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Stroke induces disorder of gut microbiota, however, whether this disorder differs
according to stroke severity and its role in the evolution and outcome of stroke is
currently unknown. Here we explored the composition and structure of fecal
microbiome based on 68 acute ischemic stroke patients presenting with minor
symptoms (admission National Institute of Health Stroke Scale (NIHSS) ≤ 3) and 67
patients with non-minor stroke (admission NIHSS 4-34) using high-throughput Illumina
sequencing of the 16S rRNA. There was no significant difference in a-diversity indices, but
the principal coordinate analysis of the microbiota indicated clear separation of the two
groups. The significantly enriched butyrate-producing genus Roseburia in the minor
stroke group was negat ively correlated with fast ing glucose, whi le the
Erysipelotrichaceae incertae sedis abundant in non-minor stroke patients was positively
correlated with stress hyperglycemia (i.e. fasting glucose/glycated hemoglobin ratio).
Moreover, the relative abundance of genus Roseburia was also significantly associated
with the dynamic changes of NIHSS score, as well as short-term and long-term functional
outcomes. Our results suggested that stroke affects microbiota composition in a manner
differentiated by stroke severity, and the enrichment of genus Roseburia may play a
protective role in stroke evolution and outcome. Our findings strengthen the relevance of
specific taxa for stroke severity that might allow targeted therapy in acute ischemic stroke.

Keywords: gut microbiota, Roseburia, minor stroke, fasting glucose, prognosis
INTRODUCTION

Ischemic stroke is a major cause of disability and mortality worldwide, most prominently in
adults older than 50 years (Diseases and Injuries, 2020). The severity of neurological deficit is a
crucial predictor of clinical outcomes of stroke (Rost et al., 2016; Wouters et al., 2018). Compared
with patients experiencing a minor stroke, patients with severe stroke have a higher disability rate
(Ferro et al., 2016; Farzadfard et al., 2019) and are more likely to have recurrent vascular events
(Park and Ovbiagele, 2016; Asberg et al., 2018). Severe stroke usually means greater irreversible
neurological deficit after local brain tissue injury. On the other hand, severe stroke may lead to
greater systemic inflammatory response, thus aggravating the symptoms and prognosis of patients
gy | www.frontiersin.org October 2021 | Volume 11 | Article 6693221
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(Okar et al., 2020). Accordingly, a better understanding of the
factors involved after the onset of stroke in view of different
severity and their role in stroke severity trajectory is helpful to
predict stroke prognosis and formulate new prevention and
treatment strategies. In the context of post-stroke modifiable
factors, gut microbiota has emerged as a promising target for
shaping a wide variety of factors that will subsequently affect
stroke severity and disease progression (Prame Kumar and
Wong, 2020).

Gut microbiota interacts with the brain following an ischemic
stroke through the bidirectional communication axis known as
the microbiota-gut-brain axis (Cryan et al., 2020). Previous
studies have shown that gut microbiota not only contributes to
the risk factors of stroke such as hypertension (Silveira-Nunes
et al., 2020), obesity (Thaiss, 2018), atherosclerosis (Liu and Dai,
2020), glucose and lipid metabolism (Morrison and Preston,
2016; Luck et al., 2019; Martin et al., 2019), but might also be a
direct risk factor for stroke (Zeng et al., 2019; Tan et al., 2020).
Moreover, the modulation of gut microbiota could have a
positive impact on the progression and outcome of ischemic
stroke (Spychala et al., 2018). Aside from the bottom-up
influences, stroke triggers downstream effects including
increased gastrointestinal permeability and dysbiosis of the gut
microbiota, mainly manifested by the reduction of short-chain
fatty acids (SCFAs)-producing bacteria (Meddings and Swain,
2000; Li et al., 2019; Tan et al., 2021). However, uncertainties
remained about the alterations of gut microbiota in different
stroke severity and the specific bacterial taxa involved in the
dynamic course of neurological deficits due to ischemic stroke.

The aims of this study were to (1) investigate differences in
the composition and structure of gut microbiota between
hospitalized ischemic stroke patients with different admission
severity; (2) explore the correlation between stroke-induced
alterations of gut microbiota and biochemical profiles such as
glucose and lipids; (3) evaluate the severity-based discriminative
taxa in relation to the evolution of subsequent stroke severity, the
short-term and long-term functional outcomes.
MATERIALS AND METHODS

Study Participants
This is a prospective observational cohort study conducted in
Nanjing First Hospital. Patients with acute ischemic stroke were
Abbreviations: SCFAs, short-chain fatty acids; MRI, Magnetic Resonance
Imaging; TOAST, the Trial of Org 10172 in Acute Stroke Treatment; TC, total
cholesterol; HDL, high-density lipoprotein cholesterol; LDL, low-density
lipoprotein cholesterol; BUN, blood urea nitrogen; Scr, serum creatinine; UA,
uric acid; SHG, stress hyperglycemia; NIHSS, National Institute of Health Stroke
Scale; mRS, modified Rankin scale; PCR, polymerase chain reaction; OTUs,
operational taxonomic units; RDP, Ribosomal Database Project; PCoA,
principal coordinate analysis; PERMANOVA, Permutational multivariate
analysis of variance; LDA, linear discriminant analysis; LEfSe, linear
discriminant analysis effect size; IQR, interquartile range; SD, standard
deviation; LF, lower fence; UF, upper fence; PSM, propensity score-matched;
CHD, coronary heart disease; F/B ratio, Firmicutes to Bacteroidetes ratio; FDR,
false discovery rate; OR, odds ratio; CI, confidence interval.

Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 2
consecutively recruited from May 2018 to June 2019 with the
following inclusion criteria: 1) aged 50 years or older; 2) local
residents for over 6 months; 3) Magnetic Resonance Imaging
(MRI)-confirmed ischemic stroke in the anterior circulation
within 3 days of symptom onset; and 4) signed written
informed consents. Exclusion criteria included: 1) cerebral
hemorrhagic stroke; 2) a history of chronic inflammatory or
immune diseases (e.g., rheumatoid arthritis, systemic lupus
erythematosus, or inflammatory bowel disease); 3) a history of
severe liver or kidney dysfunction, hematological diseases, and
malignancies; 4) administration of probiotics, antibiotics,
corticosteroids or immunosuppressants within the past 1
months; and 5) insufficient collection of fecal or blood samples.

The study was approved by the Ethical Review Board of
Nanjing First Hospital (Nanjing, China). The patients provided
their written informed consent to participate in this study.

Baseline Characteristics
and Sample Collection
We collected demographic information and medical histories
from all participants by face-to-face interview. The etiology of
ischemic stroke was classified by the Trial of Org 10172 in Acute
Stroke Treatment (TOAST) criteria. Large artery atherosclerosis
refers to the stroke caused by significant (>50%) atherosclerotic
stenosis or occlusion of a major brain artery or branch cortical
artery (Adams et al., 1993). Small artery occlusion refers to a
recent infarction in the territory of one perforating arteriole,
which should be less than 20 mm in its maximum diameter in the
axial plane (Wardlaw et al., 2013). Biochemical parameters
including serum levels of total cholesterol (TC), high-density
lipoprotein cholesterol (HDL), low-density lipoprotein
cholesterol (LDL), fasting glucose, glycated hemoglobin, blood
urea nitrogen (BUN), serum creatinine (Scr) and uric acid (UA)
were collected after overnight fasting within 24 hours of
admission and measured at the hospital central laboratory with
laboratory staff blinded to clinical data. Stress hyperglycemia
(SHG) was also included as a better biomarker of critical illness
than absolute hyperglycemia (Roberts et al., 2015). It was
calculated using the following formula: fasting glucose/glycated
hemoglobin ratio. Stroke severity was assessed by experienced
neurologists (H.S and Z.L) on admission using the National
Institute of Health Stroke Scale (NIHSS) score and retested at 24
hours, 3 days and 7 days. Patients were divided into two groups:
minor stroke, who had admission NIHSS score ≤ 3 (Wang et al.,
2013), and non-minor stroke with admission NIHSS score > 3.

Sterile fecal containers and instructions were distributed to
each study participant on admission. Approximately 2 g of
fresh fecal samples were collected from each participant within
24 hours after admission and immediately (within 1 hour) stored
at -80°C until analysis.

Functional Outcomes
Functional outcomes were quantified using the modified Rankin
scale (mRS) score at 30 days and 1 year through routine
telephone interview (M.G, H.S and Z.L). Poor functional
outcome was defined as mRS score > 2.
October 2021 | Volume 11 | Article 669322
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DNA Extraction and High
Throughput Sequencing
DNA extraction and sequencing were supported by the Shanghai
Genesky Biotechnology Company (Shanghai, China) not
knowing group assignment. According to the instructions, fecal
genomic DNA was extracted from the fecal samples using the
QIAamp® DNA Stool Mini Kit (Qiagen, Hilden, Germany). The
V3-V4 hypervariable regions of the bacterial 16S rRNA gene
were amplified by polymerase chain reaction (PCR) with the
forward primer (5’-CCTACGGGNGGCWGCAG-3’) and the
reverse primer (5’-GACTACHVGGGTATCTAATCC-3’)
(Meng et al., 2021). Each sample was independently amplified
by three repeated PCR experiments. The PCR products were
checked by agarose gel electrophoresis, and the products from
the same sample were pooled. The pooled PCR product was used
as a template, and the index PCR was performed by using index
primers for adding the Illumina index to the library. The
amplification products were checked using gel electrophoresis
and were purified using the Agencourt AMPure XP Kit
(Beckman Coulter, CA, USA). The purified products were
indexed in the 16S V3-V4 library. The library quality was
assessed on the Qubit@2.0 Fluorometer (Thermo Scientific,
USA) and Agilent Bioanalyzer 2100 systems (USA). High
throughput sequencing was performed on the Illumina Miseq
platform using the 2×250 bp paired-end read protocol.

