segregation was observed between the two groups. Furthermore, the Adonis test based on Bray-Curtis
dissimilarity did not identify significant bacterial differences between the groups (Figure 1E).

Taxonomic and Functional Characterization of Gut Microbiota in IS and Non-IS People
The gut microbiota composition was analyzed at six taxonomic levels (phylum, class, order, family, genus, and species)
to investigate potential differences in taxonomic composition between IS and non-IS people. The LEfSe technique was
used to identify taxa that served as biomarkers for each group. Bar plots illustrating relative abundances at the phylum
level demonstrate clear differences in the gut microbiota between IS and non-IS people. Firmicutes and Bacteroidetes
were the most prevalent phyla in both groups, with relative abundances > 10%. Although Proteobacteria was not the
dominant phylum in either group, it exhibited a significantly higher relative abundance in the IS group than in the non-IS
group (Figure 2A). At the order level, the IS group showed a significantly greater abundance of Enterobacterales than did
the non-IS group (LDA value=4.252, P=0.019). Comparable findings were observed at the family level, with
Enterobacteriaceaec showing greater abundance in the non-IS group (LDA value=4.177, P=0.014). Enterobacteriaceae,
which are gram-negative bacteria possessing LPS structures, were more prevalent in the gut microbiota of the IS group.
The distribution of SCFA-producing bacteria in the gut microbiota of people differed markedly between those with and
non-IS people. Alloprevotella (LDA value = 2.964, P = 0.00003), a propionic acid-producing bacterium, was significantly
more abundant in the IS group. Additionally, the subspecies Prevotella and Prevotella sp. Marseille P2931 (LDA value
=2.573, P=0.006) and Prevotella stercorea (LDA value =2.344, P=0.014), were more abundant in the IS group. In
contrast, the IS group exhibited was a lower abundance of butyric acid-producing bacteria, such as
Acidaminococcaceae (LDA value =4.045, P=0.014), Roseburia (LDA value =3.894, P=0.007, and Fusicatenibacter
(LDA value =3.345, P=0.012), compared to the non-IS group. At the species level, the IS group exhibited a lower
prevalence of Bacteroides massiliensis (LDA value =4.202, P=0.00015) and Bacteroides finegoldii (LDA value =3.164,
P=0.02) than the non-IS group (Figure 2B and C).
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Figure | Gut microbiome characteristics in people with IS versus non-IS people. The Shannon diversity index (A), Simpson’s index of diversity (B), Chaol index (C), and
ACE index (D) are presented using boxplots for the IS group (red) and the non-IS group (blue). Boxplots represent the median, 25th, and 75th quartiles, as well as the
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Abbreviation: ns, no significance.
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Figure 2 Differences in the taxonomic composition between people with and non-IS people. Stacked bar plot indicating the average relative abundance of phyla in IS and
non-IS people (A). LDA value coupled with effect size measurements in the IS and non-IS people. Enriched taxa in the IS (red) and non-IS (green) groups are displayed using
LDA values. Only taxa with LDA value scores above the threshold of 2.0 are shown (B). Cladogram representation of gut microbiota in IS people versus non-IS people. By
16S rRNA sequencing. The enriched taxa in the IS (red) and non-IS (green) groups are indicated. The brightness of each dot is correlated with its LDA value effect size (C).
The functional potential of microbial communities of IS and non-IS people via Tax4Fun2. Statistical analysis of the OTU-based relative abundance of functional annotations in
the IS and non-IS groups was performed using Student’s t-test (D).

