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Salivary microbiome and hypertension R

in the Qatari population
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Abstract

Background The prevalence of hypertension in Qatar is 33 percent of the adult population. It is postulated

that the salivary microbiome can regulate blood pressure (BP). However, limited investigations exist to prove this
hypothesis. Therefore, we examined the difference in the salivary microbiome composition between hypertensive
and normotensive Qatari subjects.

Methods A total of 1190 Qatar Genome Project (QGP) participants (Mean age =43 years) were included in this

study. BP for all participants was classified into Normal (n=357), Stage1 (n=336), and Stage2: (h=161) according

to the American Heart Association guidelines. 165-rRNA libraries were sequenced and analyzed using QIIME-pipeline,
and PICRUST was used to predict functional metabolic routes. Machine Learning (ML) strategies were applied to iden-
tify salivary microbiome-based predictors of hypertension.

Results Differential abundant analysis (DAA) revealed that Bacteroides and Atopobium were the significant mem-
bers of the hypertensive groups. Alpha and beta diversity indices indicated dysbiosis between the normotensive
and hypertensive groups. ML-based prediction models revealed that these markers could predict hypertension
with an AUC (Area under the curve) of 0.89. Functional predictive analysis disclosed that Cysteine and Methionine
metabolism and the sulphur metabolic pathways involving the renin-angiotensin system were significantly higher
in the normotensive group. Therefore, members of Bacteroides and Atopobium can serve as predictors of hyperten-
sion. Likewise, Prevotella, Neisseria, and Haemophilus can be the protectors that regulate BP via nitric acid synthesis
and regulation of the renin-angiotensin system.

Conclusion [tis one of the first studies to assess salivary microbiome and hypertension as disease models in a large
cohort of the Qatari population. Further research is needed to confirm these findings and validate the mechanisms
involved.
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Introduction
Hypertension is one of the risk factors for cardiovascu-
lar disease (CVD), its prevalence has doubled globally in
the last three decades [1]. According to the World Health
Organization (WHO), hypertension accounts for 12.8%
of all deaths [2]. Factors contributing to hypertension
“Correspondence: include sedentary lifestyles, unhealthy diets that are high
Souhaila Al Khodor in fat and low in fiber, ethnicity, inappropriate medica-
salkhodor@sidra.org tion use, and stress [3, 4]. Moreover, hypertension can
! Maternal and Child Health Division, Research Department, Sidra ’ O ? .
Medicine, 26999, Doha, Qatar cause damage to the body before symptoms appear, and if
left untreated, it can cause several health complications,
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including coronary heart disease, heart failure, stroke,
dementia, kidney failure, etc. [5-7]. Despite a significant
progress in the development of antihypertensive medica-
tions, efficient dose regimens, and improvements in life-
style, managing hypertension is still challenging. One out
of every five hypertensive patients responds to treatment
while the remaining four develop resistance to the treat-
ment [8].

The STEPs-World-Health-Survey revealed that the
Qatari population is afflicted by various comorbidities,
including obesity (28.8%), high cholesterol (24.7%), and
hypertension (14.4%) [9]. In addition, non-communicable
diseases are the leading cause of death in Qatar, with a
hypertension mortality rate of 6.2 per 100,000 males [10,
11]. Hypertension is diagnosed in approximately 30% of
patients aged 25 to 65 years at primary healthcare facili-
ties, and the Stepwise survey indicates that women in
Qatar have higher rates of hypertension compared to
men [9]. Hence, it is crucial to identify new targets for
hypertension diagnosis and personalized treatment.

Saliva is a rich source of proteins, hormones, enzymes,
desquamated epithelial cells, and millions of microbes
[12, 13]. Although it contains a wealth of resources that
can be used to discover biomarkers, most of them remain
untapped. Saliva-based biomarkers are highly accessi-
ble and non-invasive, making them useful for people of
all ages, including infants and the elderly. On the other
hand, blood-based biomarkers are invasive and must be
sampled by medical personnel.