Bioinformatics and Statistical Analysis
The raw reads were quality filtered andmerged with the following
criteria: (1) truncation of the raw reads at any site with an average
quality score < 20, removal of reads contaminated by adapter and
further removal of reads having less than 100 bp by TrimGalore;
(2) the paired end reads were merged to tags by Fast Length
Adjustment of Short reads (FLASH, v1.2.11); (3) removal of reads
with ambiguous bases (N base) and reads with more than 6 bp of
homopolymer by Mothur; (4) removal of reads with low
complexity to obtain clean reads for further bioinformatics
analysis. The remaining unique reads were clustered into
operational taxonomic units (OTUs) by UPARSE with a 97%
similarity cutoff. All OTUs were classified based on Ribosomal
Database Project (RDP) Release 9 by Mothur. Within-individual
(a) diversity (including observed species, Chao 1, ACE, Shannon,
Simpson, and Coverage index) was used to measure the richness
or evenness of taxa within each sample, and was analyzed by
Mothur. Between-individual (b) diversity was provided for
comparison of the taxonomic profiles between microbial
communities. Unweighted UniFrac is a qualitative measure of
the distance between microbial communities by calculating the
fraction of the branch length in a phylogenetic tree (Lozupone
and Knight, 2005). Weighted UniFrac further weights the
branches of a phylogenetic tree based on the abundance of
information, which is a quantitative measure (Chang et al.,
2011). Unweighted and weighted UniFrac principal coordinate
analysis (PCoA) based on OTUs were performed by R version
3.4.3 (Vegan package). Permutational multivariate analysis of
variance (PERMANOVA; Adonis function) was carried out to
examine whether there were statistical differences in bacterial
community composition (b-diversity) between groups. Metastats
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 3
analysis and linear discriminant analysis (LDA) effect size (LEfSe)
were used to determine the significantly discriminative taxa
between groups (Segata et al., 2011). Bacteria with significant
differences (absolute value of logarithmic LDA score > 2) between
the two groups were plotted on taxonomic bar plots. We also used
BugBase to predict potential microbiome phenotypes, including
aerobic, anaerobic, containing mobile elements, facultatively
anaerobic, biofilm forming, gram-negative, gram-positive,
potentially pathogenic, and stress tolerant (Ward et al., 2017).

All statistical analyses were performed with R version 3.4.3 (R
Development Core Team, Vienna, Austria). Continuous variables
were expressed as median [interquartile range (IQR)] or mean ±
standard deviation (SD) and compared with Wilcoxon rank sum
test or student t test when appropriate. Categorical variables were
expressed as number (percentage) and compared by Pearson’s
chi-square test. A box-plot outlier is detected as any observation
that falls below the lower fence (LF) [LF = Q1-1.5*IQR] or above
the upper fence (UF) [UF = Q3+1.5*IQR], where Q1, Q3 and IQR
are the first quartile, third quartile and interquartile range of the
data, respectively (Chervoneva et al., 2006). The missing values of
TC (1.5%), HDL (1.5%), LDL (1.5%), fasting glucose (3.7%),
glycated hemoglobin ratio (3.7%), and UA (5.9%) were
interpolated with the median. Propensity score-matched (PSM)
analysis was used to obtain matched pairs of samples from the
minor stroke group and the non-minor stroke group. In the PSM
algorithm, the corresponding propensity score of the grouping
variable (minor or non-minor) was calculated for each patient
with a 1:1 nearest-neighbor matching algorithm with a caliper
width of 0.2 of the propensity score, with age, sex, and coronary
heart disease (CHD) as covariates. Spearman’s rank correlation
coefficient was used to explore the correlation of different genera
with biochemical parameters, NIHSS scores obtained at different
timepoints and functional outcomes. We used linear mixed-effects
models with random intercepts and slopes to test whether the
relative abundance of discriminative taxa (e.g., genus Roseburia)
or Firmicutes to Bacteroidetes ratio (F/B ratio) or gram-negative/
gram-positive ratio account for the evolution of NIHSS scores
through the first 7 days of hospitalization. Since the NIHSS score
was highly skewed, the natural logarithm transformation [ln
(NIHSS + 1)] was applied. Grand-mean centering for
continuous covariates with meaningless 0 values (such as age)
was performed. Multivariable logistic regression analyses were
also used to evaluate the associations between the relative
abundance of discriminative taxa and functional outcomes at 30
days and 1 year. The resulting p values were adjusted using the
Benjamini-Hochberg false discovery rate (FDR) correction. Two-
sided p value < 0.05 was considered significant.
RESULTS

Baseline Characteristics of Patients
A total of 732 patients were screened and 135 were recruited
according to the inclusion and exclusion criteria. The flowchart
for the selection is presented in Figure S1. A total of 46 (34.1%)
patients received intravenous thrombolysis. The NIHSS score of
non-minor stroke group ranged from 4 to 34. Patients with
October 2021 | Volume 11 | Article 669322
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minor stroke (n = 68) were younger than those with non-minor
stroke (n = 67) (t test, p = 0.001). CHD was more common in the
non-minor stroke patients (c2 test, p = 0.008), whereas small
artery occlusion was more common in the minor stroke patients
(c2 test, p < 0.001; Table 1). After PSM, 48 patients in the minor
stroke group were matched to 48 patients in the non-minor
stroke group, and no significant difference was observed in
baseline characteristics between the two groups (Table 1).