To predict the functional capacity of microbial communities in IS and non-IS people, we used Tax4Fun2. This approach
involved analyzing the 16S rRNA gene content, which was specifically designed to assess the functional potential of microbial
communities identified through 16S rRNA sequencing. The pathways associated with IS primarily involve the metabolism of
terpenoids and polyketides, such as the biosynthesis of siderophore group nonribosomal peptides. Additionally, these pathways
are linked to energy metabolism, including sulfur and nitrogen metabolisms. Furthermore, genes related to the metabolism of
cofactors and vitamins, such as ubiquinone and other terpenoid quinone biosynthesis products, were identified. Carbohydrate
metabolism, particularly inositol phosphate metabolism, is another important aspect of this pathway. Conversely, the pathways
linked to non-IS participants were predominantly involved in translation (ribosome function and aminoacyl-tRNA biosynthesis),
nucleotide metabolism (pyrimidine metabolism), amino acid metabolism (lysine biosynthesis), and processes related to replica-
tion and repair (homologous recombination and DNA replication). It is important to note that these functional predictions are
speculative, based on the analysis of 16S rRNA composition, and do not provide definitive information on functional capabilities

or transcriptional activity (Figure 2D).
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Metabolome Differences in IS and Non-IS People

LC-MS—based metabolomic analysis was conducted to assess differences in plasma metabolic profiles between depres-
sion individuals with and without IS. An OPLS-DA model was employed to examine the metabolite disparities between
the two groups. OPLS-DA results revealed a clear separation between the IS and non-IS groups into distinct clusters
(Figure 3A). The goodness-of-fit and predictive ability values (R*X = 0.153, R*Y = 0.988, Q* = 0.753, P < 0.05)
indicated a robust fit and effective predictive power (Figure 3B).

OPLS-DA data were further analyzed using VIP as a criterion to identify metabolites with significant intergroup
differences. Metabolites were considered differentially abundant if they met the following criteria: VIP >1.0, P < 0.05, or
fold change > 2 or < 0.5. This analysis revealed 38 metabolites with significant differences between IS and non-IS
groups. Specifically,17 metabolites showed significantly higher levels in the IS group, whereas 21 exhibited significantly
lower levels than those in the non-IS group (Figure 3C). The differentially abundant metabolites were primarily
comprised of amino acids and their derivatives, benzene and its substituted compounds, glycerophospholipids, and
heterocyclic compounds.

To explore the metabolic pathways associated with these differentially abundant metabolites, they were compared
using KEGG database. The analysis revealed that these metabolites are involved in various metabolic pathways,
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Figure 3 Non-target metabolomes of IS and non-IS people. OPLS-DA was performed to determine the metabolite profiles (IS, n = 30; non-IS, n = 30). Plasma metabolomics
OPLS-DA score plot of IS (red) vs non-IS (green) groups. Each dot denotes an individual subject (A). Permutation test for the OPLS-DA model: 999 permutations led to
intercepts of R2X = 0.153, R2Y = 0.988, Q2 = 0.753, P < 0.05, implying an acceptable model minus overfitting (B). Volcano plot showing differentially abundant metabolites
between the IS and non-IS people. Each dot denotes a metabolite (C). Each significantly selected subpathway is denoted by a circle and described by three parameters. The
circle size shows the number of metabolites selected in the subpathway (see the legend in gray to the right of the plot for relative sizes). Circles from purple to red denote
selected subpathway significance levels based on —logl0 (p-value) (see the legend to the right of the plot for the relative color gradient). Pathways were markedly enriched if
P < 0.05, which was comparable to a —log|0 (P-value) > |.3. The circular position along the rich factor axis shows the abundance of selected metabolites from the subpathway
against all subpathway metabolites (D).
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including amino acid metabolism (specifically tryptophan), lipid metabolism (steroid hormone and sphingolipid),
carbohydrate metabolism (ascorbate and aldarate, glycolysis/gluconeogenesis), signal transduction (sphingolipid signal-
ing pathway), and processes related to cell growth and death (necroptosis), as well as pathways linked to the endocrine
and nervous systems (eg, adipocytokine signaling, neurotrophin signaling). Notably, tryptophan metabolism and steroid
hormone biosynthesis pathways were enriched for two metabolites, whereas the other pathways were enriched with one
metabolite each. Glucobrassicin and N-acetylpentetreotide were identified in the tryptophan metabolic pathway; gluco-
brassicin levels decreased, and N-acetylpentetreotide levels increased in the IS group. The two metabolites enriched in
the tryptophan metabolic pathway were 21-Hydroxypregn-4-ene-3,11-20-trione and estradiol-3-sulfate; estradiol-3-sul-
fate levels decreased and 21-Hydroxypregn-4-ene-3,11-20-trione levels increased in the IS group. These findings suggest
that disturbances in multiple metabolic pathways contribute to IS progression (Figure 3D).