The cost of sequencing has significantly decreased,
and the quality of sequences has improved due to recent
advancements [14, 15]. Progress in multi-omics tech-
nologies have enhanced our chances to discover novel
biomarkers [16—18]. The involvement of the salivary
microbiome in maintaining blood pressure homeosta-
sis can be used to explore novel biomarker discoveries
in this field. With more than 700 distinct microorgan-
isms, the salivary microbiome is the second most diverse
component of the human microbiome following the
gut. [19]. Previous studies showed that the core salivary
microbiome of healthy subjects includes Streptococcus,
Veillonella, Neisseria, and Actinomyces [20, 21]. Our
previously published studies showed that Bacteroidetes,
Firmicutes, Actinobacteria, and Proteobacteria were the
common phyla, Streptococcus, Neisseria, Rothia, Prevo-
tella, Granulicatella, Haemophilus, and Porphyromonas
were the dominant genera in the Qatari population [22,
23]. It is worth noting that lifestyle and diet can influence
the salivary microbiome composition, which can reflect
the host’s health status. This effect can manifest in oral
diseases like periodontitis and dental caries, as well as
systemic diseases such as diabetes, obesity, cancer, and
autoimmune disorders [24—28].
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Several studies have been conducted to explore the role
of the gut microbiome in hypertension [29-31]. How-
ever, despite the salivary microbiome’s accessibility, there
is limited research on its involvement in hypertension.
The study by Bondonno et al. highlighted the importance
of the salivary microbiome in hypertension by revealing
a disruption in the nitrite-nitrate cycle following the use
of antibacterial mouthwash [31]. The study shows that
both men and women who used antibacterial mouth-
wash experienced an increase in blood pressure due to
the disruption in the nitric oxide (NO) pathway [31]. In
addition, a case—control study examining the relation-
ship between salivary microbiome, hypertension, and
salivary NO revealed that subjects with normal blood
pressure (BP) had higher NO and more Neisseria sub-
flava than those with hypertension [32]. In a recent study,
Chen et al. assessed the role of the salivary microbiome
in the pathogenesis of obstructive sleep apnea-associated
hypertension (OSA-hypertension) and showed that Hae-
mophilus, Neisseria, Oribacterium, and Lautropia were
more enriched in hypertension patients compared to
controls [33]. Sohail et al. explored the salivary microbi-
ome diversity changes on a limited sample size (n=96) of
hypertensive Qatari subjects and showed that Prevotella
and Veillonella were significantly higher in the hyperten-
sion groups compared to the control group [34].

In this study, we analyzed the salivary microbiome
composition of 1190 Qatari participants, randomly
selected from the Qatar Genome Project (QGP) cohort.
Through the use of machine learning (ML) models, we
were able to identify a signature in the salivary microbi-
ome that is associated with elevated blood pressure. This
research marks a significant advancement in the develop-
ment of novel biomarkers that could be used for the diag-
nosis and treatment of hypertension.

Results

Clinical parameters of the study population

From the QBB cohort [23], we randomly selected a
total of 1190 Qatari participants. The cohort was clas-
sified into four groups based on their blood pressure:
Normal BP (n=336), and three groups for high BP
as follows: Elevated (n=357), Stagel (n=336), and
Stage2 (n=161) (Table 1), as described in the “Mate-
rials and Methods” section. The mean age of the
study participants was 43 years (Table 1), while the
normotensive group had a significantly lower aver-
age age (34.39+10.12 years) compared to the Elevated
(41.63 £12.60 years), Stage 1 (46.31+10.27 years), and
Stage 2 (52.43+10.14 years) groups (Table 1). Moreo-
ver, the BMI, plasma alkaline phosphatase, calcium,
cholesterol, glucose, HbA1C, insulin, and urea were
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Table 1 Clinical parameters of the study cohort

Normal (n=336) Elevated (n=357) Stage1 (n=336) Stage2 (n=161) P- value
Age 3439+10.12 41.63+12.60 46.31+10.27 5243+10.14 <0.0017"2
Male 220 207 220 78
BMI (kg/m?) 27384551 31.79+6.05 31.78+4.92 32524599 <0.0017"2
Systolic BP (mm of Hg) 106.20+7.93 123.56+2.81 130.72+5.79 149.77 £10.64 <0001""2
Diastolic BP (mm of Hg) 63.86+8.24 70.44+6.89 79.27+8.79 79.96+11.45 <0.0017"2
Albumin(gm/L) 42574326 44.46+345 44134327 43134355 <0001""2
Alkaline Phosphatase (U/L) 7091+19.69 76.53+2322 76.46+26.96 7801+21.58 <0.0017"2
ALT (GPT) (U/L) 247242022 27.87+19.49 29.89+2061 246+12.93 <0001""2
AST(GOT)(U/L) 22.46+31.66 208+853 2179+128 1964+6.81 <0001
Bicarbonate(mmol/L) 2466+2.62 25.64+256 25794243 25834235 <0001""2
Calcium (mmol/L) 2314008 23+0.09 23401 2.32+0.09 <0001""2
Chloride(mmol/L) 102.8+2.13 1013225 101264235 10094 +2.66 <0.0017"2
Cholesterol (mmol/L) 499+0.95 5134104 525+093 52+1.18 00022
C-Peptide (ng/mL) 191+1.02 2.58+1.56 2.78+164 2884226 <0.0017"2
Creatinine (umol/L) 6933+11.62 69.24+14.92 70.75+14.47 70.81+20.97 0.315°
Vitamin D (ng/mL) 1742411.99 18.27+10.69 183441095 19.98+10.72 0.002°
Fibrinogen (gm/L) 3.22+066 3434068 342+066 361+0.74 <0.0017"2
Glucose (mmol/L) 473409 593+2.29 6.36+2.56 7.59+385 <0001™"2
HBA1C % 537+08 585+1.36 606+1.26 6.76+1.85 <0001
HDL (mmol/L) 1354032 1284033 1274036 1314035 00022
Insulin (mcunit/mL) 10.19+9.64 1596+ 15.68 16.92+16.1 2026+27.27 <0001
Iron (umol/L) 16.15+6.72 1544596 1593+6.19 14134565 0.0047
LDL (mmol/L) 312409 3.19+0.98 3224092 321+1.14 0.365°
Phosphorus (mmol/L) 5308+9.92 5302+998 52.75+952 54.73+882 0.25%
Potassium (mmol/L) 235947132 24848+67.88 238.78+66.64 247.6+67.02 0111°
Sodium (mmol/L) 514054 5154055 522+0.59 5+0.57 00177
TSH (mIU/L) 12.37+10.86 10.58+9.79 11.08+876 841+9.16 <0001
Total Protein (gm/L) 683841232 62.87+10.04 62.13+9.98 63.16+10.09 <0001
Triglyceride (mmol/L) 74.66+4.25 73.87+3.86 73.58+3.68 73.66+3.98 000372
Urea (mmol/L) 1.13£0.84 1484084 166+0.97 155+0.75 <0001