The Structure of the Gut
Microbiota in Patients
A total of 22,689,893 high-quality reads (mean per subject,
168,073; range, 62,541-992,110) were obtained and analyzed.
Of these, 89.0% were clean reads. Reads were clustered into 2,600
OTUs at 97% identity. There was no significant difference in the
a-diversity indices between minor and non-minor stroke,
including the richness (observed species, Chao 1, and ACE)
and diversity (Shannon index, Simpson index, and Coverage
index) of microbial communities, whether before or after PSM
(Wilcoxon rank sum test, p > 0.05) (Figures 1A and S2A).

The results of PCoA showed that the microbial structure of
patients with minor stroke was different from that of patients
with non-minor stroke in weighted UniFrac distances (Adonis,
p = 0.003; Figure 1B). Adonis using an unweighted UniFrac
distance, however, could not detect community composition
difference between the two groups (Adonis, p = 0.081; Figure
1C). Nevertheless, after PSM, we found significant differences
in microbial communities between groups, which was
consistent with the Adonis results of weighted UniFrac
distance (Figures S2B, C).

Difference in the Microbial Composition
at Different Levels
We evaluated the differences in the composition of gut microbial
community. Figure 2A showed that most of the gut bacteria
detected fall into 3 phyla: Firmicutes, Bacteroidetes, and
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 4
Proteobacteria. Compared with the minor stroke group, the
relative abundance of phylum Firmicutes was significantly
higher in the non-minor stroke group, while the beneficial
phylum Bacteroidetes was relatively less abundant (Figure 2B).
After PSM, the relative abundance of phyla Firmicutes and
Bacteroidetes were still significantly different between the two
groups (Figure S3). Furthermore, the F/B ratio of the non-minor
stroke group was significantly higher than that of the minor
stroke group (Wilcoxon rank sum test, p = 0.001, Table 2).

LEfSe analysis and LDA score were used to further identify
the microbial species with significant differences between the two
groups from phylum to the genus levels. At the genus level,
Bilophila, Roseburia, and Bacteroides were significantly enriched
in the minor stroke group, while Erysipelotrichaceae incertae
sedis, Enterococcus, and Anaerovorax were more abundant in the
non-minor stroke group (Figure 2C). After PSM, the genus
Bacteroides and Roseburia still increased significantly in patients
with minor stroke (Figure S4).

The composition of bacterial communities at the genus level
is shown in Figure 3A. Metastats analysis showed significantly
more abundant SCFAs-producing bacteria (i.e., Roseburia,
Bacteroides and Phascolarctobacterium) in the minor stroke
group than those in the non-minor stroke group. While genus
Dorea, Erysipelotrichaceae incertae sedis, Enterococcus, and
Anaerovorax were more abundant in patients with non-minor
stroke (Figure 3B).

Potential Microbiome Phenotypes
Using BugBase, nine potential phenotypes were predicted
(Table 3). Compared with the non-minor stroke group, the
minor stroke group exhibited significantly lower levels of the
relative abundances of the gram-positive (t test, p = 0.020) and
mobile elements containing (t test, p = 0.010) phenotypes, whilst
higher levels of the relative abundances of the gram-negative
(t test, p = 0.023) and potentially pathogenic (t test, p = 0.008)
phenotypes. There was no significant difference in the ratio of
TABLE 1 | Baseline characteristics of patients before PSM and after PSM.

Baseline characteristics Before PSM After PSM

Minor stroke (n = 68) Non-minor stroke (n = 67) P value Minor stroke (N = 48) Non-minor stroke (N = 48) P value