Correlation Analysis Between the Gut Microbiota and Metabolites

Spearman correlation coefficient was calculated to examine the functional relationships between alterations in the gut
microbiome and plasma metabolites, based on the differences observed between individuals with IS and those without IS.
Correlations were considered statistically significant when the absolute value of » was > 0.5 and the P-value was < 0.05.
The analysis revealed negative correlations between the levels of several metabolites, including glucobrassicin, daidzein,
5-hydroxypseudobaptigenin, k-strophanthoside, arbutin 6-phosphate, 1-pentadecanoyl-2-lignoceroyl-sn-glycerol, and
1-stearoyl-2-myristoyl-sn-glycero-3-phosphocholine and the abundance of Alloprevotella. The corresponding » values
were —0.575, —0.554, —0.553, —0.539, —0.626, —0.508, —0.573, and —0.501, with all P-values being less than 0.001.
Additionally, the level of 7(14)-farnesene-9,12-diol was positively correlated with Alloprevotella abundance (=0.515,
P<0.001; Figure 4A). Furthermore, glucobrassicin, daidzein, 5-hydroxypseudobaptigenin, and dinoseb were positively
correlated with Bacteroides massiliensis, with r values of 0.635, 0.602, 0.511, and 0.539, respectively, and P-values all
less than 0.001 (Figure 4B). These findings indicate that alterations in the gut microbiome may interact with metabolites
and potentially influence the development of ischemic stroke.

Discussion
The relationship between depression and IS has been documented in population level studies; however, the underlying
mechanisms that explain their co-occurrence remain unclear. To establish the link between gut microbiota and an
elevated risk of IS development in individuals with depression, a comprehensive analysis of the gut microbiota and
metabolome of people with depression, with and without IS, was conducted. Our findings revealed significant differences
in both the gut microbiota community composition and metabolomic profiles between the two groups. Although causality
cannot be established in this observational study, this study offers a novel perspective on the relationship between
depression and IS, highlighting the potential role of gut microbiota and critical metabolites in this comorbidity.
Previous research has demonstrated that individuals with depression exhibit disrupted gut microbiota features. Although there

is significant variability in the methodologies and reports of these studies, > >>

enriched pro-inflammatory bacteria and depletion
of anti-inflammatory bacteria have been the most consistent findings.'®*>° However, our study showed that there was a more
pronounced disruption of gut microbiota in people with depression and IS than in people with depression alone. Analysis of the
taxonomic composition disparity between the two groups revealed a higher proportion of Proteobacteria at the phylum level in
depression people with IS than in those non-IS people. This increase in Proteobacteria is recognized as an indicator of microbial
dysbiosis.** The observed elevation in Proteobacteria abundance can be attributed to the enrichment of Enterobacteriaceae, which
is consistent with a previous study on individuals with IS but without depression during both the acute and recovery phases.**
Enterobacteriaceae, characterized by LPS structures in their outer membrane, which are essential components of the external layer
of the outer membrane of Gram-negative bacteria. LPS has the capacity to trigger immune responses and induce inflammation in
the host.>* > When present in high quantities, particularly in the intestines, Enterobacteriaceae coupled with an impaired gut
barrier can rapidly induce systemic inflammation throughout the body by releasing substantial amounts of LPS. This inflamma-
tory cascade may contribute to the development of IS, with higher LPS levels also correlating with poorer outcomes in IS
people. 7 These results suggest that depression people with IS may have a higher abundance of pro-inflammatory bacteria
than depression people without IS. The distribution of SCFA-producing bacteria in the gut microbiota of people differed
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Figure 4 Correlation analysis between the gut microbiota and metabolites. Chord plots of the correlation analysis between Alloprevotella and related metabolites (A) and
between Bacteroides massiliensis and related metabolites (B). The breadth of the link represents the relative coefficient between the differential species and the metabolite.