The parameters mentioned in bold are those significantly elevated in Hypertensive groups (Elevated, Stage 1 and Stage 2) compared to the normotensive group

BMI body mass index

2 Kruskal-Wallis test

" Denotes P value <0.05
" Pvalue<0.01

" P-value <0.001

significantly higher in the hypertensive groups com-
pared to the normal BP group (Table 1). Particularly
Tukey tests for both Cholesterol and insulin levels were
performed to observe the significant group with high
BP in comparison to Normal group (Additional file 2:
Fig S2). The Tukey test of Cholesterol levels inferred
that Stagel group level is significantly higher than nor-
mal group (Additional file 2: Fig S2A). On the other
hand, the Tukey test of insulin levels confirmed that
Elevated, Stage 1 and Stage 2 groups are significantly
higher than normal group (Additional file 2: Fig S2B).

Altered salivary microbiome composition

and hypertension

The sequencing of the 16S rRNA amplicons resulted in
approximately 48 million reads (47,967,299) for 1190
samples. The median read count per sample was 42,373,
the mean was 40,308, and the range varied between
100 and 173,507 sequences. After filtering and align-
ment, an average of 40,308 assembled reads per sam-
ple were assigned to 4813 OTUs. OTUs were classified
using the Greengenes bacteria taxonomy and divided
into four major phyla: Bacteroidetes, Firmicutes, Actino-
bacteria, and Proteobacteria (Fig. 1). While the overall
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Fig. 1 The salivary microbiome composition at the phylum level. Y-axis shows % of relative abundance of the microbiome; X-axis indicates

the Normal, Elevated, Stage1, and Stage 2 groups

composition of the salivary microbiome in all groups
was similar, our differential abundance analysis (DAA)
of the salivary microbiome at the phylum level revealed
that Bacteroidetes and Proteobacteria were more abun-
dant (p<0.001) in the normal BP group compared to the
high BP groups (Fig. 2). Whereas Firmicutes and Proteo-
bacteria were enriched in the high BP groups (p <0.001)
(Fig. 2). At the genus level, our data analysis revealed that
the salivary core members were Streptococcus, Prevotella,
Porphyromonas, Granulicatella, and Veillonella (Fig. 3).
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DAA at the genus level showed that Prevotella, Neisse-
ria, and Haemophilus are significantly higher in the nor-
mal BP group compared to the high BP groups (Fig. 4),
whereas Bacteroides, Lactobacillus, and Atopobium are
mainly observed in the high BP groups (Fig. 4).

The results from the analysis of alpha diversity
parameters, specifically the Simpson and Shannon
indices, indicate that the normal BP group exhibits
significantly higher diversity compared to the high
BP groups, as illustrated in Fig. 5. Furthermore, the
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Fig. 2 Bar Graphs of differentially abundant salivary microbiome among the phyla. Each color indicates different groups Pink—Normal, Violet—

Elevated, Orange—Stage1, Green—Stage 2
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Fig. 4 Bar Graphs of differentially abundant salivary microbiome among the genera. Each color indicates different groups Pink—Normal, Violet—

Elevated, Orange—Stage1, Green—Stage 2

beta diversity analysis using the Bray—Curtis distance
matrix reveals that the normal BP group is signifi-
cantly different from the high BP groups, as shown in

Fig. 6.

Machine learning approach for predicting hypertension
using salivary microbiome
We then applied an independent machine learning (ML)

algorithm to distinguish between the salivary micro-
bial communities across the high BP groups and com-
pare them to the normal BP samples. To search for the
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Fig. 6 Principal Coordinates Analysis (PCoA) based on Bray—Curtis distances of salivary microbiome. Axes were scaled to the amount of variation
explained; Boxplots of bray-distance matrices among the hypertension groups. *P <0.05, **P <0.01, ***P <0.001

biomarker validation, we focused on the abundance of
six selected bacterial genera including Prevotella, Neis-
seria, Haemophilus, Bacteroides, Lactobacillus, and
Atopobium as a training set and test set among the
50-random splits of the data. We used Random For-
est as the feature estimator as described in the methods
section. Our results showed that the selected bacterial