Age, mean ± SD, y 65.0 ± 9.2 71.0 ± 10.4 0.001 66.8 ± 9.1 67.7 ± 9.3 0.625
Male, n (%) 48 (70.6) 43 (64.2) 0.427 36 (75.0) 34 (70.8) 0.646
BMI, mean ± SD, kg/m2* 23.9 ± 3.5 24.7 ± 3.7 0.196 24.2 ± 3.6 25.2 ± 3.4 0.164
Hypertension, n (%) 55 (80.9) 56 (83.6) 0.682 39 (81.3) 39 (81.3) 1.000
Diabetes mellitus, n (%) 27 (39.7) 23 (34.3) 0.518 20 (41.7) 15 (31.3) 0.289
Dyslipidemia, n (%) 42 (61.8) 39 (58.2) 0.673 27 (56.3) 29 (60.4) 0.679
Coronary heart disease, n (%) 2 (2.9) 11 (16.4) 0.008 2 (4.2) 2 (4.2) 1.000
Smoking, n (%) 38 (55.9) 39 (58.2) 0.785 27 (56.3) 31 (64.6) 0.404
Drinking, n (%) 25 (36.8) 29 (43.3) 0.440 17 (35.4) 22 (45.8) 0.299
TOAST, n (%) <0.001 0.054
LAA 27 (39.7) 26 (38.8) 22 (45.8) 23 (47.9)
SAO 32 (47.1) 13 (19.4) 20 (41.7) 11 (22.9)
Others 9 (13.2) 28 (41.8) 6 (12.5) 14 (29.2)
Octo
ber 2021 | Volume 11 | Article
*For 2 patients, BMI was not available.
Bold value: p value with statistical significance.
PSM, propensity score-matched analysis; SD, standard deviation; BMI, body mass index; TOAST, Trial of Org 10172 in Acute Stroke Treatment; LAA, large artery atherosclerosis; SAO,
small artery occlusion.
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gram-negative/gram-positive between the two groups (t test, p =
0.059, Table 3).

Correlation Analysis Between Gut Bacteria
and Biochemical Parameters
There were no statistically significant differences in TC, HDL,
LDL, fasting glucose, BUN, Scr and UA levels between the two
groups (Table 2). The levels of SHG and F/B ratio in the non-
minor stroke group were significantly higher than that in the
minor stroke group (Table 2).

We performed correlation analyses between the top-50
common genera (Table S1) and biochemical parameters. The
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 5
results showed that the enriched genus Erysipelotrichaceae
incertae sedis in the non-minor stroke group was positively
correlated with the SHG (Spearman correlation, r = 0.21, p <
0.05, Figure 4). While the enriched genus Roseburia in the minor
stroke group was negatively correlated with fasting glucose
(Spearman correlation, r = -0.19, p < 0.05, Figure 4). Likewise,
a similar significantly negative correlation was observed between
the abundance of Roseburia and fasting glucose after PSM
(Spearman correlation, r = -0.23, p < 0.05, Figure S5). Besides,
the butyrate-producing genus Dialister showed a constantly
negative correlation with fasting glucose and SHG, and
Butyricicoccus with BUN. Genus Escherichia/Shigella was
A

B C

FIGURE 1 | Comparison of gut microbiota diversity between minor stroke patients and non-minor stroke patients. (A) Within-individual (a) diversity including observed
species, Chao 1 and ACE, Shannon index, Simpson index and coverage index in minor stroke patients (blue) and non-minor stroke patients (orange). Boxes represent
the interquartile ranges, lines inside the boxes denote medians, and circles are outliers. Between-individual (b) diversity, including principal coordinate analysis (PCoA)
based on weighted UniFrac distances (B) and unweighted UniFrac distances (C), was tested by Adonis. The blue circles represent samples of minor stroke patients and
orange circles represent samples of non-minor stroke patients. PCoA, principle coordinate analysis.
October 2021 | Volume 11 | Article 669322
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positively correlated with SHG and negatively correlated with
BUN, and Parasutterella was positively correlated with LDL.

The Dynamic Association Between Gut
Microbiota and Stroke Severity
At 30 days and 1 year, 1 and 5 patients were lost to follow-up,
respectively. As shown in Figure 5, SCFAs-producing bacterium
Bacteroides was negatively correlated with 24-hour (Spearman
correlation, r = -0.26, p < 0.01) and 3-day NIHSS score
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 6
(Spearman correlation, r = -0.27, p < 0.01), while SCFAs-
producing bacteria Roseburia and Butyricicoccus were
negatively correlated with NIHSS at all times (Spearman
correlation, p < 0.001). Meanwhile, Erysipelotrichaceae incertae
sedis and Enterococcus were significantly positively correlated
with NIHSS scores at all times (Spearman correlation, p < 0.05).
Furthermore, SCFAs-producing bacteria Faecalibacterium,
Roseburia and Bacteroides had a negative correlation with
the mRS scores at 30 days and 1 year (Spearman correlation,
A B

C

FIGURE 2 | Difference of microbial composition between minor stroke patients and non-minor stroke patients. (A) Taxonomic summary of the gut microbiota of minor
stroke patients and non-minor stroke patients at the phylum level. (B) Bacteria with significant differences between minor stroke patients (blue) and non-minor stroke patients
(orange) at the phylum level (Metastats analysis). Boxes represent the interquartile ranges, lines inside the boxes denote medians, and circles are outliers. (C) Significantly
discriminative taxa between the minor stroke patients (blue) and non-minor stroke patients (orange) determined by linear discriminant analysis effect size (LDA effect size).
*p < 0.05, **p < 0.01.
October 2021 | Volume 11 | Article 669322
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TABLE 2 | Metabolic parameters and microbial composition of patients.