Greater correlation is indicated by a wider link. Pink denotes positive correlation, whereas blue denotes negative correlation.

significantly between IS and non-IS people. IS people exhibited higher levels of propionic acid-producing bacteria, including
Alloprevotella, and two Prevotella subspecies (Prevotella_sp Marseille P2931 and Prevotella_stercorea). Conversely, butyric
acid-producing bacteria, including Acidaminococcaceae, Roseburia, and Fusicatenibacter, were significantly less abundant in IS
people. These findings suggest that different SCFAs may play distinct roles in IS progression in individuals with depression.
Earlier studies have demonstrated that individuals with acute IS and diabetes exhibit lower levels of butyric acid-producing
bacteria.** Furthermore, individuals without a history of stroke but at high risk also exhibited decreased levels of these bacteria,*!
indicating a potential protective role of butyrate-producing bacteria in both the development and prognosis of IS, regardless of the
underlying disease. Overall, these findings suggest that the primary characteristics of gut microbiota of depression people with IS
include a more increased presence of LPS-producing bacteria and a more reduced abundance of butyrate-producing bacteria

compared with non-IS people.
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Bacteroides massiliensis is observed at a relatively low abundance in depression individuals with IS. Previous studies
on the gut microbiota of people with various cancers, including prostate cancer,42 colorectal cancer,43 and melanoma,44
have demonstrated that the abundance of Bacteroides massiliensis is elevated in people with tumors. In contrast, it has
also been observed that individuals with diabetes, as well as those with diabetes-related cardiovascular complications,
exhibit significantly lower levels of Bacteroides massiliensis compared to healthy individuals.*> These contrasting
findings highlight the complex relationship between Bacteroides massiliensis and various diseases. Further research is
needed to elucidate whether Bacteroides massiliensis plays a role in IS development in people with depression.

Metabolome reflects the combined effects of internal physiological processes and external factors. Significant
interactions occur between the human gut microbiota and host through substrate metabolism and metabolite
exchange.*® Therefore, we conducted an analysis of people using plasma metabolomics. Our findings revealed the
substantial impact of the presence or absence of IS on the metabolites of these strains. Notably, two distinct compounds,
daidzein and glucobrassicin, were identified and were strongly associated with the presence of two bacterial species,
Alloprevotella and Bacteroides massiliensis. Daidzein is a flavonoid compound commonly found in soybeans and soy-
based products and primarily exists as a glucoside.*’” The gut microbiota, which includes members such as Bacteroidetes,
Firmicutes, Enterococcus, Lactobacillus, and Bifidobacterium, contains genes encoding various glycosidase enzymes,
such as p-glucosidase. These enzymes break down soy sapogenins and glycosides into free sapogenins and glucose.*®
Subsequently, free sapogenins undergo a range of metabolic transformations including dihydroxylation, reduction,
pyrone ring cleavage, and demethylation. These processes result in the formation of bioactive molecules, such as
equol, which exhibit potent estrogenic activity, or inactive products, such as O-desmethylangolensin.*’** Equol has
shown considerable promise in cardiovascular disease (CVD) prevention, potentially reducing coronary heart disease risk
by enhancing anti-atherogenic properties, improving arterial stiffness, and lowering LDL-C levels in overweight
individuals.’® Glucobrassicin, a key secondary metabolite found in cruciferous vegetables, is broken down into indole-
3-methanol (I3C). Both I3C and its primary in vivo derivative, 3,3'-diindolylmethane (DIM), have demonstrated efficacy
as cancer chemopreventive agents in preclinical models and are promising clinical trials. I3C also exhibited notable
neuroprotective effects in a rat model of clonidine-induced depression.”’ Additionally, I3C has shown significant
protective effects against conditions, such as diabetes,’>>® hypertension,”* and cerebral ischemia/reperfusion injury in
rats.”> These therapeutic effects are likely due to its antioxidant properties and ability to inhibit the inflammatory
response. Although much of the prior research has been based on animal models, the current study revealed that
individuals with depression and IS exhibit reduced glucobrassicin levels. These findings suggest that glucobrassicin
may provide protective benefits to people with depression complicated by IS. Moreover, an inverse relationship was
observed between daidzein and glucobrassicin levels and Alloprevotella, whereas a positive correlation was found in
Bacteroides massiliensis. These findings suggest that daidzein and glucobrassicin may influence depression people
through their interactions with these two bacterial species. However, further studies are required to elucidate the precise
mechanisms involved.

