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ABSTRACT

Background: Oral microbes mediate the production of nitric oxide (NO) through the deni-
trification pathway. This study aimed to investigate the association between oral microbial
nitrate metabolism and prognosis in acute ischemic stroke (AlS) patients.

Methods: This prospective, observational, single-center cohort study included 124 AIS
patients admitted within 24 hours of symptom onset, with 24-hour ambulatory blood
pressure data. Oral swabs were collected within 24 hours. Hypertensive AIS patients were
stratified by the coefficient of variation (CV) of 24-hour systolic blood pressure. Microbial
composition was analyzed using LEfSe and PICRUSt2 for bacterial and functional pathway
identification.

Results: Significant differences in oral microbiota composition were observed between
hypertensive AIS patients with varying CVs. Lower CV groups showed enrichment of
nitrate-reducing bacteria and “Denitrification, nitrate => nitrogen” pathways. The TAX score
of oral nitrate-reducing bacteria, derived from LASSO modeling, independently correlated
with 90-day modified Rankin Scale scores, serving as an independent risk factor for poor
prognosis. Mediation analyses suggested indirect that the TAX score not only directly influ-
ences outcomes but also indirectly affects them by modulating 24-hour systolic blood
pressure CV.

Conclusions: AlIS patients with comorbid hypertension and higher systolic blood pressure CV
exhibited reduced oral nitrate-reducing bacteria, potentially worsening outcomes.
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Introduction uncovered associations between NO signaling and
cardiovascular diseases such as coronary heart disease
and stroke [7,8]. These studies indirectly underscore
the importance of NO in vascular maintenance and its

potential implications for the treatment of cardiovas-

Nitrate, a compound essential for various physiologi-
cal functions, is present in the human body in multiple
forms, including the oxidation of nitric oxide (NO)
and ingested food and drinks [1]. Nitrate is trans-
ported to the oral cavity via circulation and becomes
enriched in this environment, where oral microbiota
play a crucial role in converting nitrate to nitrite [2-4].
Once nitrite is formed, it can be absorbed into the
bloodstream and further converted to NO,
a molecule with significant vasodilatory and anti-
inflammatory properties [3]. NO plays a vital role in
maintaining vascular homeostasis by regulating blood

cular diseases [9,10].

A possible mechanism linking oral microbiota to
health is the nitrate (NO3-)-nitrite (NO2-)- NO
pathway, which relies on oral bacteria to reduce
NO3- to NO [11]. Recent advancements in micro-
biological research have emphasized the pivotal role
of oral microbiota in cardiocerebral vascular dis-
eases, particularly concerning nitrate metabolism

vessel dilation and reducing inflammation, thereby
contributing to the stabilization of blood pressure
variability in humans [5,6]. Previous research has

and the production of NO [1,12,13]. Scientists are
actively exploring methods to regulate NO levels by
manipulating oral microbes to enhance nitrite
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production, thereby influencing NO concentration
[11,14]. One notable discovery is the effect of anti-
microbial mouthwash on the ability of the oral
microbiota to metabolize nitrate, subsequently
impacting blood pressure regulation, especially in
individuals with hypertension. Studies have indi-
cated that the use of antimicrobial mouthwash dis-
rupts the natural equilibrium of the oral microbiota
involved in nitrate reduction, leading to an increase
in systolic blood pressure [15]. Conversely, investi-
gations into nitrate supplementation have revealed
alterations in the composition of oral microbiota,
resulting in lower blood pressure levels compared
to the control groups [11]. These findings under-
score the potential therapeutic implications of tar-
geting oral microbial communities to modulate
nitrate metabolism, and consequently, blood pres-
sure regulation.

Managing blood pressure after the onset of acute
ischemic stroke (AIS) is crucial for improving
patient prognosis. Recent research underscores the
importance of addressing blood pressure variability
in addition to controlling blood pressure levels.
Studies have demonstrated that fluctuations in
blood pressure after stroke onset significantly affect
patient outcomes [16-18].

Although commensal oral bacteria are recognized
for their crucial role in converting dietary nitrate to
nitrite [19], there remains a significant gap in under-
standing their potential involvement in blood pres-
sure regulation and their impact on outcomes in AIS
patients. Research in this area is relatively scarce, and
further investigations are warranted to elucidate the
intricate mechanisms underlying the relationship
between oral microbiota, blood pressure regulation,
and clinical outcomes in patients with AIS. By com-
prehensively exploring these connections, researchers
can potentially uncover novel therapeutic targets and
strategies aimed at improving the prognosis and
management of AIS, particularly those with under-
lying hypertension.

Methods
Ethics statement and participants

This study appears to be a prospective, observational,
single-center study conducted at Guangzhou Southern
Hospital. This study aimed to include AIS patients
admitted between June 2020 and October 2021 who
were then screened to establish an observational cohort
based on specific inclusion and exclusion criteria. The
inclusion criteria for the study were as follows: (1) age
>18 years. (2) Admission within 24 hours of ischemic
stroke onset. The exclusion criteria were as follows: (1)

use of antibiotics, prebiotics, or probiotics within three
months before admission. (2) Admission occurring
more than 24 h after stroke onset. (3) Active infection
within 2 weeks prior to admission. (4) History of oral
and respiratory cancers or advanced cancers. (5) Failure
to provide oral swab samples during hospitalization. (6)
Use of immunosuppressants or history of systemic dis-
eases such as cirrhosis, renal failure, and hematologic
conditions. Oral swab specimens were collected from
patients within 24 h of admission, and 24-hour ambu-
latory blood pressure was recorded. The study was
approved by the Ethics Committee of Nanfang
Hospital, Southern Medical University (NFEC-2020-
169), and registered at http://clinicaltrials.gov
(NCT04688138). Informed consent was obtained from
all the patients or their legal representatives.