Minor stroke (N = 68) Non-minor stroke (N = 67) P value

TC, median (IQR), mmol/L 4.32 (3.52-5.07) 4.37 (3.76-4.81) 0.948
HDL, median (IQR), mmol/L 1.08 (0.95-1.20) 1.08 (0.92-1.21) 0.672
LDL, median (IQR), mmol/L 2.48 (1.86-3.17) 2.60 (2.06-3.15) 0.572
Fasting glucose, median (IQR), mmol/L 5.07 (4.41-6.47) 5.39 (4.75-6.90) 0.075
SHG, median (IQR), mmol/L/% 0.87 (0.75-0.96) 0.93 (0.80-1.10) 0.017
BUN, median (IQR), mmol/L 5.62 (4.43-6.66) 5.40 (4.50-6.70) 0.610
Scr, median (IQR), mmoI/L 71.7 (58.4-84.4) 69.9 (59.0-86.0) 0.893
UA, median (IQR), mmoI/L 294.5 (241.8-360.3) 303.0 (219.0-358.5) 0.380
F/B ratio, median (IQR) 1.73 (0.76-5.38) 3.27 (1.48-14.89) 0.001
Frontiers in Cellular and Infection Microbiology | www.frontier
sin.org 7
 October 2021 | Volume 11 | Article
The number of missing values of TC, HDL, LDL, fasting glucose, SHG and UA were 2, 2, 2, 2, 5, 10 and 8 respectively.
Bold value: p value with statistical significance.
TC, total cholesterol; IQR, interquartile range; HDL, high-density lipoprotein cholesterol; LDL, low-density lipoprotein cholesterol; SHG, stress hyperglycemia (fasting glucose/glycated
hemoglobin ratio); BUN, blood urea nitrogen; Scr, serum creatinine; UA, uric acid; F/B ratio, Firmicutes to Bacteroidetes ratio.
A B

FIGURE 3 | Genus-level difference of microbial composition between minor stroke patients and non-minor stroke patients. (A) Taxonomic summary of the gut
microbiota of minor stroke patients and non-minor stroke patients at the genus level. (B) Bacteria with significant differences between minor stroke patients (blue)
and non-minor stroke patients (orange) at the genus level (Metastats analysis). Boxes represent the interquartile ranges, lines inside the boxes denote medians, and
circles are outliers. *p < 0.05, **p < 0.01.
TABLE 3 | Relative abundances of nine potential phenotypes predicted by BugBase in two groups.

Phenotypes (proportion) Minor stroke (N = 68) Non-minor stroke (N = 67) P value

Aerobic, mean ± SD 0.01 ± 0.02 0.01 ± 0.02 0.824
Anaerobic, mean ± SD 0.26 ± 0.03 0.24 ± 0.06 0.103
Contains mobile elements, mean ± SD 0.25 ± 0.04 0.27 ± 0.05 0.010
Facultatively anaerobic, mean ± SD 0.02 ± 0.02 0.02 ± 0.02 0.271
Forms biofilms, mean ± SD 0.03 ± 0.02 0.04 ± 0.03 0.234
Gram-negative, mean ± SD 0.09 ± 0.05 0.07 ± 0.05 0.023
Gram-positive, mean ± SD 0.21 ± 0.06 0.23 ± 0.06 0.020
Potentially pathogenic, mean ± SD 0.12 ± 0.05 0.10 ± 0.05 0.008
Stress tolerant, mean ± SD 0.01 ± 0.01 0.01 ± 0.02 0.543
Gram-negative/gram-positive ratio, mean ± SD 0.58 ± 0.63 0.40 ± 0.48 0.059
Bold value: p value with statistical significance.
SD, standard deviation.
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p < 0.05), while a positive correlation was noted for Enterococcus
at both follow-ups (Spearman correlation, p < 0.01), and
Erysipelotrichaceae incertae sedis was correlated with mRS
score only at the 1-year follow-up (Spearman correlation,
r = 0.18, p = 0.038).

We chose the significantly discriminative taxa between
groups before and after PSM (genus Bacteroides and
Roseburia) to investigate their associations with short-term and
long-term prognosis. The results of linear mixed-effects model
showed that, the relative abundance of genus Roseburia was
associated with the ln(NIHSS+1) score (estimate = -13.42, p =
0.015). After adjusting for sex, age, CHD, stroke etiology and
intravenous thrombolysis, the relationship was still statistically
significant (estimate = -10.72, p = 0.047). Besides, gram-negative/
gram-positive ratio (estimate = -0.28, p = 0.034) and the relative
abundance of genus Bacteroides (estimate = -1.13, p = 0.010)
were also significantly associated with the ln(NIHSS+1) score.
However, F/B ratio (estimate = 0.002, p = 0.167) had no
correlation with the ln(NIHSS+1) score.

