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Abstract

Background — With the establishment of the concept of the gut—brain axis, increasing evidence has shown that the gut
microbiome plays an important role in the pathogenesis of cardiovascular diseases. Gut bacteria can transform dietary
choling, L-carnitine, and trimethylamine Moxide (TMAO) into trimethylamine, which can be oxidized into TMAO again in
the liver and participate in atherogenesis. However, only few studies have described alterations in the gut microbiota
composition and function in cardioembolic (CE) and large artery atherosclerotic (LAA) strokes.

Methods and Results — A case-control study was performed on patients with LAA and CE strokes. TMAO was
determined via liquid chromatography tandem mass spectrometry. Gut microbiome was profiled through Illumina
sequencing of the 16S ribosomal RNA gene (V4-V5 regions). The TMAO levels in the plasma of patients with LAA and
CE strokes were significantly increased (TMAOQ: LAA stroke, 2931+456.4 ng/mL vs. CE stroke, 4220+577.6 ng/mL vs.
control, 1663+117.8 ng/mL; P< 0.05). The TMAO level in patients with LAA stroke was positively correlated with the
carotid plaque area (rho = 0.333, 95% confidence interval = 0.08 to 0.55, and P = 0.0093). The composition and function
of gut microbiomes in the LAA and CE stroke groups were significantly different from those of the asymptomatic control.
In addition to the significantly increased a and B diversities, the gut microbiome composition and function showed that
the LAA group had more microorganisms than the asymptomatic control group; such microorganisms convert dietary
source choline, TMAO to TMA. Parabacteroides and Streptococcus exhibited the strongest association with LAA and CE
strokes.

Conclusions — This study established the compositional and functional alterations of gut microbiomes in patients with
LAA and CE strokes and the relationship between plasma TMAO and gut microbiota. The findings suggest the potential
of using gut microbiota as a biomarker for patients with LAA and CE strokes.

Introduction

The interest in and evidence on the role of gut microbiota as an environmental factor affecting human health and
disease are growing [1]. Dysbiotic gut microbiome has been reported in multiple diseases, such as obesity [2, 3], type 2
diabetes mellitus (T2DM) [4, 5], atherosclerosis [6, 7], and cardiovascular disease (CVD) [8, 9]. At present, atherosclerosis
or adverse CVD is the center of research on the relationship between intestinal microorganisms and cardio- and
cerebrovascular diseases. Stroke is associated with high morbidity, mortality, disability, and recurrence; it incurs
considerable healthcare costs and imposes a burden on society [10]. In addition, stroke rarely occurs as an entirely
separate entity. Trimethylamine A-oxide (TMAOQ), a gut microbial-dependent metabolite, has emerged as a biomarker for
CVD risk and atherothrombotic diseases [11, 12]. Phosphatidylcholine, choline, L-carnitine, TMAOQ, and other
trimethylamine (TMA)-containing nutrients can be transformed to TMA by the following distinct gut microbial enzyme
complexes: choline TMA-lyase (CutC) and choline TMA-lyase activating enzyme (CutD) [13], the carnitine Rieske-type
oxygenase/reductase system (CntA/B and YeaW/X) [14], and trimethylamine M-oxide reductase (TorA/C/D) [15]. TMA
then enters the portal circulation and is further oxidized by host enzymes called flavin-containing monooxygenases
(FMO, predominantly FMO3) to produce TMAO. Although several studies have found a correlation among the plasma
levels of choline, TMAO, and CVD, not all of these studies showed a consistent association between dietary intake of
TMAO and CVD risk. A recent study revealed that dietary L-carnitine supplementation can increase the circulating TMAO
level but decrease the aortic atherosclerotic lesion area in Apoe-/- mice transgenically expressing human cholesteryl ester
transfer protein [16]. Another recent clinical study showed that TMAO levels are significantly decreased in patients with
large-artery ischemic stroke (LAA) and transient ischemic attack (TIA) compared with healthy control [17]. Therefore, the
present work focused on the relationship between and the alterations of intestinal microorganisms in TMAO and stroke.

Methods
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1.1 Study Design And Sample Collection

A total of 203 Chinese subjects were recruited from the Neurology Department of Dongyang Affiliated Hospital of
Wenzhou Medical University from March 2018 to February 2019. The subjects comprised 144 consecutively recruited
patients who experienced acute cerebral ischemia within 7 days after symptom manifestation and 59 subjects without
atherogenesis in the carotid arteries as asymptomatic control. Figure 1 shows that patients initially diagnosed with acute
ischemic stroke (108) and considered to have LAA (stenosis > 50%, 85) or CE stroke (atrial fibrillation, 23) were
consecutively recruited on the basis of the Trial of Org 10172 in Acute Stroke Treatment classification. Only blood
samples were obtained from the 36 remaining patients with acute cerebral ischemia (without atrial fibrillation and
stenosis < 50%) to explore the difference in TMAO levels in patients with acute stroke with varying degrees of artery
stenosis. The exclusion criteria were ongoing infectious diseases, cancer, congestive cardiac failure, respiratory failure,
renal failure, severe liver dysfunction, or consumption of probiotics or antibiotics within two months before admission.
The 59 asymptomatic control patients did not use any type of antibiotics or probiotics within two months before
recruitment.

Sixty-one out of 85 patients who met the LAA inclusion criteria successfully provided fasting EDTA-plasma samples
and fresh fecal samples, 20 of the 23 patients with CE stroke provided blood and fecal specimens, and 51 of the 59
asymptomatic controls submitted fecal and blood specimens. Plasma aliquots were centrifuged and immediately frozen
at - 80 °C. Fecal sample aliquots were frozen at - 80 °C immediately after collection. All participants (or their immediate
relatives) provided a written informed consent form. The ethics committee of Dongyang Affiliated Hospital of Wenzhou
Medical University approved all study protocols.

1.2 Quantification of inflammation indicators, plasma TMAO, and
serum zonulin

Blood samples for clinical chemistry analyses were collected after overnight fasting for at least 8 h. y-GT, creatine kinase
(CK), total bilirubin and direct bilirubin, hsCRP, and lipid profile (including triglycerides or TG, TC, high-density lipoprotein
cholesterol, and LDL cholesterol) were measured with an auto-analyzer (HITACHI-7600-120). The quantitative sandwich
enzyme immunoassay technique was used to quantitatively determine human zonulin concentrations in serum
(CUSABIOQ, catalogue number CSB-EQ027649HU). The TMAO levels in plasma were determined through stable isotope
dilution liquid chromatography tandem mass spectrometry. Plasma (50 pL) was aliquoted in a 1.5 mL tube and mixed
with 200 pL of a 10 pmol/L internal standard composed of trimethylamine-d9 N-oxide or d9-TMAO (catalogue number:
T795792, ot number: 3-LXM-155-1) in methanol. The samples were vortexed for 1 min, and the supernatant was
recovered following centrifugation at 12,000 g at 4 °C for 25 min. The supernatant was injected directly into a silica
column (2.1 mm x 50 mm, 1.7 ym, ACQUITY UPLC BEH C18, Part No.188002350) at a flow rate of 0.4 mL/min with 90%
A (0.1% formic acid in water) and 10% B (acetonitrile). TMAO and d9-TMAO were monitored in the positive multiple
reaction monitoring mass spectrometry mode by using characteristic precursor—production transitions, namely, m/z
76/58 and m/z 85/66, respectively. For TMAO concentration calculation, 5 pL of trimethylamine A-oxide standard (USA,
Lot # SHBK2341) with various concentrations (7.8125 ng/mL-2000 ng/mL) and 200 pL of a 10 ymol/L internal
standard composed of d9-TMAO were added to 45 pL of control plasma. The ratio of the TMAO standard peak area to
the d9-TMAO peak area was taken as the abscissa, and the concentration of the TMAO standard was adopted as the
ordinate to construct the calibration curves.

1.3 Quantification of infarct volumes and carotid atherosclerotic
plaque burden
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The area of carotid artery plaque was measured with a Philips IE33 instrument by calculating the sum of areas of
unstable carotid artery plaque (hypoechoic) and stable carotid artery plaque (hyperechoic). Patients underwent imaging
before receiving any reperfusion therapy via a 1.5 T scanner (Magnetom Aera1.5T) within 24 hours of hospitalization.
Infarct volumes indicated by diffusion-weighted imaging (DWI) were measured with the software called Medical Image
Processing, Analysis, and Visualization (version 8.0.2). Acute diffusion lesions were identified on a slice-by-slice basis by
using a semiautomatic segmentation method and consulting apparent diffusion coefficients to distinguish acute from
non-acute diffusion signals [18]. The images were analyzed by experienced stroke neurologists.

Infarct volumes = total area of lesions x (slice thickness + spacing between slices)

1.4 Analysis Of Intestinal Microbiota Composition And Function

The 16S rRNA (V4-V5 regions) of fecal samples from a cohort of 132 individuals was sequenced to determine if a
correlation exists between the alteration of gut microbiota and stroke. The cohort comprised 51 non-stroke controls, 20
subjects with CE, and 61 patients with LAA. The microbial composition of the three groups was compared in terms of
ecological composition and microbial function (PIRUST). The relationship between laboratory (TMAQ, zonulin, etc.) or
clinical values (infarct volumes and Activity of Daily Living score) and gut microbiota in the patients was analyzed. A
prediction model was constructed to distinguish between stroke and control. This model was established based on the
data on the differences in species composition.

1.4.1 Dna Extraction

Samples were stored at - 80 °C until DNA extraction. DNA was extracted from 200 mg samples by using the QlAamp
DNA Stool Mini Kit (QIAGEN, Hilden, Germany) in accordance with the manufacturer’s instructions.