The distinct microbial signatures observed here—particularly the enrichment of LPS-producing Enterobacteriaceae
and depletion of butyrate-generating taxa—suggest actionable targets for intervention. For instance, dietary strategies (eg,
high-fiber diets to promote butyrate production) or probiotics targeting Roseburia and Fusicatenibacter could be tested in
clinical trials to mitigate IS risk in depression patients. Additionally, plasma metabolites like glucobrassicin, which
correlated with microbial shifts, may serve as biomarkers for early risk stratification.

This study has several limitations that warrant consideration. First, the observational design of this study cannot
establish the causality between gut microbiota alterations and IS risk in depression individuals. Second, the modest
sample size (n=60) may limit statistical power to detect subtle microbial or metabolomic differences. While we
employed rigorous matching criteria, larger prospective cohorts are needed to validate these findings. Third, the
inclusion of IS patients in the recovery phase (rather than acute phase) may not fully capture dynamic microbiota
changes during stroke onset. Future studies should track microbial profiles longitudinally from acute to chronic stages.
Finally, while 16S rRNA sequencing provides taxonomic insights, its resolution at the species level is constrained.
Shotgun metagenomics and mettranscriptomics would better characterize functional pathways and strain-level varia-
tions linked to IS pathogenesis.
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These findings provide novel insights into the mechanisms that contribute to the occurrence of IS in depression
people. However, the observational design and limited sample size necessitate validation in larger, prospective
cohorts to confirm the causal relationship between gut microbiota alterations and IS risk. Future studies should
explore whether modulating specific taxa (eg, Roseburia) or metabolites (eg, glucobrassicin) could reduce IS
incidence in high-risk depression populations. Additionally, clinical trials targeting gut microbiota interventions—
such as probiotics to enhance butyrate producers or dietary modifications to suppress LPS-producing bacteria—
may provide novel strategies for IS prevention in individuals with depression.

Conclusion

In conclusion, this study revealed that people with depression and IS exhibit distinct alterations in their gut microbiome and
metabolite profiles compared with depression people without IS. Specifically, these changes included an increase in the
abundance of bacteria containing LPS structures and a decrease in the abundance of butyrate-producing bacteria. Significant
shifts in microbial populations and metabolite profiles may play a role in IS development in people with depression. In
addition, the strong association of Alloprevotella and Bacteroides Massiliensis with some metabolites in depressed people
with IS warrants further exploration. These findings not only advance our understanding of the gut-brain axis in depression-
associated IS but also highlight translational opportunities. Future research should prioritize: (1) Mechanistic validation using
animal models to test causality; (2) Clinical trials evaluating microbiota-targeted therapies; (3) Multi-omics integration
(metagenomics, metabolomics, and host genomics) to unravel personalized microbial risk profiles.
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