Oral sample collection

The sampling procedure involved noninvasive collection
of samples from the oral mucosa and gingiva using sterile
sampling swabs. These swabs were dipped in a small
amount of sterile saline and used to scrape the left and
right sides of the oral mucosa and gingiva three times
each. After sampling, the swabs were gently removed and
placed in sampling tubes, which were then capped. Three
swabs were collected per patient. The collected specimens
were immediately transferred to the laboratory. In the lab,
the heads of the swabs were transferred to 2 ml sterile EP
tubes in a fume hood, and the tails were discarded. The
swabs were then placed in a — 80°C refrigerator for freez-
ing and storage until further analysis. This method
ensured the collection of oral microbiota samples in
a sterile manner, preserving their integrity for subsequent
analysis without causing discomfort or risk to patients.

16S rRNA sequencing and analysis

DNA was extracted from the oral swab samples using
the Mabio® Bacterial DNA Extraction Mini Kit. The
concentration and purity of the extracted DNA were
measured using a NanoDrop One spectrophotometer
(Thermo Fisher Scientific, MA, USA). To amplify dif-
ferent regions of the 16S rRNA gene (specifically V3-V4
regions), specific primers (338F and 806 R) with a 12bp
barcode were utilized, and the NEBNext® Ultra™ Il DNA
Library Prep Kit for Illumina® (New England Biolabs,
MA, USA) was used to generate sequencing libraries,
with index codes added to facilitate sample identifica-
tion. The quality of the library was assessed using
a Qubit® 2.0 Fluorometer (Thermo Fisher Scientific,
MA, USA). Subsequently, the library was sequenced
on the Illumina Nova6000 platform, generating paired-
end reads of 250bp each, a process performed by
Guangdong Magigene Biotechnology Co., Ltd. in
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Guangzhou, China. Chimeric sequences were removed,
and sequencing noise was detected using the DADA2
method. Sequences were then grouped into amplicon
sequence variants (ASV's) with a 99% similarity thresh-
old. Taxonomic classification of the sequences was
accomplished using the q2-feature-classifier plugin,
which utilized the vsearch alignment method and
SILVA v132 database. For additional details on the
16S rRNA sequencing analysis, please refer to the sup-
plementary material provided for the study.

Alpha diversity analyses were conducted, which
included metrics such as Shannon index, Chaol index,
Simpson index, and observed species. The analyses were
performed using an annotated ASV abundance table. To
compare differences between groups, Mann-Whitney
U tests were performed using statistical software R.

Additionally, beta diversity was calculated and gra-
phically presented based on the ASV abundance table
using the “vegan” package in R (version 2.6.4) for
Principal Coordinates Analysis (PCoA). This allowed
for the visualization of dissimilarities in microbial
composition between different groups or conditions
within the study cohort.

Linear discriminant analysis effect size (LEfSe) was
conducted using the QIIME2 platform based on homo-
genized ASV abundance tables for each species class.
A screening value of 3 was set for the LDA Score, mean-
ing that only species with an LDA Score greater than 3
were considered significant and were further analyzed.

Prediction of functional pathway using PICRUSt2

The ASV abundance table was standardized using
PICRUSt2 to mitigate the influence of the copy number
of the 16S marker gene in the species genome.
Subsequently, each ASV’s corresponding greengene ID
was compared to the KEGG database, allowing for retrie-
val of KO, Pathway, and EC information. Functional
category abundances were then calculated based on
ASV abundance, yielding abundance tables for each
sample at different classification levels for subsequent
analyses [20].

PICRUSt2 results were further enriched using the
Reporter Score method to assess the enrichment status
of pathways, modules, etc. Enrichment analysis of the
PICRUSt2 results was conducted using the R software
“ReporterScore” package (version 0.0.1.1), which is sup-
ported by the “PICRUSt2” software package (ver-
sion 0.1.0).

The KO numbers corresponding to modules
related to nitrate metabolism were obtained from
the KEGG official website (https://www.kegg.jp/).
The sum of the corresponding abundance values of
all KO labels for each module of each specimen was
separately calculated as the total score (n) of this
module for that specimen. These scores were then
converted into logs (n + 1). Multiple linear regression
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was used to assess the relationship between the total
scores and clinical indices. The false discovery rate,
computed using the Benjamini-Hochberg method,
was used to interpret multiple hypothesis tests.

Statistical analyses

In this study, the LASSO (Least Absolute Shrinkage
and Selection Operator) regression model was
employed to select the most prognostic markers.
This analysis was conducted using the R software
and the “glmnet” package (version 4.1.8). The relative
abundance of organisms was utilized as the original
value, whereas KEGG abundance was log-
transformed to log(n+ 1) to meet the assumptions
of the regression model.

Mediating effect refers to the influence of an inde-
pendent variable (X) on a dependent variable (Y)
through a mediating variable (M). The specific steps
of the mediating effect analysis were as follows: (1)
Total effects analysis: determination of the existence
of the effect of the independent variable (X) on the
dependent variable (Y). (2) Assessment of the effect
of the independent variable (X) on the mediating
variable (M). (3) Confirmation of the mediating
variable (M) influencing the dependent variable (Y)
while controlling for the independent variable (X).
(4) Causal mediation analysis. This analysis was con-
ducted using R software and the ‘mediation’ package
(version 4.5.0) to explore the causal relationships
between the variables and assess the mediating
effects.

Data analysis was conducted using IBM SPSS
Statistics for Windows version 26.0. The study popu-
lation was characterized by demographic and clinical
variables. Different types of data were expressed using
appropriate summary statistics, and the mean (stan-
dard deviation) was used as measurement data that
conformed to a normal distribution. Data that exhib-
ited a skewed distribution are expressed as median
(interquartile range). The numerical data are pre-
sented as percentages. Statistical significance was
determined using the Kruskal - Wallis and Mann -
Whitney U tests for non-parametric data. Univariate
and multivariate logistic regression analyses were per-
formed to identify risk factors for clinical outcomes.
Odds ratios (ORs) and 95% confidence intervals (Cls)
were calculated to quantify the association between
potential risk factors and clinical outcomes.