markers show a promising area under the curve (AUC) of
0.89 (Fig. 7). Individual group comparisons showed that
Normal group has the highest AUC with 0.88, followed
by elevated group with 0.67, Stage 2(0.67) and Stage 1
(0.64). Individual AUROC is good (~>0.65) with accept-
able in comparison with Normal group, but when they
are pooled as a single group these identified microbial
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Fig. 7 ROC curve for the model of control and BP group, which displayed the cross-validation error as a receiver operating characteristic (ROC)
curve with a 95% confidence interval. The area under the ROC (AUROC=0.89) is given below the curve. The x-axis and y-axis represent false-positive
and true-positive rates, respectively, for the tested markers. Pale orange color—BP group; Black color—Normal group. The micro average precision
is the sum of all true positives divided by the sum of all true positives and false positives. The macro averaging is the arithmetic means of all recall
scores for different groups involved in this study. Macro averaging gives equal weight to each category while micro averaging gives equal weight

to each sample

markers have shown excellent discrimination (Additional
file 3: Fig S3).

Salivary microbial metabolic link with hypertension

After observing differences in the salivary microbiome
profiles across the Normal, Elevated, Stage 1, and Stage
2 groups, we conducted an analysis of the potential func-
tional role of these bacteria in hypertension pathogen-
esis using PICRUST and KEGG/COG databases. Our
analysis revealed significant differences between the
estimated functional capabilities of the salivary microbi-
ome in the normal BP group and Elevated, Stage 1, and
Stage 2 (Fig. 8). In addition, PICRUSt-KEGG analysis
showed a significant increase in the microbes contribut-
ing to Starch and sucrose metabolism in the Elevated,
Stage 1, and Stage 2 groups than in the normal BP group
(Fig. 8). Conversely, microbial sequences linked to sulfur
metabolism and sulfur-containing amino acids, including
Cysteine and methionine metabolism (Fig. 8), were sig-
nificantly more abundant in the normal BP group than
in the high BP groups. Similarly, predicted metabolic
routes of D-Arginine and D-Ornithine metabolism were
significantly higher in normal BP compared to elevated
and stage 1 groups. In contrast, Conversely, the stage 2
group displayed a notably higher proportion of p-argi-
nine and D-ornithine metabolic pathways compared to
the elevated group, as shown in Fig. 9. Additionally, the
metabolic pathways for renin-angiotensin system (RAS)
were significantly elevated in the normal BP group rela-
tive to the stage 2 group (Fig. 9). Moreover, the predicted
metabolic pathways using the COG database revealed

that COG-4362 (NO synthase) was significantly more
abundant in the high BP groups compared to the normal
BP group, as depicted in Additional file 1: Fig. S1.

Furthermore, Spearman cross-correlation analysis
of COG-4362, selected six salivary microbes, BP val-
ues, Cholesterol levels and Insulin levels showed that
In normal group, we observed that HDL-cholesterol
is positively correlated with C0G-4362 but no signifi-
cant correlations were observed with neither cholesterol
nor insulin levels of high BP groups including elevated,
Stagel and Stage2 (Additional file 4: Fig. S4A-D). Among
the bacteria, Atopobium showed significantly negative
correlation with COG-4362 in elevated, stagel and stage2
groups, whereas Neisseria revealed the significantly posi-
tive correlation with COG-4362 in high BP groups.

Discussion

Hypertension is the third most crucial risk factor for
stroke, CVD, and other diseases globally [35]. However,
despite the number of hypertension cases increasing
worldwide, the mechanism of pathogenesis and effec-
tive treatments are still unclear. Previous studies have
described the gut microbiome’s role in hypertension
in animal and human models [36-38]. However, stud-
ies focusing on the salivary microbiome changes during
hypertension and their role in its pathogenesis remain
sparse. To address this knowledge gap, we conducted
a study that analyzed the salivary microbiome of 1190
Qatari subjects participating in QGP. By examining the
salivary microbiome, we hope to gain new insights into
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Fig. 8 Significant metabolic functional prediction in normal BP group compared to elevated, stage1, and Stage 2 groups (Kruskal Wallis *P < 0.05;).
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the relationship between hypertension and changes in
the oral microbiome.

In accordance with the American Heart Association
(AHA) guidelines, we stratified our cohort based on BP
readings into four groups: normal, elevated, stage 1, and
stage 2. We found that hypertensive individuals in the
latter three groups were older and had a higher body
mass index (BMI) compared to normotensive individu-
als. Though, it is widely reported that HTN is positively
linked to increasing age. In this study, the selected par-
ticipants were age matched with each group (Age range:
Normal 19-64; Elevated 18-80; Stagel 19-69; Stage2

19-76) from the cohort of QGP. The dysbiosis is mainly
due to an increase in blood pressure irrespective of age
factor in this study. In Chinese population, obstructive
sleep apnea patients with comorbid HTN showed dysbio-
sis of salivary microbiome than healthy control with same
age group [33]. A metanalysis of 4 cohorts study confirms
that increased tendency HTN observed in women than
men in their third decade of the life [39]. Another obser-
vational study infers that specific oral microbes are asso-
ciated with the baseline BP and increased risk of HTN in
menopausal women [40]. Based on these literature evi-
dences, we infer that HTN and SM are associated/linked
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to elevated, stage1, and Stage 2 groups (Kruskal Wallis *P < 0.05;). Blue for normal BP, orange- Elevated, Green for Stage1, violet for Stage 2

irrelevant of age factor. Our vascular system in addition,
hypertensive individuals also had higher levels of C-pep-
tide, HbA1C, glucose, and insulin and higher cholesterol
levels than normotensive individuals. These findings are
not surprising, as many studies have established a strong
association between metabolic syndrome, which is char-
acterized by a cluster of abnormal metabolic conditions
such as obesity, diabetes, and hyperlipidemia [41, 42] and
hypertension.