We also used multivariable logistic regression analyses to
investigate the associations between the relative abundance of
genus Roseburia or Bacteroides and 30-day and 1-year functional
outcomes. Considering that the relative abundance of Roseburia
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 8
is relatively small (median 0.00407, interquartile range: 0.00045-
0.01324), we multiplied it by 100 to yield a percentage. After
adjusting for sex, age, CHD, stroke etiology and intravenous
thrombolysis, the results of multivariable logistic regression
analyses showed that the relative abundance of genus
Roseburia was negatively associated with poor functional
outcome at 30 days [odds ratio (OR) 0.50, 95% confidence
interval (CI): 0.26-0.96, p = 0.036] and 1 year (OR 0.45, 95%
CI: 0.22-0.92, p = 0.030). However, the relative abundance of
genus Bacteroides was not associated with poor functional
outcomes, whether at 30 days (OR 0.14, 95%CI: 0.01-2.69, p =
0.194) or 1 year (OR 0.05, 95%CI: 0.02-1.15, p = 0.061). In
addition, neither F/B ratio nor gram-negative/gram-positive
ratio were associated with short-term and long-term
functional outcomes.
DISCUSSION

This prospective cohort of 135 stroke patients showed that
(1) despite the similar a-diversity indices, some gut microbiota
genera, like Roseburia and Erysipelotrichaceae incertae sedis, were
distinct between patients with minor and non-minor stroke;
FIGURE 4 | Heatmap of Spearman correlation analysis between gut microbiota and biochemical parameters. *p < 0.05, **p < 0.01. TC, total cholesterol; HDL, high-
density lipoprotein cholesterol; LDL, low-density lipoprotein cholesterol; SHG, stress hyperglycemia; BUN, blood urea nitrogen; Scr, serum creatinine; UA, uric acid.
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(2) Roseburia was negatively correlated with fasting glucose and
Erysipelotrichaceae incertae sedis was positively correlated with
SHG; (3) the relative abundance of genus Roseburia was
significantly associated with the evolution of NIHSS score and
short-term and long-term functional outcomes.

Our study is one of the few studies thus far demonstrating
the role of gut microbiota in patients with different stroke
severity. Yin et al. found that Bacteroides were depleted
in severe stroke patients compared with mild stroke
patients (NIHSS score ≤ 4), whereas Escherichia/Shigella
were more abundant in severe stroke patients (NIHSS score >
4) (Yin et al., 2015). Consistently, we found that patients
with non-minor stroke have lower levels of Bacteroides
than patients with minor stroke, and the genus Escherichia/
Shigella was positively correlated to SHG, a marker of
disease severity (Pan et al., 2017). In another study, Li et al.
reported an increase in Enterobacter, Pyramidobacter, and
Lachnospiraceae UCG-001 in mild stroke patients (NIHSS
score ≤ 4). Meanwhile, genus Ruminococcaceae UCG-002,
Christensenellaceae R-7 group, Ruminococcaceae UCG-005,
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 9
and norank Ruminococcaceae were increased in severe stroke
patients (NIHSS score > 4) (Li et al., 2019). However, similar
results were not confirmed in our study, this might be attributed
to the differences in the definition of minor stroke and the
sample size of the study cohort. In the study of Li et al., there
were 13 patients with severe stroke and 17 patients with mild
stroke. They defined minor stroke as NIHSS score ≤ 4. In
addition, the time of enrollment may also account for the
discrepancy (Jeon et al., 2020). For instance, they did not
define the onset time of stroke and they collected fecal samples
within 48 hours of admission.

An important finding of this study is the robust relationship
between genus Roseburia and stroke severity, evolution and
outcome. Genus Roseburia is an important butyrate-producing
bacterium (Boesmans et al., 2018; Kasahara et al., 2018; Seo et al.,
2020). SCFAs, including acetate, propionate, and butyrate, are
important bacterial metabolites and have beneficial effects on
energy metabolism and intestinal barrier integrity (Kasubuchi
et al., 2015). In our study, other SCFAs-producing bacteria such
as Bacteroides and Phascolarctobacterium were also significantly
FIGURE 5 | Heatmap of Spearman correlation analysis between gut microbiota and NIHSS score and functional outcomes. *p < 0.05, **p < 0.01. NIHSS, the
National Institute of Health Stroke Scale; mRS, modified Rankin scale score.
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more abundant in the minor stroke group than the non-minor
stroke group. Previous studies have confirmed the importance of
butyrate-producing bacteria in regulating blood glucose and
improving insulin sensitivity (Furet et al., 2010). Compared
with patients with normal carbohydrate metabolism, the
concentrations of butyrate-producing bacteria in patients with
type 2 diabetes were lower (Qin et al., 2012; Karlsson et al., 2013).
Transplantation of gut microbiota from lean donors to recipients
with metabolic syndrome has been shown to increase levels of
butyrate-producing microbiota and improve insulin sensitivity
(Vrieze et al., 2012). In our study, the genus Roseburia was also
negatively correlated with fasting glucose. In addition, previous
studies have provided strong evidence for butyrate-producing
microbiota against lipid disorders, systemic inflammation, and
atherosclerosis (Gozd-Barszczewska et al., 2017; Kasahara et al.,
2018; van den Munckhof et al., 2018). SCFAs are also considered
as potential mediators of gut microbiota affecting intestinal
immune function (Vinolo et al., 2011). The transplantation of
SCFA-producers could increase the concentration in gut, brain
and plasma, and reduce the neurological deficit and
inflammation after stroke in aged mice (Lee et al., 2020). There
is also evidence that the microbiota-derived SCFAs have also
been shown to modulate poststroke recovery by affecting
systemic and brain resident immune cells (Sadler et al., 2020).
Thus, transplantation of fecal bacteria rich in SCFAs and
supplementation of butyrate might be an effective intervention
for poststroke neuroinflammation.