Results

Clinical characteristics of AlS patients grouped
based on history of hypertension

Between June 2020 and October 2021, we enrolled
patients with AIS who were admitted within 24 h of
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symptom onset and had 24-hour ambulatory blood pres-
sure data (Figure S1). To investigate the impact of
a history of hypertension on oral bacteria in AIS patients,
we initially categorized AIS patients into a hypertensive
group and a non-hypertensive group based on their
hypertension history. We then compared various condi-
tions between the two groups, including age, sex, smok-
ing and alcohol consumption history, previous stroke
occurrence, comorbidities, disease severity, treatment
modalities such as revascularization therapies and enteral
nutritional therapy, stroke subtype, oral health status, and
90-day modified Rankin Scale (mRS) score. Following
statistical analysis, we noted significant differences in the
proportion of atrial fibrillation and stroke subtypes
between the two groups. However, no statistical variance
was detected in the remaining indicators (Table 1).

The diversity and composition of oral microbiota
for AIS patients grouped based on history of
hypertension

We observed statistically significant differences in alpha
diversity measures (Shannon’s index, Simpson’s index,
Chaol index, and observed species) between the two
groups (Figure 1(a-d)). Additionally, PCoA indicated
disparities in beta diversity (Figure 1(e)). These findings
strongly suggest that a history of hypertension influences
oral microbiota composition in patients following an AIS
event. Further subgroup analyses are warranted to
explore the relationship between blood pressure varia-
bility and oral microbiota.

Prediction of oral microbiota function in AlS
patients grouped based on their history of
hypertension

We conducted a functional prediction analysis using
PICRUSt2. The hypertensive group exhibited higher
potential across all five modular classifications: amino
acid, energy, carbohydrate, cofactor and vitamin, and
polysaccharide metabolism. Conversely, the non-
hypertensive group showed higher potential, primarily
in three modular classifications: gene set, exogenous
substance biodegradation, and terpenoid and polyketide
biosynthesis (Figure S2). Notably, no differences were
observed in the nitrate metabolism module, specifically
NO production, between the hypertensive and non-
hypertensive groups. These findings suggest that
a history of hypertension alone does not contribute to
differences in nitrate metabolism-associated functions
within the oral microbiota.

The association between blood pressure-related
variables and the prognosis for AlS patients with
a history of hypertension

We performed subgroup univariate logistic regression
analyses to examine the consistency and significance
of the 24-hour systolic and diastolic blood pressure
mean, standard deviation (SD), and coefficient of
variation (CV) on 90-day functional prognosis out-
comes, stratified by whether patients had a history of
comorbid hypertension (Table 2). The findings indi-
cated that in the hypertensive group, both 24-hour

Table 1. Baseline table between none-hypertension group and hypertension group.

Total (n=124) none-hypertension (n = 44) Hypertension (n = 80) P value
Age (years) £ mean (SD) 62.47 +11.78 62.14+12.41 62.65+ 11.49 0.847
Sex (male), n (%) 94 (75.8%) 35 (79.5%) 59 (73.8%) 0.471
Diabetes, n (%) 34 (27.4%) 8 (18.2%) 26 (32.5%) 0.087
Coronary Heart Disease, n (%) 13 (10.5%) 5 (11.4%) 8 (10.0%) 0.813
Atrial Fibrillation, n (%) 28 (22.6%) 18 (40.9%) 10 (12.5%) <0.001
Hyperlipidemia, n (%) 42 (33.9%) 16 (36.4%) 26 (32.5%) 0.664
Previous Stroke, n (%) 32 (25.8%) 9 (20.5%) 23 (28.7%) 0.312
Smoking status, n (%) 72 (58.1%) 25 (56.8%) 47 (58.8%) 0.835
Drinking status, n (%) 51 (41.1%) 17 (38.6%) 34 (42.5%) 0.676
NIHSS on Admission, median (IQR) 9 (10) 8 (7) 9 (11) 0.544
mRS on Admission, median (IQR) 4(2) 4(2) 4(2) 0.700
Dysphagia, n (%) 46 (37.1%) 12 (27.3%) 34 (42.5%) 0.093
Enteral Nutrition before Sampling, n (%) 22 (17.7%) 8 (18.2%) 14 (17.5%) 0.924
Pneumonia, n (%) 27 (21.8%) 9 (20.5%) 18 (22.5%) 0.792
Revascularization therapies, n (%) 0.490
Intravenous Thrombolysis 15 (12.1%) 8 (18.2%) 7 (8.8%)
Endovascular Thrombectom 64 (51.6%) 21 (47.7%) 43 (53.8%)
Bridging Therapy 23 (18.5%) 8 (18.2%) 15 (18.8%)
Drug Treatment 22 (17.7%) 7 (15.9%) 15 (18.8%)
Stoke subtype, n (%) 0.008
Large artery disease 81 (65.3%) 21 (47.7%) 60 (75.0%)
Cardioembolism 28 (22.6%) 17 (38.6%) 11 (13.8%)
Small vessel occlusion 7 (5.6%) 2 (4.5%) 5 (6.3%)
Others 8 (6.5%) 4 (9.1%) 4 (5.0%)
Dental and oral health
Profound caries, n (%) 55 (44.4%) 17 (38.6%) 38 (47.5%) 0.342
Residual root, n (%) 15 (12.1%) 5 (11.4%) 10 (12.5%) 0.853
Severe periodontitis, n (%) 78 (62.9%) 29 (65.9%) 49 (61.3%) 0.607
Missing teeth, n (%) 17 (13.7%) 5 (11.4%) 12 (15.0%) 0.573
90-day mRS, median (IQR) 1(3) 1(3) 1(3) 0.568

SD standard deviation; IQR interquartile range; NIHSS National Institutes of Health Stroke Scale; mRS Modified Rankin Scale.
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Figure 1. Oral microbiota diversity between none-hypertension group and hypertension group. (a-d) alpha diversity: (a)
Shannon index, (b) Simpson index, (c) observed species, (d) Chaol index; (e) beta diversity: PCoA result based on Bray Curtis.

systolic SD and 24-hour systolic CV were identified
as significant risk factors for 90-day functional prog-
nosis. In contrast, in the non-hypertensive group,
only the 24-hour diastolic mean was statistically sig-
nificant. It is important to note that the mean values
were influenced by extreme values and did not ade-
quately capture the data fluctuations.