1.4.2 PCR amplification of 16S rRNA genes and Miseq sequencing

16S rRNA genes were amplified via polymerase chain reaction (PCR) by using general bacterial primers (515F 5'-
GTGCCAGCMGCCGCGGTAA-3' and 926R 5-CCGTCAATTCMTTTGAGTTT-3'). The primers also contained Illlumina 5'
overhang adapter sequences for two-step amplicon library construction in accordance with manufacturer instructions.
The initial PCR reactions were carried out in 25 pL reaction volumes with 1-2 yL DNA template, 250 mM dNTPs,

0.25 mM of each primer, 1X reaction buffer, and 0.5 U Phusion DNA polymerase (New England Biolabs, USA). The PCR
conditions were as follows: initial denaturation at 94 °C for 2 min, 25 cycles of denaturation at 94 °C for 30 s, annealing
at 56 °C for 30 s, and extension at 72 °C for 30 s, with a final extension of 72 °C for 5 min. Second-step PCR with dual 8-
base barcodes was used for multiplexing. Eight cycle PCR reactions were adopted to incorporate two unique barcodes
into either end of the 16S amplicons. The cycling conditions were as follows: one cycle at 94 °C for 3 min, eight cycles at
94 °C for30s, 56 °C for 30 s, and 72 °C for 30 s, followed by a final extension cycle of 72 °C for 5 min. Prior to library
pooling, the barcoded PCR products were purified using a DNA gel extraction kit (Axygen, China) and quantified using
FTC-3000 TM real-time PCR. The libraries were sequenced via 2 x 300 bp paired-end sequencing on the MiSeq platform
by using a MiSeq v3 Reagent Kit (Illumina, Tiny Gene Bio-Tech Co., Ltd., Shanghai).

1.4.3 Bioinformatics Analysis

The raw FASTQ files were demultiplexed based on the barcode. The PE reads for all samples were run through
Trimmomatic (version 0.35) to remove low-quality base pairs by using the parameters SLIDINGWINDOW: 50:20, MINLEN:
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50. The trimmed reads were further merged using the Flash program (version 1.2.11) with default parameters. The low-
quality contigs were removed via the screen.seqs command by using the following filtering parameters: maxambig =0,
min-length = 200, max-length = 580, and maxhomop = 8. The 16S sequences were analyzed by a combination of the
software mothur (version 1.33.3), UPARSE (USEARCH version v8.1.1756, http://drive5.com/uparse/), and R (version
3.2.3). The demultiplexed reads were clustered at 97% sequence identity into operational taxonomic units (OTUs) by
using the UPARSE pipeline (http://drive5.com/usearch/manual/uparse cmds.html). The OTU representative sequences
were assigned for taxonomic analysis against the Silva 128 database with a confidence score = 0.6 via the classify.seqs
command in mothur. OTU taxonomies (from phylum to species) were determined based on NCBI.

1.5 Statistical analysis

Statistical tests were conducted using SPSS Statistics 21 or R (version 3.2.3). The tested indices obeying the normal
distribution were expressed as the mean + SEM, and the significance of the differences was analyzed through an
independent ttest. The indicator of disobedience was expressed as the median (interquartile range) and analyzed via the
Kruskal—-Wallis test. The chi-square test was used for categorical variables. For a-diversity analysis, Shannon, Simpson,
Chao1, and abundance-based coverage estimator indices and rarefaction curves were calculated using mothur and
plotted in R. For B-diversity metrics, weighted and unweighted UniFrac distance matrices were calculated using mothur
and visualized with principal coordinate analysis (PCoA) and tree by R. The Bray—Curtis metrics were calculated and
visualized by R. Enterotype analysis was implemented using BiotypeR, and receiver operating characteristic (ROC)
analysis was performed with pROC (version 1.15.3.). The PICRUSt (version 1.1.0) bioinformatics tool was used to predict
the metagenomic

content from the 16S rRNA sequencing data of the samples. The predicted KEGG orthologues were summarized at
hierarchy level 3, and the differential abundances by group were determined and displayed using R.

Results
2.1 Baseline characteristics of the study cohort

The demographic and clinical characteristics of patients are shown in Table 1. Patients with LAA and CE strokes showed
a higher inflammatory state than the patients in the control group. hsCRP (LAA stroke vs. CE stroke vs. control: 4.57 +
0.7 mg/L vs. 3.144 0.92 mg/mL vs. 2.20 + 0.42 mg/L) and leukocyte count (LAA vs. CE vs. control: 7.00 + 0.26 x 10°/L
vs. 6.31+0.32x 10%/L vs. 5.63 + 0.23 x 10%/L) significantly increased. In addition, D-dimer (LAA vs. CE vs. control: 0.99 +
0.14 mg/L vs. 1.24 £ 0.25 mg/L vs. 0.47 £ 0.05 mg/L) showed a significant increase in stroke patients compared with
asymptomatic controls (Fig. 2A).

2.2 Increased plasma TMAO and serum zonulin in patients with
stroke

A total of 126 plasma samples (including stroke and control groups that met the inclusion criteria but did not provide
fecal samples) were analyzed to study the plasma TMAO level difference between stroke patients and asymptomatic
control. The results showed that patients with LAA and CE had significantly increased TMAO compared with
asymptomatic controls (Fig. 2B) (TMAO: LAA stroke, 2931 + 456.4 ng/mL vs. CE stroke, 4220 + 577.6 ng/mL vs. control,
1663 +117.8 ng/mL). An additional 36 non-LAA and CE (stenosis < 50%) acute cerebral ischemia blood samples (Fig. 1)
were included to study the difference between TMAO and the degree of vascular stenosis. The TMAO difference between
patients with stroke with mild stenosis (stenosis < 50%) and moderate—severe stenosis (LAA, stenosis >50%) was not
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significant. The TMAO of the mild stenosis (stenosis < 50%) acute cerebral ischemia group and the control group had no
significant difference (Fig. 2C) (TMAO: LAA, 2292 + 481.1 ng/mL vs. mild stenosis, 1892 + 214.3 ng/mL vs. control, 1663
+117.8 ng/mL). Furthermore, the relationship between plasma TMAO and infarct volume or carotid plaque area in the
stroke patients was studied. Although TMAO and infarct volume were not directly correlated (Supplementary Fig. S1), the
plasma TMAO and carotid plaque area among patients with LAA (stenosis > 50%) were positively correlated (Fig. 2E;
Spearman r=0.333, P=0.0093). However, in patients with acute ischemic stroke (< 50%), this correlation disappeared
(Fig. 2F, P=0.7252). The difference in serum zonulin levels between patients with stroke and the asymptomatic controls
was analyzed using 161 serum samples (including stroke group or control group that met the inclusion criteria but did
not have stool samples). As expected, patients with LAA and CE stroke showed significantly increased zonulin in serum
compared with asymptomatic controls (Fig. 2D) (zonulin: LAA, 2.71 +£1.17 ng/mL vs. CE, 2.17 + 1.00 ng/mL vs. control,
0.43+0.07 ng/mL).
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Table 1

Demographic and clinical characteristics of the study participants

LAA CE Controls P value
Blood samples 85(61+24%) 23 (20+3%) 59 (51 +8%)
Fecal samples 61 20 51
Demographic
Age, years (mean) 66 72 58 <0.05
Gender (male/female) 40/21 11/9 19/32 <0.05
Habit
Drinking (yes/no) 19/42 4/16 7/44
Smoking (yes/no) 22/39 4/16 4/47
Hypertension (yes/no) 42/19 16/4 15/36
T2DM (yes/no) 24/37 3/17 4/47
Laboratory values
Neutrophilic granulocyte, 10°/L  4.800.22 4.48 +0.34 3414020  .gosab
ApoAl, g/L 1.06+0.27 1.16+0.54 1.21+0.04 <0.052
ApoB, g/L 0.97 +0.03 072+0.053 087+037 .gps5e
ApoAl/ApoB 1.17£0.06 1.66+0.15 151+0.09  .gpsa
HDL-C, mmol/L 10540032  1.12+0.06  1.19%004 _qpse
LDL-C, mmol/L 2.89+0.12 2.21+0.238 2.67+0.78 <0.05P
Folic acid 13.8+1.27 16.83+3.01 20422  _ggsa
GPDA, U/L 83.18+233  838+333  986+311  _qgqsab
a-HBDH, U/L 155.68+6.87 1754+16.73 14024+37 _gqs5ab
Total cholesterol, mmol/L 464+013 3.84+0.23 4.52+0.12 >0.05
Total bilirubin,umol/L 11.45(7.55) 15.9(9.025) 10.45(5.75)  <go5b
Direct bilirubin, pmol/L 4(2.33) 5.85(2.93) 3.15(1.7) <0.052P
y-GT, U/L 25(23.5) 31(33.25) 19.5(14.5)  .gpo5°
a-L-fucosidase, U/L 19(4) 21.5(10.25) 20(6) <0.05P
B-HB, mmol/L 0.08(0.19) 0.07(0.07) 0.05(0.03) <005

* Indicates blood specimens, including specimens that meet the inclusion criteria but do not have the fecal specimens
needed for TMAO and zonulin analyses.
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The tested indices with a normal distribution indicates mean + SEM via one-way ANOVA. The indicator of disobedience is
expressed as the median (interquartile range) and analyzed through a Kruskal-Wallis test. LAA indicates large artery
atherosclerosis, CE denotes cardioembolism, HDL-C is high-density lipoprotein cholesterol, and LDL-C is low-density
lipoprotein cholesterol. P >0.05 means no significant statistical difference among the three groups. P suggests a
significant statistical difference between LAA and controls. °P implies a significant statistical difference between CE and
controls. ?°P indicates a significant statistical difference among LAA, CE, and controls.

2.3 Alterations of gut microbiome composition in patients with
stroke

2.3.1 Increased a Diversity In Laa And Ce

A total of 132 fecal samples from patients with LAA and CE and asymptomatic controls were analyzed. The species
accumulation curve was used to determine whether the detected sample size was sufficient. The curve was smooth, and
the sampling was sufficient; thus, data analysis can be performed (Fig. 3A). Rarefaction Curves and Chao indices were
examined to characterize species richness. The results showed that the curves were nearly saturated in each group

(Fig. 3B), and there was an increased trend in LAA compared with asymptomatic controls (Fig. 3C, P=0.06318 for Chao
richness). Species diversity and phylogeny were compared with other parameters, including Shannon and Simpson
indices and phylogenetic diversity (PD) whole tree. The three ecological parameters showed that gut microbial diversity
in the LAA group was much higher than that in the asymptomatic controls (Figs. 3D—3F). The species diversity between
CE and the control increased according to the result of the Shannon indices and PD whole tree (Figs. 3G and 3H). This
trend was also observed in the Simpson index (Fig. 3I, P=0.063) but without statistical significance.