In our study cohort, we found that alkaline phos-
phatase (ALP) levels were significantly higher in the
high BP groups than the normal BP group. ALP is a
clinical marker of bone or hepatic diseases and is typi-
cally derived equally from the liver and bone in healthy
individuals [43]. Previous investigations have suggested
that increased levels of ALP may be associated with
vascular calcification, which may play a significant role
in the development of vascular disease. Furthermore,

previous studies indicated that cerebral small artery
dysfunction and CVD are both associated with greater
serum ALP levels [44—46].

Numerous studies have explored the potential role of
the gut microbiome in the pathophysiology of various
diseases such as diabetes, obesity, and hypertension,
among others [47-50]. However, studies on the sali-
vary microbiome have been conducted at a much lower
level, and there have been very few studies on the role
of the salivary microbiome in hypertension [23, 34, 51,
52].

In our previous studies, we examined the salivary
microbiome and found that Bacteroidetes, Firmicutes,
and Proteobacteria were the predominant phyla, and
Streptococcus, Prevotella, Porphyromonas, and Veil-
lonella were the most common genera among the Qatari
population [22, 23, 53]. These findings underscore the
need for further research to better understand the
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potential role of the salivary microbiome in hypertension
and other diseases.

In our current study, we explored the diversity and
microbial changes in the saliva of Qatari participants suf-
fering from hypertension. Our results revealed that sub-
jects with high BP (Elevated, Stage 1, and Stage 2) have
significantly lower diversity in their salivary microbiome
compared to those with normal BP. This reduction in
microbial diversity was previously reported in subjects
using chlorhexidine mouthwash and has been shown
to positively correlate with increased BP by altering the
abundance of nitrate-reducing bacteria [54—56]. Fur-
thermore, we found that Prevotella, Neisseria, and Hae-
mophilus were significantly enriched in the normal BP
group compared to the other groups, which are the most
abundant microbial members of saliva and essential oral
nitrate-reducing bacteria [57, 58] to regulate BP in nor-
mal group. A comparative study between hypertensive
and normotensive participants showed that Prevotella
is considerably elevated in the normotensive group [59,
60]. A case—control study that assessed the link between
salivary NO, hypertension, and the microbiome showed
that Neisseria subflava and salivary NO were significantly
higher in normotensive when compared to hypertensive
subjects [32]. Our findings suggest that Haemophilus and
Neisseria are essential oral nitrate-reducing bacteria that
regulate systemic BP via the nitrate-nitrite-NO pathway
[61, 62]. A dysbiosis or reduction of these critical salivary
bacteria that regulate BP may promote endothelial dys-
function and increase the risk of CVD.

On the other hand, Qatari participants with high
BP displayed a notable increase in the abundance of
Atopobium, Bacteroides, and Lactobacillus. Sohail et al.
previously showed that Atopobium was significantly
overrepresented in the hypertensive group [34]. Yan et al.
also reported that Bacteroides were significantly more
abundant in the hypertensive group compared to con-
trols [50]. Similarly, Silveira-Nunes et al. showed that
Lactobacillus is significantly more prevalent in the Brazil-
ian hypertensive cohort [63].

We employed the random forest classifier, a supervised
machine learning algorithm, to investigate whether the
microbial signature we found between the groups can
serve as biomarkers for hypertension. The classifica-
tion models using six microbial features that were used
together yielded an area under the receiver operating
curve (AUC) value of 0.89 in the sensitivity—specificity
plot. Our study is the first to predict the BP-associated
salivary microbial marker using a Machine learning
approach in the Qatari population. A cohort of hyper-
tensive patients will be needed to further validate our
findings.
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PICRUSt-KEGG analysis revealed that the predic-
tive microbial metabolic functions such as starch, and
sucrose metabolism were increased in the hypertensive
groups and that cysteine and methionine metabolism, as
well as the sulfur metabolisms, were increased in the nor-
mal BP group. High starch and sucrose metabolic routes
in hypertension groups suggest that those microbes will
have a higher ability to extract more carbohydrates from
the diet when present in the oral cavity and later convert
the excess sugar into lipids [64]. Hypertension, obesity,
dyslipidemia and insulin resistance are the factors posi-
tively associated with each other [65]. The body’s extra
calories will cause cellular deaths of visceral adipocytes
and be engulfed by macrophages to form crown-like
structures [66]. In addition, it induces the expression of
TNE-Alfa and IL-6, and nitric oxide synthase [67]. These
compound changes might provide its pathophysiologi-
cal association with hypertension, insulin resistance, and
dyslipidemia. It is also well-known that sulfur metabo-
lism is involved in the metabolism of sulfur-containing
amino acids such as cysteine and methionine to regulate
the arterial blood pressure [68]. PICRUSt-COG analysis
revealed that the microbial clusters of orthologs such as
COG 4362 (Nitric Oxide Synthase) were significantly
higher in BP than in the normal groups. Nitric oxide
synthase metabolizes arginine to produce Nitric Oxide,
which regulates blood pressure through angiotensin-II
[69]. Negative correlation with LDL and COG4362 indi-
cates its regulatory role to reduce the BP and CVD risk
in normotensive group. In contrast, showed significantly
negative correlation with COG-4362 in elevated, stagel
and stage2 groups. An imbalance in this cycle will lead to
oxidative stress-mediated endothelial dysfunction. Our
findings may provide insight into the role of salivary bac-
teria and their role in hypertension pathophysiology and
progression.