Previous studies have suggested that oral micro-
biota can affect host blood pressure through nitrate
metabolism, especially in populations with a history

of hypertension [21]. We observed differences in the
oral microbiota composition between the two groups
of patients based on their history of hypertension.
Univariate logistic regression analysis indicated
a significant association between 24-hour systolic
blood pressure CV and prognosis in AIS patients
with a history of hypertension. Consequently, subse-
quent investigations will focus on exploring the rela-
tionship between oral microbiota, 24-hour systolic
blood pressure CV, and 90-day functional prognosis,

Table 2. Univariate logistic regression analysis of 24-hour blood pressure indexes and 90-day functional
prognosis in none-hypertension group and hypertension group.

Univariate analysis

Risk factor OR(95% Cl) P Value
Hypertension Mean value of 24-hour systolic blood pressure 0.992 (0.961-1.024) 0.618
SD of 24-hour systolic blood pressure 1.130 (1.014-1.260) 0.027

CV of 24-hour systolic blood pressure 1.196 (1.027-1.394) 0.022

Mean value of 24-hour diastolic blood pressure 0.989 (0.954-1.024) 0.522

SD of 24-hour diastolic blood pressure 0.964 (0.797-1.168) 0.711

CV of 24-hour diastolic blood pressure 0.981 (0.874-1.101) 0.742

None-hypertension Mean value of 24-hour systolic blood pressure 1.022 (0.976-1.069) 0.355
SD of 24-hour systolic blood pressure 1.085 (0.899-1.309) 0.395

CV of 24-hour systolic blood pressure 1.052 (0.830-1.335) 0.674

Mean value of 24-hour diastolic blood pressure 0.926 (0.859-0.997) 0.042

SD of 24-hour diastolic blood pressure 1.096 (0.789-1.523) 0.584

CV of 24-hour diastolic blood pressure 1.178 (0.954-1.454) 0.129

CV Coefficient of Variation; SD Standard Deviation; OR Odds ratio; 95% Cl 95% confidence interval.
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specifically in AIS patients with a history of
hypertension.

To group AIS patients with a history of
hypertension based on 24-hour systolic blood
pressure CV

We utilized a cutoff value of 9.19 for 24-hour post-
admission systolic blood pressure CV, determined
using restrictive cubic bars, to divide 80 AIS patients
with a history of hypertension into two groups: one
with a lower CV and the other with a higher CV
(Figure 2). Subsequently, we compared the clinical
characteristics of the two groups. Among AIS patients
with a history of hypertension, despite the division
according to CV, there were no significant clinical
index differences between the groups, except for varia-
tions in the type of antihypertensive drugs used
(Table 3).

The differences in oral microbiota among
patients exhibiting different 24-hour systolic
blood pressure CV

Our findings revealed statistically significant differences
in both the Chaol index and observed species within
alpha diversity between the two groups (Figure 3(a-d)).
Additionally, PCoA analysis indicated a notable differ-
ence in beta diversity between these groups. These
results suggest that when categorized by CV, there
was a significant variance in microbial diversity
among the patient groups (Figure 3(e)). We also
found that variables related to medical treatments can

OR (95% Cl)

modulate the microbiota. Permutational multivariate
analysis of variance (PERMANOVA) highlighted sig-
nificant influences of different types of antihyperten-
sive drugs on oral flora composition. Severe
periodontitis, however, appeared to have a minor
impact on microbial composition changes (Figure S4).
Furthermore, using LEfSe, we identified specific
bacterial species that differed between the two groups
(Figure 4). Using an LDA cut-off value of 4.0, LEfSe
analysis revealed a higher abundance of Proteobacteria,
Gammaproteobacteria, Burkholderiales, Neisseriaceae,
and Neisseria in the lower CV group. Conversely, the
higher CV group exhibited increased levels of
Bacteroidota, Bacteroidia, Bacteroidales, Prevotellaceae,
and Prevotella. These distinct taxa may be associated
with nitrate metabolism [2], although further investi-
gation is needed to establish the specific metabolic
pathways that differ between the two groups.

The denitrification pathway is closely related to
24-hour systolic blood pressure CV

The functional predictions obtained from the
PICRUSt2 analysis revealed that the lower CV
group exhibited a higher potential across all four
module classifications: amino acid metabolism,
energy metabolism, carbohydrate metabolism, and
cofactor and vitamin metabolism. On the other
hand, the higher CV group demonstrated a higher
relative potential, specifically in carbohydrate meta-
bolism, compared to the other three module classifi-
cations (Figure 5, S3). Notably, within the energy
metabolism category, the module “Denitrification,

5.0 7.5

9.1910.0

12.5 15.0

24-hour systolic blood pressure CV

Figure 2. Associations between 24-hour systolic blood pressure CV and 90-d mRS using restricted cubic spline models. The risk
of poor outcomes was relatively flat until around 9.19 of CV and then started to increase rapidly afterwards. OR, odds ratio; 95%

Cl, 95% confidence interval.
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Table 3. Baseline table between lower CV group and higher CV group.