2.3.2 Increased B Diversity In Laa And Ce

The overall diversity in microbial composition was assessed via principal co-ordinates analysis (PCoA) and non-metric
dimensional scaling (NMDS) analysis. Figures 4A-4B show that patients in the LAA group were more dispersed and had
higher heterogeneity than those in the control group. On the basis of weighted UniFrac distance, significant differences
were observed via PCoA and NMDS analysis between LAA and the control (Figs. 4A-4B, qualitative analysis by multi-
response permutation procedure (MRPP), P=0.002). The microbial communities between LAA and the control were
significantly different for the unweighted UniFrac distance (MRPP, P=0.01), Bray—Curtis distance, and Jaccard distance
at the OUT level (Table 2). Although this trend was also observed when CE was compared with the control based on
weighted UniFrac distance (Table 2, MRPR, P=0.077), only unweighted UniFrac distance reached statistical significance
(Figs. 4C-4D). Thus, LAA and CE may harbor a distinct gut microbial community composition compared with the
control.
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Group A Observed Delta  Expected Delta P
LAA-control  Weighted_unifrac 0.03535 0.25339 0.26268 0.002
LAA-control unWeighted_unifrac  0.0078 0.50602 0.51 0.01
LAA-control  Bray_curtis_OTU 0.01071 0.71603 0.72378 0.001
LAA-control  Jaccard_OTU 0.00263 0.62787 0.62952 0.037
CE-control Weighted_unifrac 0.01009 0.24088 0.24334 0.077
CE-control unWeighted_unifrac  0.00847 0.51435 0.51875 0.026

Table 2: B diversity among LAA, CE, and control groups. A value >0 indicates that the difference between groups is
greater than the difference within the group. A value < 0 indicates the opposite. The smaller the value of ObserveDelta, the
smaller the difference within the group; the smaller the ExpectDelta value, the smaller the difference between groups.

2.3.3 Altered Community Types In Laa And Ce

Microbial enterotype features were studied to investigate the shift in the gut microbiota community structure in the stroke
patients and asymptomatic controls. Microbial enterotype features were calculated using the Jensen—Shannon distance
of genera abundance and clustered samples with partitioning around medoids. A total of 132 samples were divided into
three clusters (Fig. 5A). Enterotypes 1, 2, and 3 were dominated by Bacteroides, Prevotella, and Ruminococcus,
respectively (Figs. 5B, P =2e-16, P=6.1e-16, and P=0.0041, respectively; Kruskal-Wallis test). The association between
enterotype distribution and stroke status was determined, and the results showed that patients with LAA were
underrepresented in enterotype 2 (Prevotella) but overrepresented in enterotype 3 (Ruminococcus, Fig. 5C, Fisher's exact
test, P=0.001999). CE stroke patients and the asymptomatic control exhibited a similar enterotype distribution

(Figs. 5D-5F, P =0.7536). Enterotype was investigated to determine the relationship between TMAQO and gut microbiota.
Previous research has revealed that the TMAO-producer phenotype should be identified [19], so we attempted to identify
it based on enterotype stratification. The results showed that no significant difference existed among the three
enterotypes (Supplementary Fig. 2). We failed to distinguish the TMAO producer phenotype via enterotype stratification.

2.3.4 Changed taxonomic composition profile in patients with LAA
and CE

First, the taxonomic profile of gut microbiota in LAA was compared with that of the asymptomatic control individuals
from the taxonomic composition plots. At the phylum level, Bacteroidetes, Firmicutes, Proteobacteria, Fusobacteria, and
Actinobacteria represented more than 90% of the total bacterial community in the gut (Fig. 6A). Bacteroidetes and
Firmicutes were the most dominant phyla in LAA and asymptomatic controls, and the changes observed between the
two groups were significant at the phylum level. Bacteroidetes were significantly decreased in LAA, whereas Firmicutes,
Proteobacteria, and Actinobacteria were significantly increased in LAA (Fig. 6A). When CE was compared with the
asymptomatic control, significant changes were observed only in Bacteroidetes and Fusobacteria (Fig. 6B). A
subsequent analysis of the microbiota relative abundances at other taxonomic levels (class, order, family, and genera)
was performed. The 21 genera levels were significantly different between CE and the control. Among the genera, the
relative abundances of Fusobacterium, Streptococcus, Dorea, Enterococcus, and Desulfovibrio were significantly
increased in CE (top 20, Fig. 6C). Four genera, including Streptococcus, were significantly different at various taxonomic
levels (Figs. 7A-7B; class, order, family, and genera). Twenty-seven genera were significantly different between LAA and
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the control (top 20, Fig. 6D). Parabacteroides, Klebsiella, and Lactobacillus relative abundances were significantly
increased in LAA, and seven genera had obvious differences (Fig. 8; class, order, family, and genera).

2.3.5 Different Biomarkers Of Laa And Ce

Linear discriminant analysis effect size (LDA effect size) was performed on the fecal microbiota to identify the
biomarkers of LAA, CE, and control. The differences in the taxa at different levels with a logarithmic LDA score >2.0 and
a P-value<0.05 were considered. At the phylum level, Bacteroidetes was significantly enriched in the asymptomatic
control, whereas Firmicutes and Proteobacteria were enriched in LAA. Significant differences were also observed at the
genera level. The following eight bacterial taxa showed distinct relative abundances between the two groups in fecal
microbiota: Collinsella, Parabacteroides, Alloprevotella, Lactobacillus, Anaerotruncus, Fastidiosipila, Mogibacterium, and
Klebsiella (Figs. 9A-9B). Consistent with the results of the taxonomic composition profile (Fig. 6D), all of them were
significant increased in LAA. A general linear model (GLM) [20] was designed to control the possible influences of age,
gender, drinking, smoking, hypertension, and diabetes and further validate the results. The abundances of
Parabacteroides and Fastidiosipila differed between the two groups (P =1.33E-06 and P =8.42E-06, Table 3).

Several species between CE and the control exhibited significant differences in abundance. At the phylum level,
Bacteroidetes was the most enriched in the asymptomatic control, but Fusobacteria was significantly increased in CE.
The following bacterial genera showed a distinct increase in relative abundances between CE and the control:
Lactobacillus, Streptococcus, Peptostreptococcus, Fastidiosipila, Mogibacterium, and Fusobacterium (Figs. 10A-10B).
The taxonomic composition profile produced the same result (Fig. 6C). Notably, after the possible confounding factors
were adjusted (age, gender, drinking, smoking, hypertension, and diabetes), the Streptococcus abundance in the two
groups was still statistically significant (P=1.0286e-06, Table 3).

Table 3

Biomarkers of LAA, CE, and asymptomatic control after
adjusting for possible confounding factors. Results of the GLMs
for significant genera based on the group factors (LAA-
asymptomatic controls or CE-asymptomatic controls) and
possible confounding factors (age, gender, drinking and
smoking habits, hypertension, and diabetes). Negative B values
indicate that the taxa are associated with asymptomatic control,
and positive numbers indicate that the taxa are associated with
the LAA or CE. g means genera.

Group Names Bvalue Pvalue

LAA_Control  g__Parabacteroides 18.32 1.33E-06
LAA_Control  g__Fastidiosipila 7.42 8.42E-06
CE_Control g__Streptococcus 2.25 1.0286e-06

2.3.5.1 Gut microbiome-based signature-discriminated stroke and
control

The potential of using gut microbiota as biomarkers for discriminating LAA and CE from control was assessed. First,
Fastidiosipila and Parabacteroides were used separately to generate area under receiving operating characteristics (AUC)
curves of 0.54 and 0.62, respectively (Fig. 11A). Second, multivariable stepwise logistic regression analysis [21] was
applied to the list of LAA-associated genera identified by LEFSe to generate AUC. We found that the combination of eight
genera, namely, Collinsella, Parabacteroides, Alloprevotella, Lactobacillus, Anaerotruncus, Fastidiosipila, Mogibacterium,

Page 10/43



and Klebsiella, could discriminate LAA from non-stroke controls effectively with an AUC of 0.843 (Fig. 11B). All diversity
levels of microbiome identified by LEFSe (Fig. 9B) could significantly improve predictive performance (Fig. 11C; AUC,
0.931). The potential value between CE and the control was assessed, and Streptococcus generated an AUC of 0.7

(Fig. 11D). The combination of six bacterial taxa at the genus level could also effectively discriminate CE from non-
stroke controls with an AUC of 0.762 (Fig. 11E). However, using all microbiomes identified by LEFSe (Fig. 10B) did not
improve predictive performance (Supplementary Fig. 3, AUC, 0.751).

2.4 Role of baseline characteristic factors in the change in intestinal
microbes

Studies have reported that microbiota composition changes with aging [22], and the present study is limited by the non-
balanced age distribution of the included patients and controls (P> 0.05, Table 1). Therefore, whether age factors
account for the main factors in the alterations of intestinal microbes in patients with stroke was explored. A subgroup
analysis was performed on 75 samples with a balanced age distribution for further analysis (Supplementary Table 1).
Consistent with the aforementioned analysis results, a significant difference was observed between the two groups
(group 1: stroke and group 2: control) in the a and B diversity analyses (Figs. 12A-12D). The gut microbiota of the
control group can be separated from that of the patient group based on the weighted UniFrac matrix (P=0.001,

Figs. 12A-12B).

Additionally, although HTN and T2DM are widely known to be connected with gut microbiome dysfunction, we did not
exclude stroke patients or control with comorbidities (HTN and T2DM) to reflect the real signature of clinical practice.
Nineteen non-diabetic, hypertensive stroke patients (including LAA and CE) and 32 controls without diabetes and
hypertension were screened to evaluate the disrupted patterns of gut microbiome resulting mainly from stroke
(Supplementary Table 2; BS, Stroke; Con, control). The age distributions were well balanced between the two groups (P=
0.257, independent ttest). The a and B diversity indices showed significant differences between BS and Con (P=0.018,
Figs. 13A-13F). The gut microbiota of patients (non-diabetic, HTN, and control) could be separated from that of others
(non-diabetic, HTN, and stroke group) via PCoA and NMDS (Figs. 13A-13B). The subgroup analyses replicated the
previous results obtained after adjusting for possible confounding factors (Table 3). This finding indicates that
Parabacteroides can still serve as a marker of stroke (Table 4). Consequently, the difference in gut microbiome between
the stroke and control groups was mainly due to stroke.

Existing literature shows that age has a considerable influence on TMAO. The plasma TMAO between the two groups
was analyzed after age equalization. The TMAO levels increased significantly in patients with stroke (Fig. 14; LAA, 2763
+408.7 ng/mL vs. control, 1642 + 144.1 ng/mL). The relationship between intestinal microbes and stroke was also
analyzed. Fecal samples of patients with stroke were analyzed according to the location of vascular stenosis (internal
carotid and vertebrobasilar arteries), and the location of cerebral infarction (brain stem, cerebellar, and other parts of
infarction). The difference between a and B diversity indices was not significant (results are not shown), indicating that
the changes in intestinal microbes are not associated with the location of the infarct nor the location of vascular
stenosis.