Conclusions

Associations of salivary biomarkers with hypertension
were assessed using a combination of 16S rRNA gene
sequencing, in silico prediction, and ML-based mod-
els. Developing an early screening/treatment model
for hypertension is essential to provide better health-
care for our patients. The salivary microbiome signifi-
cantly influences host health through its involvement in
many physiological and biological pathways. A profound
understanding of this complex dynamic structure might
improve our understanding of diseases and advance
their diagnosis. In summary, our data show that the sali-
vary microbiome composition was significantly different
between the normal, elevated, stagel, and stage 2 hyper-
tension groups, including Haemophilus, Prevotella, and
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Neisseria, which were found to be enriched in the normal
BP group.

On the other hand, Bacteroides and Lactobacillus were
enriched in the high BP group and were predicted to
increase carbohydrate metabolic routes. Prevotella, Hae-
mophilus, and Neisseria may act as protectors to regulate
BP via nitric acid synthesis and regulation of the renin-
angiotensin system. More experiments using in vitro and
in vivo models are needed to confirm our findings and
validate those mechanisms.

Methods

Study cohort

The study was approved by the Institutional Review
Board (IRB) of Sidra Medicine under (protocol
#1510001907) and by Qatar Biobank (QBB) (protocol
#E/2018/QBB-RES-ACC-0063/0022. All experiments
were performed under the approved guidelines. QBB
and Sidra Medicine signed a collaboration agreement
to collect coded saliva samples along with phenotypic
and clinical data. In this study, we analyzed samples and
data from 1190 Qatari participants who were randomly
selected from the Qatari Genome Project (QGP). All
participants were 18 years old and above, and no exclu-
sion criteria were applied. There were 725 males and 465
females included (Table 1). Anthropometric and blood
parameters were analyzed for each participant, includ-
ing BMI, total protein, hemoglobin, albumin, ferritin,
calcium, iron, vitamin D, cholesterol, HDL, LDL, triglyc-
erides, and glucose levels.

Following the American heart association guidelines
[70], the study cohort was categorized based on their
blood pressure readings. The categories included Normal
BP (normotensive) which is defined as having blood pres-
sure of less which was defined as having a systolic blood
pressure between 120 and 129 mm Hg and a diastolic
blood pressure of less than 80 mm Hg; Stage 1, which was
defined as having a systolic blood pressure between 130
and 139 mm Hg or a diastolic blood pressure between 80
and 89 mm Hg; and Stage 2, which was defined as having
a systolic blood pressure of at least 140 mm Hg or a dias-
tolic blood pressure of at least 90 mm Hg. The Mann—
Whitney test was used to calculate statistical significance
using MINITAB-17 [71]. P-values less than 0.05 were
considered statistically significant.

Total salivary DNA extraction

Saliva samples were collected in QBB as described pre-
viously [22], and stored at — 80 °C until further analysis.
Then, the total salivary DNA was extracted using the
automated QIAsymphony protocol (Qiagen, Hilden, Ger-
many), following the manufacturer’s instructions [23].
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16S rRNA gene sequencing and data analysis

The V1-V3 regions of the 16S rRNA gene were ampli-
fied using the Illumina Nextera XT library preparation kit
(FC-131-1002). The amplified PCR products of ~650 bp
in size from each sample were purified using Agencourt
AMpure XP magnetic beads (Beckman Coulter) and
pooled in equimolar concentrations. High throughput
sequencing was performed on an Illumina MiSeq 2 x 300
PE (Illumina, Inc. San Diego) in accordance with manu-
facturer’s instructions. Image analysis and base calling
were carried out directly on the MiSeq. The sequence
data were analyzed using QIIME1.9.0 pipeline [22, 72].
Operational taxonomic units (OTUs) were generated by
aligning against the Greengenes database (Version:13_8)
with a confidence threshold of 97% [73].

Taxonomic and diversity analyses

The relative abundance of the salivary microbiome of the
study groups was generated using R- "MicroEco" package
[74] from the OTUs generated using QIIME. Differen-
tial abundant analyses of salivary microbiome among the
study groups at the phylum and genus levels were done
by univariate — Wilcoxon test using the same package.
Alpha diversity measures, including Shannon, and Simp-
son indices, were calculated with "animalcules" package
[75]. Beta diversity indices were presented as principal
coordinate analysis and the differences in the Bray—Cur-
tis distance matrix between the study groups was per-
formed using MicroEco [74].