Total (n=80) lower CV (n=37) higher CV (n=43) P value
Age (years) + mean (SD) 62.65+11.50 60.30+11.24 64.67 £ 11.45 0.060
Sex (male), n (%) 59 (73.8%) 27 (73.0%) 32 (74.4%) 0.884
Diabetes, n (%) 26 (32.5%) 14 (37.8%) 12 (27.9%) 0.344
Coronary Heart Disease, n (%) (100%) 2 (5.4%) 6 (14.0%) 0.204
Atrial Fibrillation, n (%) 0 (12.5%) 4 (10.8%) 6 (14.0%) 0.672
Hyperlipidemia, n (%) 6 (32.5%) 13 (35.1%) 13 (30.2%) 0.641
Previous Stroke, n (%) 3 (28.7%) 8 (21.6%) 15 (34.9%) 0.191
Smoking status, n (%) 7 (58.8%) 21 (56.8%) 26 (60.5%) 0.737
Drinking status, n (%) 4 (44.6%) 17 (45.9%) 17 (39.5%) 0.563
NIHSS on Admission, median (IQR) 9 (11 8 (9) 1 (11) 0.066
mRS on Admission, median (IQR) 4(2) 4 (3) 4 (2) 0.151
Dysphagia, n (%) 34 (42.5%) 13 (35.1%) 21 (48.8%) 0.216
Enteral Nutrition before Sampling, n (%) 14 (17.5%) 6 (16.2%) 8 (18.6%) 0.779
Pneumonia, n (%) 8 (22.5%) 7 (18.9%) 11 (25.6%) 0.477
Revascularization therapies, n (%) 0.295
Intravenous Thrombolysis 7 (8.8%) 2 (5.4%) 5 (11.6%)
Endovascular Thrombectom 43 (53.8%) 19 (51.4%) 24 (55.8%)
Bridging Therapy 15 (18.8%) 6 (16.2%) 9 (20.9%)
Drug Treatment 15 (18.8%) 10 (27.0%) 5 (11.6%)
Stoke subtype, n (%) 0.136
Large artery disease 60 (75%) 25 (67.6%) 35 (81.4%)
Cardioembolism 11 (13.8%) 5 (13.5%) 6 (14.0%)
Small vessel occlusion 5 (6.3%) 3 (8.1%) 2 (4.7%)
Others 4 (5.0%) 4 (10.8%) 0 (0.0%)
Dental and oral health
Profound caries, n (%) 8 (47.5%) 18 (48.6%) 20 (46.5%) 0.849
Residual root, n (%) 0 (12.5%) 6 (16.2%) 4 (9.3%) 0.351
Severe periodontitis, n (%) 49 (61.3%) 25 (67.6%) 24 (55.8%) 0.282
Missing teeth, n (%) 2 (15.0%) 7 (18.9%) 5 (11.6%) 0.363
Antihypertension Drugs, n (%) 0.023
Alpha Receptor Blockers 26 (32.5%) 9 (24.3%) 17 (39.5%)
Calcium Channel Blockers 6 (7.5%) 2 (5.4%) 4 (9.3%)
Alpha Receptor Blockers and Calcium Channel Blockers 17 (21.3%) 5(13.5) 12 (27.9%)
Unused 31 (38.8%) 21 (56.8%) 10 (23.3%)
90-day mRS, median (IQR) 1(3) 1) 2(2) 0.022

SD standard deviation; IQR interquartile range; NIHSS National Institutes of Health Stroke Scale; mRS Modified Rankin Scale.

nitrate => nitrogen” was enriched in the lower CV
group (Figure 5). Denitrification plays a crucial role
in the oral microbiota by converting nitrate into gas-
eous nitrogen forms such as NO2- and NO. This
finding aligns with the research hypothesis proposed
in this study, suggesting that oral microbiota may
produce NO through nitrate metabolism, potentially
contributing to a reduction in blood pressure
variability.

In addition to our focus on the nitrate reduction
capacity (i.e. the nitrite production capacity of the
oral microbiota, denitrification), which differed
between the two groups, it is worth noting that
some oral bacteria have the capability to further
reduce salivary nitrite to ammonia (NH3). This pro-
cess can influence the amount of salivary nitrite that
is swallowed and absorbed into the circulatory sys-
tem, ultimately affecting NO production [1,9].
Considering this, we further examined the modules
associated with nitrate metabolism, namely
“Dissimilatory nitrate reduction, nitrate => ammo-
nia” (DNR), “Assimilatory nitrate reduction, nitrate
=> ammonia” (ANR), and “Denitrification, nitrate =>
nitrogen” (DN).

To assess the potential relationship between
these modules and systolic blood pressure variabil-
ity, we calculated the total gene abundance scores
for DNR, ANR, and DN. Multiple linear regression

was used to evaluate the correlation between these
scores, SBP variability, and standard deviation. In
the initial analysis, without adjusting for confound-
ing factors, we identified significant negative corre-
lations between DN, DN/ANR, DN/DNR, and DN/
(ANR+DNR) with systolic blood pressure variabil-
ity and standard deviation. Additionally, DN/DNR
and DN/(ANR+DNR) were significantly positively
correlated with the mean systolic blood pressure
(Figure 6(a)). Indeed, even after adjusting for
these confounding factors, we still observed signif-
icant negative correlations between DN, DN/ANR,
DN/DNR, DN/(ANR+DNR), and systolic blood
pressure CV and SD (Figure 6(b)). These findings
suggest a potential association between nitrate
metabolism, specifically denitrification, and blood
pressure variability.

Establishment of TAX score and KEGG score based
on the LASSO model

Next, we will explore the specific relationship
between nitrate metabolism, particularly denitrifica-
tion, and systolic blood pressure CV, as well as AIS
prognosis. To delve deeper into this association, it
would be beneficial to utilize relevant KEGG num-
bering and taxon construct scores. This approach can
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Figure 4. Oral microbiota LEfSe analysis between lower CV group and higher CV group. Orange is the higher CV group, green is
lower CV group. LDA =4.

provide valuable insights into the underlying We chose “Denitrification, nitrate => nitrogen”
mechanisms. By considering these factors compre-  as the observation module and selected corre-
hensively, we can establish a clearer understanding  sponding KEGG numbers, including KO00368,
of how NO production from nitrate metabolism  K00370, KO00371, K00374, KO00376, K02305,
influences both blood pressure variability and AIS K02567, K02568, K04561, and K15864. These
prognosis. numbers were used to establish the KEGG scores
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Figure 5. Energy metabolism of oral microbiota by PICRUSt2 analysis among lower CV group and higher CV group. Green, lower
CV group; orange, higher CV group. Dashed lines indicate reporter score of £ 1.96, corresponding to 95% confidence in a normal

distribution.
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! .
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Figure 6. Results of linear regression analyses among the indexes of 24-hour systolic blood pressure and nitrate metabolic
pathway scores. (a) Results of univariable linear regression analyses among the indexes of 24-hour systolic blood pressure and
nitrate metabolic pathway scores, (b) results of univariable linear regression analyses among the indexes of 24-hour systolic
blood pressure and nitrate metabolic pathway scores, adjusted by age, initial NIHSS and NLR. Red represents the positive
correlation, while green represents the negative correlation. The depth of color represents the absolute value of the correlation
coefficient. *represents the results with false discovery rates less than 0.05 calculated by the Benjamini-Hochberg method. DN:
denitrification, nitrate => nitrogen. ANR: assimilatory nitrate reduction, nitrate => ammonia. DNR: dissimilatory nitrate
reduction, nitrate => ammonia. CV: CV of 24-hour systolic blood pressure. Mean: mean value of 24-hour systolic blood pressure.