Biomarker LDA P

p__Bacteroidetes.c__Bacteroidia.o__Bacteroidales.f_Porphyromonadaceae 3.1 0.009

p__Bacteroidetes.c__Bacteroidia.o__Bacteroidales.f__Porphyromonadaceae.g__Parabacteroides 2.85 0.024
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Table 4. Biomarker between stroke patients and the control after adjusting for confounding factors HTN and T2DM. B
phylum; ¢, class; o, order; f, family, g, genera; and s, species.

2.5 Relationship Between Bacteria And Laboratory Or Clinical Indices

The relationship between bacteria in the genera detected in all samples and clinical indices was explored. Several genera
played catalytic roles in the pathogenesis of stroke. We found that certain microorganisms had high correlation with
multiple clinical indicators (Fig. 15A). Parabacteroides, a discriminative bacteria detected by LEFSe, could be regarded as
a biomarker in LAA. Parabacteroides was positively correlated with infarct volume (measured using DWI) and carotid
artery plaque area (measured using carotid duplex ultrasound), negatively correlated with ADL, and positively correlated
with serum neutrophilic granulocyte, creatine kinase, and total cholesterol. It was also positively correlated with zonulin,
which exhibited a significant increase in patients with LAA and CE. Further exploration revealed that the association of
Parabacteroides can be attributed to P, distasonis (Fig. 15B) and Parabacteroides_sp._HGS0025 (Fig. 15C). The
abundance of Alistipes also showed a positive correlation with infract volumes, carotid artery plaque area, and creatine
kinase and a negative correlation with ADL. The abundance of Alistipes and other genera (Anaerotruncus, Odoribacter,
and Ruminococcus) exhibited a significant correlation with TMAOQ. Streptococcus, as a biomarker in CE, showed a
positive correlation with fasting blood glucose but a negative correlation with total cholesterol. Notably, several genera
levels may have played an opposite role in the course of stroke. Haemophilus was negatively correlated with infract
volume and positively correlated with the ADL score. Haemophilus was significantly elevated in the control group
compared with the LAA group (Fig. 15D), indicating that these genera may play roles in preventing stroke.

2.6 Alterations in gut microbiome function in patients with stroke

The functional and metabolic changes in the microbial communities in LAA, CE, and the controls were studied by
inferring the metagenomes from the 16sRNA data and predicting the potential function of the gut microbiota using
PICRUSt. The predicted functional categories were based on the Kyoto Encyclopedia of Genes and Genomes (KEGG)
orthologue (KO). In the level 2 KEGG pathway, amino acids, glycan, secondary metabolites, terpenoids, polyketides,
cofactors, and vitamins were significantly low in the LAA microbiome. Membrane transport, signal transduction, and
xenobiotic biodegradation and metabolism were high in LAA (Fig. 16B). In the level 3 KEGG pathway (Fig. 16A),
unsaturated fatty acids, ketone body biosynthesis, fatty acid, and glycerolipid metabolism were significantly increased in
the LAA microbiome. Excessive accumulation of extracellular glutamate, a principal excitatory neurotransmitter, is a
major factor that contributes to the death of ischemic penumbra [23]. Several genes associated with D-glutamine and D-
glutamate metabolism had low representation in the microbiome of LAA compared with the control. In addition, the
functional modules related to bacterial invasion of epithelial cells were significantly increased in the LAA microbiome,
and combined with the elevated serum zonulin, these may indicate an increased intestinal permeability in patients with
LAA. Several genes related to antigen processing and presentation and several immunology pathways on innate
immunity, such as the peroxisome proliferator-activated and nucleotide-binding oligomerization domain (NOD)-like
receptor signaling pathways, were significantly decreased in the LAA microbiome (Fig. 16A). Furthermore, secondary
metabolites associated with antibiotics, such as biosynthesis of vancomycin group antibiotics and streptomycin, were
significantly decreased in the LAA microbiome. Such metabolites may promote the growth of pathogenic
microorganisms and change the gut microbiome composition in patients with stroke.

The functional difference between CE and the control was compared. In the level 2 KEGG pathway (Fig. 17A), the

microbial gene functions related to membrane transport were significantly higher in CE than in the control. Inversely,

cofactors, vitamins, glycan biosynthesis, and metabolism were significantly decreased in CE. The top 20 differences in

the level 3 KEGG pathway are shown in Fig. 17C. Consistent with the functional changes in LAA, glycerolipid metabolism
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was significantly high, and amino sugar, nucleotide sugar metabolism, and protein digestion and absorption were
significantly low in CE. In the function of the LAA microbiome, the NOD-like receptor signaling pathway and several
secondary metabolites associated with antibiotics, such as streptomycin and vancomycin, also decreased in CE
(Fig. 17B).

The levels of circulating TMAO were significantly increased in the stroke patients. The relationship between the
microbiome function and TMAO in the study cohort was studied. In the microbiota of LAA patients, the genes involved in
the synthesis, transport, and metabolism of methylamine-containing source nutrients [24] were significantly increased
(Table 5). Examples of the genes include lipopolysaccharide cholinephosphotransferase (K07271), choline (K00108,
K02168), betaine (K00130, K03762, K05020), phosphatidylcholine (KO1004), carnitine (K08279), L-carnitine (K05245),
and TMA (K14084, K14083). Gut microbial enzyme complexes are involved in the formation of primary metabolite TMA.
Carnitine can be converted by microbiota into TMA via carnitine TMA lyases, such as CntA/CntB. Choline can be
converted into TMA via choline TMA lyases, such as CutC/CutD, and TMAO can be converted to TMA via TMAO
reductase. From the results of the PICRUSt analysis, we could not detect the KOs linked to the first four enzymes, namely,
K20038 for choline trimethylamine-lyase CutC, K20037 for choline trimethylamine-lyase activating enzyme CutD, K22443
for carnitine monooxygenase subunit CntA, and K22444 for carnitine monooxygenase subunit CntB. Several KOs could
be defined to TMAO reductase (table.6). Among such KOs, K07811, KO7821, and K03532 were significantly higher in the
LAA microbiome compared with the control (Fig. 18A). Searching the NCBI nucleotide database by using the phrase
“TMAO reductase” showed that Enterobacteriaceae (family), Helicobacter (genus), and many other human intestinal
origin bacteria can reduce TMAO to TMA [25]. The results of the present work indicate that the relative abundance of
Enterobacteriaceae and Helicobacter increased more significantly in the LAA microbiome than in the control (Fig. 18B).
LEFSe analysis indicated that Enterobacteriaceae was significantly increased in patients with stroke and may be
considered a biomarker (Table 7). Thus, the microorganisms in the LAA microbiome can convert more dietary sources of
TMAO to TMA than those in the control. This phenomenon may partly contribute to the increased plasma TMAO levels in
LAA. We noticed that such KOs could be projected onto the same metabolic pathway, that is, KOO0680 methane
metabolism (Fig. 19, part of methanogenesis, TMAO as a substrate). Methane metabolism was significantly higher in
LAA than in the control (Fig. 12B), but other information about the pathway that we could obtain from PICRUSt analysis
was limited. Metagenomics sequencing technology was necessary for further research.
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Table 5

KOs involved in the synthesis, transport, and metabolism of TMA-containing source nutrient (searched from
KEGG, https://www.kegg.jp/) * P<0.05, ** P<0.01, *** P<(0.001, **** P<0.0001.

Entry Name Definition P
K00108 betA, CHDH choline dehydrogenase 0.003
K00130  betB, gbsA betaine-aldehyde dehydrogenase 0.014
K01004 pcs phosphatidylcholine synthase 0.037
K02168  betT, betS choline/glycine/proline betaine transport protein 0.041
K03762  proP proline/betaine transporter 0.024
K05020  opuD, betL glycine betaine transporter 0.008
K05245 caiT L-carnitine/gamma-butyrobetaine antiporter 0.034
K07271  licD lipopolysaccharide cholinephosphotransferase [EC:2.7.8.-] 1.27E-05
K08279 caiE carnitine operon protein CaikE 0.044
K14083 mtiB trimethylamine—corrinoid protein Co-methyltransferase [EC:2.1.1.250]  9.83E-04
K14084 mttC trimethylamine corrinoid protein 0.043
Table 6
KOs involved in TMAO reductase (searched from KEGG, https://www.kegg.jp/).
Entry Name Definition
K07811  torA trimethylamine-N-oxide reductase (cytochrome c) [EC:1.7.2.3]
K07821  torY trimethylamine-N-oxide reductase (cytochrome c), cytochrome c-type subunit TorY
K07812 torZ trimethylamine-N-oxide reductase (cytochrome c) [EC:1.7.2.3]
K03532 torC trimethylamine-N-oxide reductase (cytochrome c), cytochrome c-type subunit TorC
K03533 torD TorA specific chaperone
Biomarker LDA P
p__Proteobacteria 3.23 0.00
p__Proteobacteria.c__Gammaproteobacteria 3.19 0.02
p__Proteobacteria.c__Gammaproteobacteria.o__Enterobacteriales 3.21 0.01
p__Proteobacteria.c__Gammaproteobacteria.o__Enterobacteriales.f__Enterobacteriaceae 3.21 0.01
p__Proteobacteria.c__Gammaproteobacteria.o__Enterobacteriales.f__Enterobacteriaceae.g_ Klebsiella 2.95 0.04

Table 7. Biomarkers in patients with stroke. R phylum; c, class; o, order; f, family; g, genera.

11413148: K18277(ttm); 1.5.8.2: K00317(dmd-tmd) ;1.5.8.1: K00317 (dmd-tmd)

17.2.3: K07811 (torA), K03532 (torC), K03533 (torD), K07812 (torZ), K07821 (torY)

MibA: K14082(mtbA) MittB: K14083(mttB) MttC: K14084(mittC)
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MibA: K14082(mtbA) MtbB: K16178(mtbB) MtbC: K16179(mtbC)

MtbA: K14082(mtbA) MtmB: K16176(mtmB) MtmC: K16177(mtmC)
Discussion

This study found evidence delineating the features of stroke-related gut dysbiosis through the integration of 16sRNA
gene sequencing and microbiome function prediction PICRUSt. New information was obtained about TMA O level and
gut microbiome in patients with LAA and CE strokes. The most significant findings are as follows. I Compared with the
asymptomatic control group, the LAA and CE stroke groups showed significant changes in the composition and function
of the gut microbiome. {l Parabacteroides and Streptococcus could be regarded as biomarkers for patients with LAA and
CE, respectively. K TMAO plays a more important role in the pathophysiological mechanism of LAA and CE strokes than
in other types of strokes (non-LAA, CE, and acute cerebral ischemia).