Prediction of metabolic routes and functional differences
among the groups

The metagenome KEGG orthologs (KOs), clusters of
orthologs groups (COGs) and RNA families (Rfam) [76]
of the analyzed samples were predicted with the Phylo-
genetic Investigation of Communities by Reconstruc-
tion of Unobserved States (PICRUSt) tool [77] against
the OTUs present in the Greengenes database [73]. The
detected KOs were then collapsed to the pathway level
(KEGG level 3) using PICRUSt. The profiles of functional
pathways were further analyzed with Kruskal Wallis and
Tukey-Kramer post hoc analysis. These were then cor-
rected for multiple testing with the Bonferroni method
using the software package statistical analysis of taxo-
nomic and functional profiles (STAMP) [78].

Machine learning modeling

The salivary microbiome biomarkers were predicted
using a supervised learning classifier based on hyperten-
sion. We randomly split the data 50-times into a train-
ing set (80%) on which the predictive models were built
and a test set (20%) on which we tested the performance
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of each model. Optimal tuning parameters were cho-
sen via fivefold cross-validation. The test set validated the
classification accuracy of the Random Forest as an opti-
mized estimator [79].
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Additional file 1: Figure S1. Significant clusters of orthologous genes
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Additional file 2: Figure S2. ANOVA with Tukey's multiple comparisons
test was used to determine statistically significant differences between
the BP groups in comparison with normotensive group (*P < 0.05, **P<
0.01). Means that do not share a letter are significantly different.

Additional file 3: Figure S3. ROC curve for the model of Control,
Elevated, StageT, and Stage2 groups, which displayed the cross-validation
error as a receiver operating characteristic (ROC) curve with a 95% confi-
dence interval. The area under the ROC (AUROC = 0.89) is given below the
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Stage2 groups.

Additional file 4: Figure S4. Correlation analysis between selected six
salivary microbes, COG-4362, Cholesterol, insulin and BP in the study
groups. A Normal B Elevated C Stage1 D Stage2. Red to blue color scale
indicates a positive to a negative correlation, respectively. * P<0.05,
**p<0.01, ***P<0.001

(2023) 21:454

Acknowledgements

Data and samples used in this research were obtained from the Qatar Biobank
for Research http://www.qatarbiobank.org.qa. Sample processing for DNA
extraction was performed by Omics core at Sidra Medicine.

Author contributions

SAK designed the study and obtained funds for the project. SM processed
the samples for library preparation and sequencing. SM performed the data
analysis and wrote the first draft. SAK reviewed the data and finalized the
manuscript. All authors read and approved the final manuscript.

Funding

Open Access funding provided by the Qatar National Library. This project was
financially supported by funds from Qatar National Research Fund, project #
PPM2-0216-170012, and the Qatar genome program to SAK.

Availability of data and materials

The datasets presented in this study can be found in online repositories. The
names of the repository/repositories and accession number(s) can be found
below: https://www.ncbi.nim.nih.gov/PRINA781451.

Declarations

Ethics approval and consent to participate

The study was approved by the Institutional Review Board (IRB) of Sidra
Medicine under (protocol #1510001907) and by Qatar Biobank (QBB) (protocol
#E/2018/QBB-RES-ACC-0063/0022. All study participants signed an informed
consent prior to sample collection. All experiments were performed in accord-
ance with the approved guidelines.

Consent for publication
All authors reviewed the final version of the manuscript and approved it for
publication.

Page 12 of 14

Competing interests
The authors declare no competing interests.

Received: 30 March 2023 Accepted: 6 June 2023
Published online: 08 July 2023

References

1. Collaboration NCDRF. Worldwide trends in hypertension prevalence and
progress in treatment and control from 1990 to 2019: a pooled analysis
of 1201 population-representative studies with 104 million participants.
Lancet. 2021;398:957-80.

2. Organization WH. Blood pressure/hypertension. Geneva: WHO; 2022.

3. Wofford MR, Minor DS. Hypertension: issues in control and resistance.
Curr Hypertens Rep. 2009;11:323-8.

4. Richards EM, Li J, Stevens BR, Pepine CJ, Raizada MK. Gut microbiome and
neuroinflammation in hypertension. Circ Res. 2022;130:401-17.

5. Soenarta AA, Buranakitjaroen P, Chia YC, Chen CH, Nailes J, Hoshide S,
Minh HV, Park S, Shin J, Siddique S, et al. An overview of hypertension
and cardiac involvement in Asia: focus on heart failure. J Clin Hypertens.
2020;22:423-30.

6. Buonacera A, Stancanelli B, Malatino L. Stroke and hypertension: an
appraisal from pathophysiology to clinical practice. Curr Vasc Pharmacol.
2019;17:72-84.

7. Group SMIftSR, Williamson JD, Pajewski NM, Auchus AP, Bryan RN,
Chelune G, Cheung AK, Cleveland ML, Coker LH, Crowe MG, et al. Effect
of intensive vs standard blood pressure control on probable dementia: a
randomized clinical trial. JAMA. 2019;321:553-61.