SD: SD of 24-hour systolic blood pressure.

based on the LASSO model. In Figure 7(a-b), the
dashed line indicates the optimal value of one
standard error using the minimum criterion, and
according to the cross-validation method, the
selected log (M) is—3.106, corresponding to a A
value of 0.045. The final KEGG scoring formula
yielded four nonzero coefficients, with K00368,

K00376, K02567, and K15864 incorporated into
the final formula, as shown in Figure 7(c).

Based on findings from previous studies and the
results of LEfSe and PICRUSt2 analyses, seven taxa
associated with nitrate metabolism in the oral micro-
biota were selected to construct the TAX score. These
taxa included  Actinomyces,  Corynebacterium,
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KEGG score formula

KEGG score = [2.5041302 x (Intercept)] + [-0.3783732*K00368] + [-0.4530685*K00376] + [-0.260063*K02567] + [0.2940225*K15864]
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TAX score formula

TAX score = [-0.2062803 x (Intercept)] + [-12.2266513*g__Actinomyces] + [-17.8387556*g__Haemophilus] +
[-7.2091001*g__Kingella] + [3.2576817*g__Veillonella)

Figure 7. Function prediction score (KEGG score) and taxonomic prediction score (TAX score). (a) The tuning index () was
selected in the LASSO model and receiver operating characteristic curve generation was carried out, and its AUC was plotted
against log (A). Dotted vertical lines depict the optimal A values employing the minimum deviation and 1 standard error of the
minimum deviation (A\-SE). The A of 0.094, with log (A) of — 2.362 was chosen as the optimal value. (b) Coefficients were plotted
versus log (N). The vertical line is shown at the optimal value; optimal A yielded five non-zero coefficients. (c) The function
prediction score (KEGG score) was based on a linear combination of four KEGG IDs and one constant. (d) The tuning index ()
was selected in the LASSO model and receiver operating characteristic curve generation was carried out, and its AUC was
plotted against log (A). Dotted vertical lines depict the optimal A values employing the minimum deviation and 1 standard error
of the minimum deviation (A\-SE). The A of 0.126, with log (A) of — 2.071 was chosen as the optimal value. (e) Coefficients were
plotted versus log (A). The vertical line is shown at the optimal value; optimal A yielded five non-zero coefficients. (f) The
taxonomic prediction score (TAX score) was based on a linear combination of four bacteria genera and one constant.

Haemophilus, Kingella, Neisseria, Rothia, and  four nonzero coefficients were obtained using the
Veillonella. Utilizing the cross-validation method,  final TAX score formula. Actinomyces, Haemophilus,
a log () of —3.467 was chosen, corresponding to  Kingella, and Veillonella were included in the final
a A value of 0.031 (Figure 7(d-e)). From this analysis, ~ formula, as shown in Figure 7(f).



Associations between TAX score and clinical
outcomes

To explore the association between different taxa,
TAX score, KEGG score, and 90-day functional prog-
nosis of AIS patients with a history of comorbid
hypertension, logistic regression analysis was con-
ducted. According to the results presented in
Table 4, Bacteroidota, Bacteroidia, Bacteroidales,
Prevotellaceae, Prevotella, TAX score, and KEGG
score were found to be statistically significant in the
univariate logistic regression analysis. Subsequently,
multifactorial logistic regression analysis was per-
formed. This analysis was adjusted for variables
including age, NIHSS score upon admission, anti-
hypertension drugs, neutrophil-to-lymphocyte ratio
(NLR), and CV of systolic blood pressure within 24
hours. Within this multifaceted analysis, the TAX
score remained a significant independent risk factor
for 90-day functional prognosis in patients with AIS
(OR=6.657, 95% CI: 2.045-21.668, p =0.002). This
finding suggests that an increased abundance of oral
nitrate-reducing bacteria is associated with an ele-
vated risk of poor prognosis in patients with AIS,
emphasizing the potential impact of the oral micro-
biota on stroke outcomes.

Mediating effect relationship between TAX score,
24-hour systolic blood pressure CV, and 90-day
functional outcome

In the initial analysis without adjusting for confounders,
it was observed that 24-hour systolic blood pressure CV
served as a partial mediator in the relationship between
the TAX score/KEGG score and 90-day functional
outcome (TAX score: p=0.044, p=0.008; KEGG
score: B =0.087, p=0.008) (Figure 8). After adjusting
for age and NIHSS score on admission, the partial
mediating role of 24-hour systolic blood pressure CV
in the relationship between TAX score and 90-day
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functional outcome persisted (Figure 9). These findings
suggest that oral nitrate-reducing bacteria, as indicated
by the TAX score, directly influence clinical outcomes
and indirectly affect them by modulating the 24-hour
systolic blood pressure CV. This highlights the potential
multifaceted role of the oral microbiota in cardiovascu-
lar health and functional prognosis following stroke.

Discussion

The impact of nitrite depletion on the NO generating
capacity of the oral microbiome has been suggested
by several authors [3,11,22], but few have explicitly
tested the association of nitrite depletion with the
outcome of AIS patients or attempted to operationa-
lize the denitrification nitrite/NO generation capacity
of the oral microbiome in AIS patients. In this pro-
spective cohort study, we examined 124 patients and
identified significant differences in oral microbiota
composition between patients with hypertensive AIS
and those without a history of hypertension. Further
analysis focused on 80 hypertensive patients divided
into two groups based on a cutoff value (CV <9.19
and > 9.19). LEfSe analysis revealed an enrichment of
Neisseriaceae and Neisseria in the lower CV group,
whereas Prevotellaceae and Prevotella were enriched
in the higher CV group. Additionally, PICRUSt2
analysis  indicated an enrichment of the
‘Denitrification, nitrate => nitrogen’ module in the
lower CV group. By Multiple linear regression, we
found significant negative correlations between DN,
DN/ANR, DN/DNR, DN/(ANR+DNR) and systolic
CV and SD. These findings suggest a potential asso-
ciation between nitrate metabolism, particularly deni-
trification, and blood pressure variability. The TAX
scores were generated from the abundance of oral
nitrate-reducing bacteria using the LASSO model.
Multiple logistic regression analyses adjusted for con-
founding factors demonstrated that the TAX score

Table 4. Logistic regression analysis of bacteria, TAX score, KEGG score and 90-day functional prognosis in AlS

patients with hypertension.