To the best of our knowledge, high bacterial diversity has been recurrently documented in multiple diseases, such as
atrial fibrillation [26] and myocardial infarction [27]. The fecal microbiomes of patients with LAA and CE strokes showed
increased species richness and diversity compared with that of the asymptomatic control. Consistent with the findings of
a previous study, the patients with stroke and transient ischemic attacks showed increased diversity of the gut
microbiota [17]. According to the present study, the evaluated richness and diversity of the gut microbiota can reflect the
imbalanced gut microenvironment and the dysbiosis of gut microbiota characterized by the overgrowth of varieties of
harmful bacteria (e.g., Desulfovibrio and Enterococcus), opportunistic pathogens (e.g., Eubacterium), and a few
commensal or beneficial genera (e.g., Bifidobacterium and Lactobacillus).

The gut microbiota dysbiosis in LAA could also be determined according to enterotype. The gut microbiome in LAA
shifted from enterotype 2 represented by Prevotella to enterotype 3 represented by Ruminococcus, which is known to
possess pro-inflammatory properties and exerts a contributory effect on the development of inflammatory bowel disease
[28, 29]. Previous laboratory studies have shown that Ruminococcus transplanted in germ-free mice can enhance the
level of IL-17 and other inflammatory cytokines [30]. IL-17 and IL-17*yd T cells have also been implicated in stroke [31].
Additionally, y&-T cell infiltration and IL-17 secretion have been documented in ischemic human brain tissue [32, 33].
These may indicate that the type of gut dysbiosis (shift from enterotype 2 to enterotype 3) plays an important role in LAA
pathophysiology.

The dysbiosis of intestinal milieu in LAA could be further characterized by increased relative abundances in Collinséella,
Parabacteroides, Alloprevotella, Lactobacillus, Anaerotruncus, Fastidiosipila, Mogibacterium, and Klebsiella. Among
those bacteria, Parabacteroides showed the strongest association with LAA. Consistent with previous research, all of our
results showed that Parabacteroides, a discriminative bacteria filtered by LEFSe, can be regarded as a biomarker in LAA
[17]. It is correlated not only with the severity of the stroke reflected by infract volume and ADL score, but also with high
inflammatory status reflected by serum neutrophilic granulocyte count. Parabacteroides showed high correlation with
risk factors for cardiovascular and cerebrovascular diseases. This correlation is reflected by the total cholesterol and
carotid artery plaque area. Further research revealed that P distasonis and Parabacteroides sp. HGS0025 significantly
increased in LAA, although previous animal experiments have shown that P distasonis plays a beneficial role in
alleviating obesity and metabolic dysfunctions [34]. Several studies have also revealed that P distasonis is a potential
pathogen for coronary artery disease [35]. Such results may be due to the differences between animal and clinical
experimentation or the result of strain-level variations. Existing literature has shown that in a clinical context, species-
and strain-level variations can contribute to functional differences between individuals but are always ignored by
researchers [36, 37]. Therefore, the role of these microorganisms in LAA should be further studied via metagenomics to
determine the possible role in the etiology of stroke. We also found that Strepfococcus played an important role in CE,
and Haemophilus played a beneficial role in the asymptomatic control. Haemophilus, which includes commensal
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organisms and several pathogenic species, was significantly higher in the control than in patients with stroke. The
abundance of Haemophilus was negatively correlated with stroke severity (infarct volume and ADL) and may play a
beneficial role in the pathogenesis of stroke. As mentioned above, Streptococcus detected by LEFSe could be regarded as
a biomarker of CE stroke. Consistent with a previous study, the present study showed that patients with atrial fibrillation
[26] and atherosclerotic cardiovascular disease [9] have increased Streptococcus; the accrual of Streptococcus is always
concomitant with increased Enterobacteriaceae, which is enriched in cardiovascular disease, and decreased commensal
or beneficial genera, such as Faecalibacterium [9, 26]. The same results can be obtained from LEFSe in our research
cohort. Enterobacteriaceae was high in patients with CE stroke.

Different subgroup analyses showed that alterations in the gut microbiome composition and function in LAA and CE
strokes were mainly due to stroke itself rather than age, diabetes, and hypertension. Microbial differences in patients with
stroke may not be related to the site of arterial stenosis and the location of cerebral infarction.

A growing body of literature suggests that increased permeability of oral and intestinal epithelial barriers enables a small
number of bacteria to enter into the systemic circulation and ultimately into host tissues to promote diseases [38].
zonulin, a protein that modulates the intercellular tight junctions of endothelial cells, can reversibly modulate intestinal
permeability. In the current study, patients with LAA and CE strokes showed significantly increased serum zonulin, which
means increased intestinal permeability. In line with the current study, a previous work showed that serum zonulin is also
elevated in patients with coronary artery disease [39]. The zonulin/zonula occludens toxin (Zot) receptor plays an
important role in the pathophysiological regulation of the blood—brain barrier (BBB) [5], so elevated serum zonulin may
mean increased BBB permeability in patients with stroke. Cynomolgus monkey experiments have revealed that an
increase in serum zonulin occurs after left middle cerebral artery occlusion [40]. Hence, we speculate that zonulin-
regulated intestinal permeability or BBB permeability may also occur after stroke. Furthermore, functional predictions
indicated that the functional modules of the microbiome of patients with LAA have high expression in the bacterial
invasion of epithelial cells. These results indicate that the increased intestinal permeability in stroke patients may be
related to bacterial translocation and post-stroke infection.

Previous studies have obtained different findings on the relationship between TMAO and cardio- or cerebrovascular
diseases [11, 12, 17, 41, 42]. When the relationship between TMAO and cerebrovascular diseases (stroke) is explored,
relevant changes in TMAO elevation can be determined regardless of serology or the compositional and functional
prediction of the gut microbiome.

The serological results indicated that plasma TMAO levels in patients with LAA and CE were significantly higher than
those of patients in the control group. After adjusting for age factors, this difference still existed. The plasma TMAO level
was significantly high in patients with LAA and CE stroke but did not increase in patients with acute ischemic stroke with
mild arterial stenosis (< 50%) compared with the asymptomatic control. The difference in plasma TMAO between
patients with acute ischemic stroke with mild arterial stenosis (< 50%) and patients with moderate-to-severe arterial
stenosis (> 50%) was not significant. Plasma TMAO showed a significant positive correlation with carotid plaque area
only in patients with stroke with moderate-to-severe arterial stenosis (> 50%). These results indicate that increased TMAO
occurs mainly in patients with LAA or CE stroke, suggesting that TMAO may play an important role in the
pathophysiological mechanisms of patients with stroke with aortic atherosclerosis or atrial fibrillation. The increased
TMAO in CE may be correlated with the ability of TMAO to promote platelet hyper-reactivity and increase thrombosis risk
[41]

The taxonomic profile of gut microbiota indicated that patients with LAA stroke harbored abundant TMA-producing
bacterial species. According to previous research, Klebsiella and Erysipelotrichaceae both encode CutC to potentially
produce TMA from choline [9]. The majority of CutC homologs (88—61% amino acid identity) are found in Proteobacteria
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(Gammaproteobacteria and Deltaproteobacteria) and Firmicutes (Clostridia and Bacilli) [43]; in the current study, they
were significantly increased in patients with LAA compared with the asymptomatic control (Figs. 6-8).

The functional profile prediction of gut microbiota suggested that the genes involved in the synthesis, transport, and
metabolism of methylamine-containing source nutrient were significantly increased in patients with LAA. Although we
did not find CutC/D- and CntA/B-related KOs from the results of microbiome functional prediction, KO definition to TMAO
reductase (TMAO-TMA: K07811, KO7821, K03532) showed obviously increased microbial gene expression among
patients with LAA compared with the asymptomatic control. Moreover, consistent with the functional prediction, the
results of the gut microbiota composition profile showed that Helicobacter and Enterobacteriaceae with TMAO reductase
[25] were significantly increased in patients with LAA. Enterobacteriaceae can be regarded as a biomarker of LAA stroke.
Hence, the LAA group had more microorganisms that convert dietary source TMAO to TMA (enrichment in fish at
concentrations of 20—120 mg/100 g of fish fillet [44]) compared with the control. In addition, microbial methane
metabolism is significantly positively correlated with TMAO levels [45], and methanogen archaea may be used to prevent
cardiovascular diseases [46]. However, PICRUSt analysis showed that methane metabolism increased significantly in
LAA; other detailed information about the pathway that we could derive from PICRUSt was limited. Such a result may be
due to the limitations of T6sRNA, which restricts data interpretation in terms of species level and functional tests. Thus,
metagenomics sequencing technology are necessary to study the role of P, distasonis in patients with stroke and
analysis of microbial composition and function related to ko00680 methane metabolism in stroke patients.

Other limitations of the current study should be noted. Information about the patients’ diet and lifestyle was not
collected, which may have affected the composition of the gut microbiome in patients with LAA and CE strokes.

In addition, metagenomics sequencing and microbiota transplantation are needed in future studies to assess if and how
disease-associated bacteria, especially Parabacteroides and Streptococcus, play a role in LAA and CE stroke
pathogenesis.

Conclusions

We find that significant alterations in the gut microbiome composition and function and an increase in the plasma
TMAO level occur in LAA and CE strokes. And the abundance of specific gut microbiota correlates with clinical
phenotypes and disease severity in stroke patients. The findings suggest the potential of using gut microbiota as a
biomarker for patients with LAA and CE strokes.