In our study, Erysipelotrichaceae incertae sedis was more
abundant in patients with non-minor stroke, and was
positively correlated with SHG and NIHSS scores. The role of
family Erysipelotrichaceae in metabolic disorders might account
for its potential detrimental effect on stroke severity. Early
evidence suggested that species belonging to Erysipelotrichaceae
would proliferate in diet-induced obese animals (Turnbaugh
et al., 2008). The subsequent research observed an increase of
Erysipelotrichaceae in mice on high-fat or western diet (Fleissner
et al., 2010). Nutrition studies further support the effect of dietary
fat on the abundance of Erysipelotrichaceae (Kaakoush, 2015).
Future investigations are needed on the metabolic interactions
with Erysipelotrichaceae under disease states such as a stroke.

Considering the high disability rate of stroke, it is important
to predict the change of stroke severity. As a result of this
paper, some bacteria such as Roseburia, Enterococcus, and
Erysipelotrichaceae incertae sedis were significantly correlated
with the NIHSS score. Besides, the F/B ratio of non-minor
stroke patients was higher than that of minor stroke
patients, which was consistent with previous reports (Tan
et al., 2021). Several previous reports demonstrated that the F/
B ratio was associated with obesity, hypertension, diabetes, and
atherosclerosis, which are risk factors for stroke. Obese
individuals had a significantly higher level of Firmicutes and
lower level of Bacteroidetes compared with lean controls (Ley
et al., 2006; Koliada et al., 2017). An increased F/B ratio was
observed both in animal and human hypertension (Yang et al.,
2015). Demirci et al. reported that the F/B ratio in patients with
type 1 diabetes mellitus was significantly lower than in healthy
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 10
controls (Demirci et al., 2020). Compared with the healthy
control group, the F/B ratio of atherosclerotic patients was
significantly higher (Emoto et al., 2016). At the same time,
studies have shown that a high-fat diet profoundly increases
the F/B ratio, resulting in dysregulation of the gut microbiota
(Marques et al., 2016). Animal experiments have shown that
reducing the F/B ratio of old mice to a level similar to that of
young mice could improve the prognosis of stroke (Spychala
et al., 2018). These might be the reasons why the F/B ratio
predicts the change of stroke severity. However, in this study,
after adjusting for covariates, F/B ratio was no longer associated
with the evolution of stroke severity. This may be attributed to
the older age of patients in the non-minor stroke group.
Additional investigations are warranted to further examine the
correlations between the F/B ratio and the stroke severity and its
possible pathophysiological mechanism.

The findings of our study should be interpreted with caution
due to the small sample size and study limitations inherent in any
single-center observational analysis. First of all, this is a hospital-
based study making it impractical to obtain fecal samples before
stroke onset, and the absence of healthy controls makes it
different to calibrate the stroke-induced change in the
composition of gut microbiota. As such, further studies are
needed to explore the effects of the stroke itself on individual
gut microbiota. Secondly, we collected the fecal microbiota and
measured the biochemical parameters at a single time point,
therefore, we could not observe the dynamic changes of the
microbiota to test the real-time interaction with these parameters
and stroke severity. Thirdly, although we included relatively
homogenous participants (i.e. local residents) and excluded
those who had used probiotics, antibiotics, corticosteroids, or
immunosuppressants in the past month, dietary information and
other drugs that may affect gut microbiota were not considered.
Another limitation is the lack of characterization of the
metabolomics profiles and SCFAs concentrations in the fecal
and blood samples. Finally, the observed results might be
overstated without the functional correlation or intervention
experiments in human or animal models. However, it provides
the rationale for large-scale and well-designed studies to explore
the prognostic and therapeutic potentials of the genus Roseburia
in stroke patients.

In summary, our study suggests that acute ischemic stroke
patients with different severity have different gut microbiological
characteristics. Moreover, the levels of some gut microbiota were
related to glucose and lipid metabolism. The relative abundance
of genus Roseburia could be a predictor of evolution in stroke
severity and functional outcomes.
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