Univariate analysis

Multivariate analysis*

Risk factor# OR(95% Cl) P Value OR(95% Cl) P Value
Zp__Proteobacteria 0.850 (0.571-1.266) 0.424 NA NA
Zp__Bacteroidota 1.908 (1.302-2.796) 0.001 1.646 (1.019-2.659) 0.041
Zc__Bacteroidia 1.908 (1.302-2.796) 0.001 1.646 (1.019-2.658) 0.042
Zc__Gammaproteobacteria 0.873 (0.591-1.291) 0.497 NA NA
Zo__Bacteroidales 1.944 (1.333-2.835) 0.001 1.676 (1.045-2.689) 0.032
Zo__Burkholderiales 0.761 (0.511-1.133) 0.179 NA NA
Zf__Neisseriaceae 0.847 (0.577-1.246) 0.4 NA NA
Zf__Prevotellaceae 1.850 (1.281-2.672) 0.001 1.607 (1.015-2.546) 0.043
Zg__Prevotella 1.881 (1.301-2.718) 0.001 NA NA
Zg__Neisseria 0.844 (0.573-1.242) 0.389 NA NA
TAX score 5.978 (2.327-15.353) <0.001 6.657 (2.045-21.668) 0.002
KEGG score 9.351 (2.566-34.083) 0.001 NA NA

*adjusted by age, initial NIHSS, SBP CV within 24 h, anti-hypertension drugs and NLR.

#The relative abundance of all microbiota were standardized by Z-transformation; p phylum; c class; o order; f family; g genus.
KEGGscore = 2.5041302-0.3783732*K00368-0.4530685*K00376-0.260063*K02567 + 0.2940225*K15864
TAXscore=—0.2062803-12.2266513*g__Actinomyces-17.8387556*g__Haemophilus-7.2091001 *g__Kingella +3.2576817*g__Veillonella
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Figure 8. Mediation analyses testing SBP CV within the first 24 hours after hospitalizing as mediators between TAX score/KEGG

score and 90-day mRS score.

SBP CV
within 24h

TAXscore

0.293 (P<0.001)

90d mRS >2

ACME: 0.031 (P=0.028)

*adjusted by age and initial NIHSS

Figure 9. Mediation analyses testing SBP CV within the first 24 hours after hospitalizing as mediators between TAX score and

90-day mRS score. Model adjusted for age and initial NIHSS.

remained independently associated with the 90-day
mRS score status, which serves as an independent risk
factor for poor clinical prognosis. This suggests
a potential link between a reduction in oral nitrate-
reducing bacteria and a poor prognosis. Furthermore,
in subsequent mediated-effects analyses, adjusting for
age and initial NIHSS score factors, the TAX score
was found to influence outcomes not only directly
but also indirectly by modulating the 24-hour systolic
blood pressure CV.

The selection of AIS patients with a history of
hypertension for subgroup analyses is supported by
previous research suggesting variations in bacterial
nitrate reductase gene levels or the relationship
between nitrate-reducing bacteria and blood pressure
across different populations [23,24]. Additionally,
studies have demonstrated that in populations under-
going hypertension treatment, a three-day course of
antibacterial mouthwash led to reduced nitrate reduc-
tion to nitrite in the oral cavity, accompanied by



a slight increase in systolic blood pressure [15]. This
indicates that mouthwash altered the nitrate metabo-
lism pathway, impacting NO production by the oral
microbiota, coinciding with elevated systolic blood
pressure. However, another study involving healthy
young individuals found that although the abundance
of nitrate-reducing bacteria decreased and nitrate-
reducing capacity was significantly reduced one
week after antimicrobial mouthwash use, there was
no change in blood pressure [25]. Interestingly, both
studies showed that the presence or absence of
a history of hypertension did not affect the alteration
of oral bacterial microbiota composition by
mouthwash, resulting in reduced nitrate metabolic
activity in the oral cavity. However, those with
a history of hypertension were more sensitive to
decreases in NO2 —and NO concentrations, leading
to more pronounced blood pressure changes.

Therefore, analyzing the functional metabolism of
oral bacteria in AIS patients with a history of hyper-
tension seems reasonable, especially considering the
altered vascular properties associated with hyperten-
sion, warranting precise management and blood pres-
sure monitoring in this population. This approach
could provide valuable insights into the role of the
oral microbiota in hypertension-related vascular dys-
function and aid in the development of targeted
interventions for this subgroup.