Abbreviations
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TMAO Trimethylamine A-oxide
16S rRNA  16S ribosomal RNA

CE cardioembolic

LAA large artery atherosclerotic

T2DM type 2 diabetes mellitus

CVvD cardiovascular disease

CutC choline TMA-lyase

CutD choline TMA-lyase activating enzyme

TorA/C/D  trimethylamine M-oxide reductase

FMO flavin-containing monooxygenases
TIA transient ischemic attack
MIPAV Medical Image Processing, Analysis, and Visualization
PCoA principal coordinate analysis
NMDS non-metric dimensional scaling
LEFSe linear discriminant analysis effect size
GLM general linear model
AUC area under receiving operating characteristics
KEGG Kyoto Encyclopedia of Genes and Genomes (KEGG)
KO Kyoto Encyclopedia of Genes and Genomes ortholog
ADL Activity of Daily Living score
Declarations
Acknowledgments

We thank all the subjects that participated in this study and the staff of the Neurology Department of Dongyang
Affiliated Hospital of Wenzhou Medical University.

Authors’ contributions

KKJ, DJX, and LC were responsible for the study concept and design. KCW, HFL, YYX, and LYW collected the data. KCW,
LBY, and QQL analyzed and interpreted the data, and KCW and LBY drafted the manuscript. KKJ critically revised the
manuscript for important intellectual content and supervised the study. All authors read and approved the final
manuscript.

Funding

We are grateful to the Basic Public Welfare Research Project of Zhejiang Natural Science Foundation of China
(LGF18H090001), Jinhua Science and Technology Plan Key Projects (2019-3-024), Wenzhou Basic Science and

Page 18/43



Technology Cooperation Project (H20180002), and Zhejiang Traditional Chinese Medicine Scientific Research Fund
Project (2019ZA076) for their financial support for this work.

Availability of data and materials

All data are available upon request. The datasets used and analyzed in the current study are available from the
corresponding author upon reasonable request.

Ethics approval and consent to participate

All participants provided informed consent, and the study was approved by the Institutional Ethics Boardi2017-KY-036,
Medical Ethics Committee of Dongyang People's Hospitalk.

Consent for publication

The paper has not been published previously and is not under consideration for publication elsewhere. All co-authors
have read and approved the submission.

Competing interests

All authors declare that they have no competing interests.

References

1

. Clemente JC, Ursell LK, Parfrey LW, Knight R: The impact of the gut microbiota on human health: an integrative view.

Cell 2012, 148:1258-1270.

. Chang CJ, Lin CS, Lu CC, Martel J, Ko YF, Ojcius DM, Tseng SF, Wu TR, Chen YY, Young JD, Lai HC: Ganoderma

lucidum reduces obesity in mice by modulating the composition of the gut microbiota. Nat Commun 2015, 6:7489.

. Delzenne NM, Neyrinck AM, Backhed F, Cani PD: Targeting gut microbiota in obesity: effects of prebiotics and

probiotics. Nat Rev Endocrinol 2011, 7:639-646.

.Qin J, LiY, Cai Z, LiS, Zhu J, Zhang F, Liang S, Zhang W, Guan Y, Shen D, et al: A metagenome-wide association

study of gut microbiota in type 2 diabetes. Nature 2012, 490:55-60.

. Forslund K, Hildebrand F, Nielsen T, Falony G, Le Chatelier E, Sunagawa S, Prifti E, Vieira-Silva S, Gudmundsdottir V,

Pedersen HK, et al: Disentangling type 2 diabetes and metformin treatment signatures in the human gut microbiota.
Nature 2015, 528:262-266.

. Karlsson FH, Fak F, Nookaew |, Tremaroli V, Fagerberg B, Petranovic D, Backhed F, Nielsen J: Symptomatic

atherosclerosis is associated with an altered gut metagenome. Nat Commun 2012, 3:1245.

. Jonsson AL, Backhed F: Role of gut microbiota in atherosclerosis. Nat Rev Cardiol 2017, 14:79-87.

8. Lau K, Srivatsav V, Rizwan A, Nashed A, Liu R, Shen R, Akhtar M: Bridging the Gap between Gut Microbial Dysbiosis

10.
11.

12.

and Cardiovascular Diseases. Nutrients 2017, 9.

.Jie Z, Xia H, Zhong SL, Feng Q, Li S, Liang S, Zhong H, Liu Z, Gao Y, Zhao H, et al: The gut microbiome in

atherosclerotic cardiovascular disease. Nat Commun 2017, 8:845.
Feigin VL, Norrving B, Mensah GA: Global Burden of Stroke. Circ Res 2017, 120:439-448.

Koeth RA, Wang Z, Levison BS, Buffa JA, Org E, Sheehy BT, Britt EB, Fu X, Wu Y, Li L, et al: Intestinal microbiota
metabolism of L-camitine, a nutrient in red meat, promotes atherosclerosis. Nat Med 2013, 19:576-585.

Tang WH, Wang Z, Levison BS, Koeth RA, Britt EB, Fu X, Wu Y, Hazen SL: Intestinal microbial metabolism of
phosphatidylcholine and cardiovascular risk. N Eng/ J Med 2013, 368:1575-1584.

Page 19/43



13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

Craciun S, Balskus EP: Microbial conversion of choline to trimethylamine requires a glycyl radical enzyme. Proc Nat/
Acad Sci US A2012,109:21307-21312.

Koeth RA, Levison BS, Culley MK, Buffa JA, Wang Z, Gregory JC, Org E, Wu Y, Li L, Smith JD, et al: gamma-
Butyrobetaine is a proatherogenic intermediate in gut microbial metabolism of L-carnitine to TMAO. Cell Metab
2014, 20:799-812.

Mejean V, lobbi-Nivol C, Lepelletier M, Giordano G, Chippaux M, Pascal MC: TMAQO anaerobic respiration in
Escherichia coli: involvement of the tor operon. Mo/ Microbiol 1994, 11:1169-1179.

Collins HL, Drazul-Schrader D, Sulpizio AC, Koster PD, Williamson Y, Adelman SJ, Owen K, Sanli T, Bellamine A: L-
Carnitine intake and high trimethylamine N-oxide plasma levels correlate with low aortic lesions in ApoE(-/-)
transgenic mice expressing CETP. Atherosclerosis 2016, 244:29-37.

Yin J, Liao SX, He Y, Wang S, Xia GH, Liu FT, Zhu JJ, You C, Chen Q, Zhou L, et al: Dysbiosis of Gut Microbiota With
Reduced Trimethylamine-N-Oxide Level in Patients With Large-Artery Atherosclerotic Stroke or Transient Ischemic
Attack. J Am Heart Assoc 2015, 4.

Li YY, Wang YS, Chen Y, Hu YH, Cui W, Shi XY, Jiang W, Zhang JM: Association of Serum 25(0H) D Levels with
Infarct Volumes and Stroke Severity in Acute Ischemic Stroke. J Nutr Health Aging 2018, 22:97-102.

Wu WK, Sheen LY, Wu MS: Response to the letter: Identification of trimethylamine N-oxide (TMAO)-producer
phenotype is interesting, but is it helpful? Gut 2019.

Li B, He Y, Ma J, Huang P, Du J, Cao L, Wang Y, Xiao Q, Tang H, Chen S: Mild cognitive impairment has similar
alterations as Alzheimer's disease in gut microbiota. A/lzheimers Dement 2019, 15:1357-1366.

Wei Y, Li Y, Yan L, Sun C, Miao Q, Wang Q, Xiao X, Lian M, Li B, Chen Y, et al: Alterations of gut microbiome in
autoimmune hepatitis. Gut 2019.

An R, Wilms E, Masclee AAM, Smidt H, Zoetendal EG, Jonkers D: Age-dependent changes in Gl physiology and
microbiota: time to reconsider? Gut 2018, 67:2213-2222.

ladecola C, Anrather J: The immunology of stroke: from mechanisms to translation. Nat Med 2011, 17:796-808.

Xu KY, Xia GH, Lu JQ, Chen MX, Zhen X, Wang S, You C, Nie J, Zhou HW, Yin J: Impaired renal function and dysbiosis
of gut microbiota contribute to increased trimethylamine-N-oxide in chronic kidney disease patients. Sci Rep 2017,
7:1445.

Hoyles L, Jimenez-Pranteda ML, Chilloux J, Brial F, Myridakis A, Aranias T, Magnan C, Gibson GR, Sanderson JD,
Nicholson JK, et al: Metabolic retroconversion of trimethylamine N-oxide and the gut microbiota. Microbiome 2018,
6:73.

Zuo K, Li J, Li K, Hu C, Gao Y, Chen M, Hu R, Liu Y, Chi H, Wang H, et al: Disordered gut microbiota and alterations in
metabolic patterns are associated with atrial fibrillation. Gigascience 2019, 8.

Zhou X, Li J, Guo J, Geng B, Ji W, Zhao Q, Li J, Liu X, Liu J, Guo Z, et al: Gut-dependent microbial translocation
induces inflammation and cardiovascular events after ST-elevation myocardial infarction. Microbiome 2018, 6:66.
Machiels K, Sabino J, Vandermosten L, Joossens M, Arijs |, de Bruyn M, Eeckhaut V, Van Assche G, Ferrante M,
Verhaegen J, et al: Specific members of the predominant gut microbiota predict pouchitis following colectomy and
IPAA in UC. Gut 2017, 66:79-88.

Joossens M, Huys G, Cnockaert M, De Preter V, Verbeke K, Rutgeerts P Vandamme P, Vermeire S: Dysbiosis of the
faecal microbiota in patients with Crohn's disease and their unaffected relatives. Gut 2011, 60:631-637.

Hoffmann TW, Pham HP, Bridonneau C, Aubry C, Lamas B, Martin-Gallausiaux C, Moroldo M, Rainteau D, Lapaque N,
Six A, et al: Microorganisms linked to inflammatory bowel disease-associated dysbiosis differentially impact host
physiology in gnotobiotic mice. /[SME J 2016, 10:460-477.

Page 20/43



31.

32.

33.

34.

35.

36.

37.

38.
39.

40.

41.

42.

43.

44,

45.

46.

Benakis C, Brea D, Caballero S, Faraco G, Moore J, Murphy M, Sita G, Racchumi G, Ling L, Pamer EG, et al:
Commensal microbiota affects ischemic stroke outcome by regulating intestinal gammadelta T cells. Nat Med
2016, 22:516-523.

Gelderblom M, Weymar A, Bernreuther C, Velden J, Arunachalam B, Steinbach K, Orthey E, Arumugam TV, Leypoldt F,
Simova O, et al: Neutralization of the IL-17 axis diminishes neutrophil invasion and protects from ischemic stroke.
Blood 2012, 120:3793-3802.

Li GZ, Zhong D, Yang LM, Sun B, Zhong ZH, Yin YH, Cheng J, Yan BB, Li HL: Expression of interleukin-17 in ischemic
brain tissue. Scand J Immunol 2005, 62:481-486.