Nitrate in the human body primarily stems from
oxidation of NO and dietary intake. It enters the oral
cavity via circulation and is concentrated for utiliza-
tion by the oral microbiota [26]. Notably, the nitrate
metabolism-associated oral microbiota predomi-
nantly comprises Actinomyces, Corynebacterium,
Haemophilus, Kingella, Neisseria, Rothia, and
Veillonella, consistent with the taxa identified in our
LEfSe analysis [2]. In the functional analysis of
PICRUSt2 within the hypertensive population, we
observed an enrichment of the “Denitrification,
nitrate => nitrogen (DN)” module in the lower CV
group. Remarkably, the gene abundance of the DN
pathway displayed a significant negative correlation
with CV, indicating a higher abundance of nitrate-
utilizing bacteria in the lower CV group, corroborat-
ing the findings from previous research.
Supplementation with NO3- led to increased plasma
NO2- concentration and lowered systemic blood
pressure among older participants (70-79 years),
whereas no significant effects were observed in the
younger group (18-22years). Intriguingly, higher
levels of Rothia and Neisseria, along with reduced
levels of Prevotella and Veillonella, correlated with
greater increases in plasma NO2- following NO3-
supplementation. These findings underscore the
influence of dietary-induced changes in the oral
microbial community on NO homeostasis and
blood pressure regulation in vivo [11].
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Blood pressure variability plays a crucial role in
organ perfusion, and its correlation with prognosis
has been observed in various diseases [27-33],
including AIS [34]. Studies have indicated that fol-
lowing intravenous thrombolysis, there is an increase
in blood pressure variability within the first 24 h,
which can contribute to early and severe bleeding
conversion in intravenous thrombolysis patients,
thereby elevating the risk of poor prognosis [35].
Similarly, in patients undergoing endovascular ther-
apy, higher blood pressure variability within the first
24 h has been associated with a poor prognosis at 90
days, with systolic blood pressure variability being
particularly influential [36]. Even in patients with
AIS who do not receive intravenous thrombolysis or
endovascular therapy, higher systolic and diastolic
blood pressure variability has been linked to an
increased risk of poor prognosis [37]. These findings
underscore the importance of recognizing blood pres-
sure variability as a clinically relevant risk factor for
prognosis in patients with AIS. Comprehensive man-
agement of blood pressure should involve not only
controlling blood pressure levels, but also stabilizing
blood pressure variability.

This study demonstrated the independent predictive
value of the TAX score for 90-day functional prognosis
in logistic regression analyses. Furthermore, through
mediated effect analyses, it was demonstrated that
oral nitrate-reducing bacteria not only directly influ-
enced outcomes but also indirectly affected them by
modulating the 24-hour systolic blood pressure CV.
This novel finding illustrates the relationship between
the oral microbiota, blood pressure dynamics, and
prognosis in patients with AIS within the same popula-
tion. This highlights the clinical significance of oral
management and the dynamic monitoring of oral
microbiota abundance in stroke populations.
Moreover, it provides new insights into the develop-
ment of biomarkers and prediction models. By under-
standing how the oral microbiota influences blood
pressure variability and subsequently affects prognosis
in AIS patients, healthcare providers can potentially
intervene early to improve patient outcomes and qual-
ity of life. Overall, this study contributes to the growing
body of evidence that emphasizes the importance of
holistic approaches to stroke care, including considera-
tions of oral health and its impact on systemic health
outcomes.

In terms of oral and dental health, prior research
has suggested that the nitrate reduction capacity of
the oral microbiota is compromised in individuals
with periodontitis [38]. However, in our study popu-
lation, we found no significant difference in the pre-
valence of periodontitis between groups. To further
explore the role of periodontitis, we initially observed
that severe periodontitis may have a minor impact on
composition changes in AIS patients with
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hypertension (Figure S4). Additionally, we conducted
a comparative analysis of changes in the relative
abundance of periodontitis-associated bacteria. As
detailed in Table S2, we found increased abundance
of Tannerella forsythia, Porphyromonas gingivalis,
Selenomonas sputigena, Treponema socranskii, and
Peptostreptococcus spp. in AIS patients with hyperten-
sion. Moreover, the higher CV group exhibited ele-
vated levels of Filifactor alocis, Tannerella forsythia,
Treponema denticola, and Prevotella spp. In summary,
these findings suggest that our initial assessment of
periodontitis may have been oversimplified. Future
studies should refine our understanding by consider-
ing the severity of periodontitis and its specific dis-
ease symptoms. This discovery underscores the
importance of adopting a more holistic approach to
oral care in patients with AIS, as effective clinical
outcomes may require addressing oral health con-
cerns beyond those related solely to oral and dental
diseases. Integrating comprehensive oral care strate-
gies into the management of AIS patients could
potentially yield more favorable clinical prognoses.

Furthermore, regarding the sampling method, we
opted for noninvasive oral swabs. This decision stems
from several factors. First, patients with AIS typically
receive antiplatelet or anticoagulation therapy, mak-
ing invasive methods, such as scraping plaque from
the area, potentially risky because of the likelihood of
severe gingival bleeding. Second, during the initial 24
h following hospital admission, there is often a higher
proportion of patients who may not be able to coop-
erate with autonomous saliva collection. Therefore,
using oral swabs proved to be a more feasible and
safer approach in this context.

This study had some limitations. First, acknowl-
edging the single-center, small-sample nature of the
study highlights the need for broader, multicenter
studies with larger sample sizes to enhance the
generalizability of the findings and increase statisti-
cal power. Second, the omission of saliva and blood
samples for testing NO2- and NO3- concentrations
represents a potential limitation in understanding
nitrate metabolism and its association with blood
pressure variability. Including these measurements
could offer a more comprehensive understanding of
the mechanisms underlying observed relationships.
Third, the limited duration of data collection within
the first 24 h after admission restricts the ability to
capture dynamic changes in both oral microbiota
and blood pressure variability over time. Collecting
specimens and monitoring parameters at multiple
time points could provide a more nuanced under-
standing of the temporal dynamics and potential
causal relationships between oral microbiota
changes and blood pressure variability. Lastly, the
study’s focus on short-term outcomes within the
initial 24 h post-admission precludes an assessment

of the long-term effects of oral microbiota on blood
pressure and subsequent prognosis. Extending the
follow-up period could offer insight into the sus-
tained impact of oral management interventions on
patient outcomes.

Addressing these limitations in future studies
could further elucidate the role of oral management
and examination in patients with stroke, potentially
leading to more effective prognostic models and
interventions for improving patient outcomes.

Conclusions

The results of this study revealed that oral microbial
gene abundance for denitrification was associated with
altered 24-hour systolic blood pressure CV after stroke
in patients with a history of comorbid hypertension.
Additionally, oral nitrate-reducing taxa scores (TAX
scores) were demonstrated to be independent risk fac-
tors for 90-day functional prognosis in patients in
logistic regression analyses. Mediation effect analysis
showed that 24-hour systolic blood pressure CV was
a mediating effector between TAX scores and 90-day
functional prognosis, demonstrating for the first time
that oral nitrate-reducing bacteria affect the 90-day
functional prognosis in patients with AIS by influen-
cing systolic blood pressure variability.
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