Wang K, Liao M, Zhou N, Bao L, Ma K, Zheng Z, Wang Y, Liu C, Wang W, Wang J, et al: Parabacteroides distasonis
Alleviates Obesity and Metabolic Dysfunctions via Production of Succinate and Secondary Bile Acids. Cell Reports
2019, 26:222-235.e225.

Liu Z, Li J, Liu H, Tang Y, Zhan Q, Lai W, Ao L, Meng X, Ren H, Xu D, Zeng Q: The intestinal microbiota associated
with cardiac valve calcification differs from that of coronary artery disease. Atherosclerosis 2019, 284:121-128.
Schloissnig S, Arumugam M, Sunagawa S, Mitreva M, Tap J, Zhu A, Waller A, Mende DR, Kultima JR, Martin J, et al:
Genomic variation landscape of the human gut microbiome. Nature 2013, 493:45-50.

Zhu A, Sunagawa S, Mende DR, Bork P: Inter-individual differences in the gene content of human gut bacterial
species. Genome Biol 2015, 16:82.

Brown JM, Hazen SL: Microbial modulation of cardiovascular disease. Nat Rev Microbiol 2018, 16:171-181.

Li C, Gao M, Zhang W, Chen C, Zhou F, Hu Z, Zeng C: Zonulin Regulates Intestinal Permeability and Facilitates Enteric
Bacteria Permeation in Coronary Artery Disease. Sci Rep 2016, 6:29142.

Chen Y, Liang J, Ouyang F, Chen X, Lu T, Jiang Z, Li J, Li Y, Zeng J: Persistence of Gut Microbiota Dysbiosis and
Chronic Systemic Inflammation After Cerebral Infarction in Cynomolgus Monkeys. Front Neuro/ 2019, 10:661.

Zhu W, Gregory JC, Org E, Buffa JA, Gupta N, Wang Z, Li L, Fu X, Wu Y, Mehrabian M, et al: Gut Microbial Metabolite
TMAO Enhances Platelet Hyperreactivity and Thrombosis Risk. Ce// 2016, 165:111-124.

Li XS, Obeid S, Klingenberg R, Gencer B, Mach F, Raber L, Windecker S, Rodondi N, Nanchen D, Muller O, et al: Gut
microbiota-dependent trimethylamine N-oxide in acute coronary syndromes: a prognostic marker for incident
cardiovascular events beyond traditional risk factors. Eur Heart J 2017, 38:814-824.

Martinez-del Campo A, Bodea S, Hamer HA, Marks JA, Haiser HJ, Turnbaugh PJ, Balskus EP: Characterization and
detection of a widely distributed gene cluster that predicts anaerobic choline utilization by human gut bacteria. MBio
2015, 6.

JEBSEN JW, RIAZ M: Breakdown products of trimethylamineoxide in airdried stockfish. Means of enhancing the
formation of formaldehyde and dimethylamine. Directorate of Fisheries 1978, 1:145-153.

Manor O, Zubair N, Conomos MP, Xu X, Rohwer JE, Krafft CE, Lovejoy JC, Magis AT: A Multi-omic Association Study
of Trimethylamine N-Oxide. Cell Rep 2018, 24:935-946.

Brugere JF, Borrel G, Gaci N, Tottey W, O'Toole PW, Malpuech-Brugere C: Archaebiotics: proposed therapeutic use of
archaea to prevent trimethylaminuria and cardiovascular disease. Gut Microbes 2014, 5:5-10.

Supplementary Tables

Page 21/43



Group1
Group1
Group1
Group1
Group1
Group1
Group1
Group1
Group1
Group1
Group1
Group1
Group1
Group1
Group1
Group1
Group1
Group1
Group1
Group1
Group1
Group1
Group1
Group1
Group1
Group1
Group1
Group1
Group1
Group1
Group1
Group1

D07
D64
D47
D11
D02
D74
D24
D72
D73
D60
D63
D61
D75
D101
D54
D57
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D51
D79
D37
D116
D09
D113
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D18
D35
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D34
D03
D114
D117
D66

Group?2
Group?2
Group?2
Group2
Group2
Group2
Group2
Group2
Group?2
Group?2
Group?2
Group?2
Group?2
Group2
Group?2
Group2
Group2
Group2
Group?2
Group?2
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Group?2
Group2
Group2
Group2
Group2
Group2
Group?2
Group?2
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J12
J24
J26
J15
J116
J32
J31
J114
J08
J11
J108
J23
J112
J10
J107
J110
J02
Jo7
J33
J25
J27
J42
J22
J106
J18
J117
Jo1
J28
J19
J104
J16
Jo2




ID ID

Group1 D104 Group2 J40
Group1 D33 Group2 J36
Group1 D43 Group2 J105
Group1 D70 Group2 J113

Group2 J0O9
Group2 J29
Group2 J34

Supplementary Table 1. Subgroup analysis of 75 samples with a balanced age distribution (mean age: Group1,58 years
vs. Group2,56 years; P >0.05). Group 1 patients are selected from stroke cases, and group 2 patients are selected from
the control.
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ID Hypertension T2DM ID Hypertension T2DM

BS D07 0 0 Con Jo7 0 0
BS D09 0 0 Con Jos 0 0
BS D11 0 0 Con J09 0 0
BS D24 0 0 Con J11 0 0
BS D51 0 0 Con J12 0 0
BS D55 0 0 Con J14 0 0
BS D60 0 0 Con J15 0 0
BS D64 0 0 Con J19 0 0
BS D72 0 0 Con J21 0 0
BS D73 0 0 Con J22 0 0
BS D103 0 0 Con J23 0 0
BS D108 0 0 Con J25 0 0
BS D109 0 0 Con J26 0 0
BS D114 0 0 Con J27 0 0
BS D119 0 0 Con J29 0 0
BS X07 0 0 Con J30 0 0
BS X11 0 0 Con J32 0 0
BS X15 0 0 Con J33 0 0
BS X104 0 0 Con J34 0 0
Con J35 0 0
Con J36 0 0
Con J40 0 0
Con J101 0 0
Con J102 0 0
Con J105 0 0
Con J106 0 0
Con J107 0 0
Con J108 0 0
Con J110 0 0
Con J112 0 0

Supplementary Table 2. Biomarker between patients with stroke and patients in the control group after adjusting for
confounding factors HTN and T2DM.
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ID Hypertension T2DM ID Hypertension T2DM

Con J117 0 0
Con J118 0 0

Supplementary Table 2. Biomarker between patients with stroke and patients in the control group after adjusting for
confounding factors HTN and T2DM.

|
Supplementary Figure Legends

Supplementary Fig. S1: Relationship between plasma TMAO and infarct volume in patients with stroke. P>0.05 means
no significant statistical difference

Supplementary Fig. 2: Identification of TMAO-producer phenotype based on entrotype stratification. ns means no
statistical significance.

Supplementary Fig. 3 Using the relative abundance of CE, all diversity taxonomic levels generated an area under the
receiving operating characteristic curve

Figures

Initially Diagnosed With Stroke

CDFI. CTA. MRI or CT. Echocardiography

\4
Stroke

\4

Ischemic Stroke

h J
\] \J A4

* stenosis<50% LAA (stenosis=50%) CE (atrial forillation)

Y \4 Y

* Fasti Fasting blood sample (85) Fasting blood sample (23)
asing bicod eanpic(30) Fecal sample (61) Fecal sample (20)

i ¢ \ 4
Plasma TMAQ ,Serum Zonulin measurement
Fecal 165 ribosomal RNA gene sequencing

Figure 1

Flow diagram of stroke patient selection and sample collection. * indicates that patients with acute cerebral ischemia
(CTA/MRA, stenosis < 50%) only need to provide blood samples to explore the difference in TMAO levels in patients with
acute stroke with varying degrees of artery stenosis.
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Figure 2

Baseline characteristics of the study cohort. (a) The inflammation index of patients with stroke was significantly higher
than that of the control group. Leukocyte with a normal distribution as indicated by ANOVA. hsCRP and D-dimer did not
have a normal distribution as per the Kruskal—Wallis test (b—c). Difference in plasma TMAO between patients with
stroke and the control group. Stenosis < 50% indicates non-LAA and CE acute cerebral ischemia as calculated by the
Kruskal—Wallis test. (d) Difference between patients with stroke and the control group in serum zonulin (e—f).
Relationship between plasma TMAO and the area of carotid plaque calculated using Spearman analysis. ris rho, and the
error bar indicates the standard error of mean (SEM). * P < 0.05, ** P < 0.01, *** P < 0.001, and **** P < 0.0001.
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Figure 3

Alpha diversity indices in patients with LAA and CE and controls. (a—b) Accumulation and rarefaction curves between
patients with LAA and CE, and controls. (c—f) Box plots depicting differences in the fecal a diversity indices between LAA
and control according to the Chao, PD whole tree, and Shannon and Simpson indices based on the OUT counts. (g—i)
Box plots depict differences in the fecal a diversity indices between CE and the control according to the PD whole tree,
Shannon, and Simpson indices. Boxes represent the interquartile ranges, lines inside the boxes denote medians, and
circles are outliers. P < 0.05 indicates statistical significance, Wilcoxon rank sum test *P <0.05, **P <0.01, ***P <0.001,
***P < 0.0001.
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Figure 4

B diversity differences among LAA, CE, and control. (a—b) PCoA and NMDS based on weighted UniFrac matrix showed
that the overall fecal microbiota composition was different between LAA and controls. (c-d) NMDS and PCoA based on
unweighted UniFrac matrix showed that the overall fecal microbiota composition was different between CE and controls.
PCoA means principal coordinate analysis. NMDS means non-metric dimensional scaling.
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Figure 5

Altered community types in patients with LAA and CE, and the control. (a) A total of 112 samples of LAA and control are
clustered into enterotype 1 (green), enterotype 2 (blue), and enterotype 3 (cyan) by using principal component analysis
(PCA) of Jensen—Shannon divergence values at the genera level. (b) Relative abundances of the top genera in each
enterotype: Bacteroides in enterotype 1, Prevotella in enterotype 2, and Ruminococcus in enterotype 3. Boxes represent
the interquartile ranges, lines inside the boxes denote medians, and circles are outliers. P<0.05 indicates a statistical
difference as per Kruskal-Wallis test. (c) Percentage of control and LAA samples distributed in enterotypes 1, 2, and 3.
Enterotype distribution between LAA and control (P = 0.001999, Fisher’s exact test). (d) Seventy-one samples of CE and
control are clustered into enterotype 1 (green), enterotype 2 (blue), and enterotype 3 (cyan) by PCA of Jensen—Shannon
divergence values at the genera level. (e) Relative abundances of the top genera in each enterotype: Bacteroides in
enterotype 1, Prevotella in enterotype 2, and Ruminococcus in enterotype 3 with P=3.0e-09, P=5.4e-09, and P=0.016,
respectively, as per Kruskal—-Wallis test. (f) Percentage of CE and control samples distributed in enterotypes 1, 2, and
enterotype 3 (P=0.7536, Fisher's exact test).
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Figure 6

Taxonomic composition profile at the phylum and genus levels. (a—b) Taxonomic profile of gut microbiota at the phylum
level between LAA-control and CE-control. (c—d) Taxonomic profile of gut microbiota at the genus level among LAA, CE,
and control. P < 0.05 indicates a statistical difference as per the Wilcoxon rank sum test. The error bar indicates the
standard error of mean (SEM), *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.
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Figure 7

Taxonomic composition profile between CE and the control. (a—b) The taxonomic profile of gut microbiota is statistically
different at the main taxonomic levels between CE and the control: class, order, family, and genera. P < 0.05 indicates a
statistical difference as per the Wilcoxon rank sum test. The error bar indicates the standard error of mean (SEM), *P <
0.05,**P < 0.01, ***P < 0.001

Page 31/43



Class Order [ Family [ Genus |

Bacili Lactobacillales Lactobacillaceas Lactobacillus

* ok . ekl
— [ |

o

Relstive Bbandan:s
- -4
a &
8 B
Relative abundance
a o
g B
s =
s B
= B
Relative abundance
s =
s =
&= ¥

P 0018

no o 0% noos

.00 000 0,000 0.000 -
LAA  Control LAA Control LAA Conirel LAA Control

Bilophila

[+] ionales

0.0815- i

T

LAA Central
Desulfovibrio

abunsancs

2

8

@
Relative sbundance
Filstive abamsdancs

0.0004 o
0.0000: e
LAS Comtrel o
00004+
i 0,002
-
0.0000-
LA Contnsd
Gammaprotlecbactoria Pasteurellales Pasteurellaceas Hasmophilys
DEda 0,006 w 0086 " 0008 *
. ~— — ——
o § § §
0,004 00041 0004
o]
s = I
,g 2002+ & oend 20035
i i
0= 0.000= LE= -0 4000 =
LAK Contrel LAA  Caontrol LA Comtred LAK Caontrol
Erysipalotrichia [
.020~ 0.630 L 20004 5 -
* . * * —
§ &018- 0.015 g 015 000034
00104 0,010+ 0010 0.0002+
e s £ H
&
§ 0.005- 2 ooe- § o005+ § oo
-4
£.000- 0.099- o005 - 00000
LA Control LAA Contrel LA Comtral | LA Conriral
| Actinomyces | Actinomy |
00020 . 000020 - 0.00020- .
— . 1 —
LEIEE g 10,0001 54 imqs—
Actinobacteria L6000 000010 0.00010
0.5025 d i
— 000005 2 0.00005 0.000054
02420 “ -
0.00000-" 0.00000- T X -
i LAA Centrol LAA Control LAA Comtral
08019
P i f iaceas Bifidobacterium
= 080257 www [T IR 080257 kaw
05000 — — —
Lan - Conbrol 0420 00500 0.e0z0
LS LELE LESES
LELE & 00010 g 08016
5 00005 ! 0.0005 j 02005
== 06900
LAA Control | LAR Contrel | LAR Contol

Figure 8

Taxonomic composition profile between LAA and the control. The taxonomic profile of gut microbiota between LAA and
the control is statistically different at the main taxonomic levels: class, order, family, and genus. P < 0.05 shows a
statistical difference as per the Wilcoxon rank sum test. The error bar indicates the standard error of mean (SEM), *P <
0.05,**P < 0.01, ***P < 0.001.

Page 32/43



v -
v

[03U0T

GTONnEenunanouanEnn
THTARERITATOIETAGL DN
Al A o o il
ggggfgggggggsggzggga
& = T =
HHUHEBHEH
i§§§=§§§ ig; %fiigg
3 i_ gig 3; ia Eé
S B i w
= ‘ .
; [
|
e .
S sk
-8.5.8. B,
A= g E [
o ]
D o g
m |“i°|°|"'|“|°|°|"|"'|"|“|"I;|“|'°I;|'°|“|°|"|'°i°I:|”|°I,:|“I;z°|"|“ 2
= CPF:FERELFSIIIERIGEREESEZZIEIE22F ¢
SN fi it i it i
~ N &...5.E . 3.58.0.5.8.8.58.8..5.7.2.8. aigigaﬁ -
o = 'a 28 0 © 1] - n = % 4
g Bz £ 2 & H 1 a2 " a "
5 E 3 =2 g 2z
;
B -
Figure 9

Biomarkers between LAA and the control. (a) Cluster tree between LAA and the control. The circle diagram radiating from
inside to outside is a clustering tree, which represents the classification level of the phylum, class, order, family, genus, or
species. Each small circle on a different circle layer represents a classification at that level, and the diameter of the small
circle is proportional to the relative abundance of the classification. The red and green areas in the image represent
different groupings: yellow indicates species that are not significantly different between the two groups, red nodes
indicate microbial species that play an important role in the red group, and green nodes indicate that they are in the green
group. The red and green nodes in the figure are identified by letters, and the microbial species represented by the nodes
are summarized and annotated on the right side of the cluster tree. (b) Linear discriminant analysis (LDA) effect size
(LEfSe) reveals significant bacterial differences in fecal microbiota between the patients with LAA (negative score) and
the controls (positive score). P phylum; ¢, class; o, order; f, family; g, genera; and s, species.
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(LDA) effect size (LEfSe) reveals significant bacterial differences in fecal microbiota between the patients with CE

(negative score) and the controls (positive score). P, phylum;

and s, species.
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Figure 11

Disease classification based on gut microbiome signature. The classification performance of the multivariable logistic
regression model using the relative abundance of stroke-associated genera was assessed by AUC. (a) Using
Fastidiosipila or Parabacteroides as a predictor generated an AUC. (b-c) Using the relative abundance of LAA-associated
genera or all diversity taxonomic levels generated an AUC. (d) Using only Streptococcus as a predictor generated an AUC.
(e) Using the relative abundance of CE-associated genera generated an AUC.
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Figure 12

a and B diversity differences between stroke and control patients after adjusting for the confounding factors age. (a-b)
PCoA and NMDS based on weighted UniFrac matrix showed that the overall fecal microbiota composition was different
between stroke and control patients. (c—d) Box plots depict differences in fecal a diversity index between patients with
stroke and the control according to Shannon and Simpson indices based on the OUT counts. Boxes represent the
interquartile ranges, lines inside the boxes denote medians, and circles are outliers. P<0.05 indicates statistical
significance as per the Wilcoxon rank sum test. PCoA means principal coordinate analysis. NMDS means non-metric
dimensional scaling. Group 1 pertains to patients with stroke after adjusting for age. Group 2 pertains to the control
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Figure 13

a and B diversity differences between stroke and control patients after adjusting for confounding factors HTN and
T2DM. (a—b) PCoA and NMDS based on weighted UniFrac matrix showed that the overall fecal microbiota composition
was different between stroke and control patients. (c—f) Box plots depict differences in the fecal a diversity index
between patients with stroke and the control according to Sobs, PD whole tree, and Shannon and Simpson indices based
on OUT counts. Boxes represent interquartile ranges, lines inside the boxes denote medians, and circles are outliers.
P<0.05 indicates statistical significance as per the Wilcoxon rank sum test. PCoA means principal coordinate analysis.
NMDS means non-metric dimensional scaling. BS pertains to patients with stroke without HTN and T2DM. Con refers to

BS

Con

BS

control groups without HTN and T2DM. *P < 0.05, **P < 0.01, ***P < 0.001.
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Figure 14

Differences in plasma TMAO between patients with stroke (LAA) and the control after adjusting for the confounding
factor age. The error bar indicates the standard error of mean (SEM). **P < 0.01.
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Figure 15

Relationship between bacteria and laboratory or clinical indices. (a) Heat maps showing Spearman correlation
coefficients between microbiota genera and clinical and laboratory characteristics of patients with stroke. (b—d)
Parabacteroides was significantly over-represented in patients with LAA. (d) Control group with a high abundance of
Haemophilus. The error bar indicates the standard error of mean (SEM). *P < 0.05, **P < 0.01.
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Figure 16

Microbial functional change in LAA. Functional categories between LAA and the control in the level 2 KEGG pathway (b)
and level 3 KEGG pathway (a). Wilcoxon rank sum test. The error bar indicates the standard error of mean (SEM). * P <
0.05,** P < 0.01,*** P < 0.001, **** P < 0.0001.
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Figure 17

Microbial functional change in CE. Functional categories between CE and the control in level 2 KEGG pathway (a) and
level 3 KEGG pathway (b, c). Wilcoxon rank sum test. The error bar indicates the standard error of mean (SEM). * P <
0.05,** P < 0.01, *** P < 0.001, **** P < 0.0001.
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Figure 18

Microbial functional change associated with TMAO reductase in LAA. (a) Difference between LAA and the control in KO
definition to TMAO reductase. (b) High abundance of Enterobacteriaceae and Helicobacter in LAA compared with the
control. Wilcoxon rank sum test. The error bar indicates the standard error of mean (SEM). * P < 0.05, ** P < 0.01, *** P <
0.001, **** P < 0.0001.
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Figure 19

Metabolic pathway: KO00680, methane metabolism. Part of methanogenesis with TMA as a substrate. Searched from
KEGG (https://www.kegg.jp/). 11413148: K18277(ttm); 1.5.8.2: K00317(dmd-tmd) ;1.5.8.1: K00317 (dmd-tmd) 17.2.3:
K07811 (torA), K03532 (torC), K03533 (torD), KO7812 (torZ), K07821 (torY) MtbA: K14082(mtbA) MttB: K14083(mttB)
MttC: K14084(mttC) MtbA: K14082(mtbA) MtbB: K16178(mtbB) MtbC: K16179(mtbC) MtbA: K14082(mtbA) MtmB:
K16176(mtmB) MtmC: K16177(mtmC)
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