8. WHO. Hypertension. Geneva: WHO; 2021. p. 1-4.

9. Chronic Disease Risk Factor Surveillance. Qatar STEPwsie report. Doha,
Qatar. 2012.

10. Ministry of Public Health. Cardiovascular diseases. 2020.

11. Rankings WH. Qatar: hypertension. Geneva: WHO; 2020.

12. Pedersen AM, Bardow A, Jensen SB, Nauntofte B. Saliva and gastrointes-
tinal functions of taste, mastication, swallowing and digestion. Oral Dis.
2002;8:117-29.

13. Marsh PD, Do T, Beighton D, Devine DA. Influence of saliva on the oral
microbiota. Periodontol. 2000;2016(70):80-92.

14. Aagaard K, Ma J, Antony KM, Ganu R, Petrosino J, Versalovic J. The pla-
centa harbors a unique microbiome. Sci Transl Med. 2014,6:237ra265.

15. Yang A, Zhang W, Wang J, Yang K, Han Y, Zhang L. Review on the applica-
tion of machine learning algorithms in the sequence data mining of
DNA. Front Bioeng Biotechnol. 2020;8:1032.

16. Olivier M, Asmis R, Hawkins GA, Howard TD, Cox LA. The need for
multi-omics biomarker signatures in precision medicine. Int J Mol Sci.
2019;20:4781.

17. ZhongY, Xu F,Wu J, Schubert J, Li MM. Application of next generation
sequencing in laboratory medicine. Ann Lab Med. 2021;41:25-43.

18. Morganti S, Tarantino P, Ferraro E, D’Amico P, Viale G, Trapani D, Duso BA,
Curigliano G. Complexity of genome sequencing and reporting: next
generation sequencing (NGS) technologies and implementation of preci-
sion medicine in real life. Crit Rev Oncol Hematol. 2019;133:171-82.

19. Deo PN, Deshmukh R. Oral microbiome: unveiling the fundamentals. J
Oral Maxillofac Pathol. 2019;23:122-8.

20. Zaura E, Keijser BJ, Huse SM, Crielaard W. Defining the healthy “core micro-
biome” of oral microbial communities. BMC Microbiol. 2009;9:259.

21. Zaura E, Nicu EA, Krom BP, Keijser BJ. Acquiring and maintaining a
normal oral microbiome: current perspective. Front Cell Infect Microbiol.
2014;4:85.

22. Murugesan S, Al Ahmad SF, Singh P, Saadaoui M, Kumar M, Al Khodor S.
Profiling the salivary microbiome of the Qatari population. J Trans| Med.
2020;18:127.

23. Murugesan S, Elanbari M, Bangarusamy DK, Terranegra A, Al Khodor S.
Can the salivary microbiome predict cardiovascular diseases? Lessons
learned from the Qatari population. Front Microbiol. 2021;12:772736.

24. Belstrom D. The salivary microbiota in health and disease. J Oral Micro-
biol. 2020;12:1723975.

25. Wang X, Kaczor-Urbanowicz KE, Wong DT. Salivary biomarkers in cancer
detection. Med Oncol. 2017;34:7.


https://doi.org/10.1186/s12967-023-04247-8
https://doi.org/10.1186/s12967-023-04247-8
http://www.qatarbiobank.org.qa
https://www.ncbi.nlm.nih.gov/PRJNA781451

Murugesan and Al Khodor Journal of Translational Medicine

26.

27.

28.

29.

30.

31

32

33

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

Abe K, Takahashi A, Fujita M, Imaizumi H, Hayashi M, Okai K, Ohira H. Dys-
biosis of oral microbiota and its association with salivary immunological
biomarkers in autoimmune liver disease. PLoS ONE. 2018;13:e0198757.
Bombin A, Yan S, Bombin S, Mosley JD, Ferguson JF. Obesity influences
composition of salivary and fecal microbiota and impacts the interactions
between bacterial taxa. Physiol Rep. 2022;10:e15254.

Norrman AE, Tervahartiala T, Sahlberg E, Sorsa T, Ruokonen H, Gronroos
L, Meurman JH, Isoniemi H, Nordin A, Aberg F, Helenius-Hietala J. Salivary
biomarkers and oral health in liver transplant recipients, with an empha-
sis on diabetes. Diagnostics. 2021;11:662.

Naqvi S, Asar TO, Kumar V, Al-Abbasi FA, Alhayyani S, Kamal MA, Anwar

F. A cross-talk between gut microbiome, salt and hypertension. Biomed
Pharmacother. 2021;134:111156.

Maifeld A, Bartolomaeus H, Lober U, Avery EG, Steckhan N, Marko L, Wilck
N, Hamad |, Susnjar U, Mahler A, et al. Fasting alters the gut microbiome
reducing blood pressure and body weight in metabolic syndrome
patients. Nat Commun. 1970,2021:12.

Duttaroy AK. Role of gut microbiota and their metabolites on athero-
sclerosis, hypertension and human blood platelet function: a review.
Nutrients. 2021;13:144.

Barbadoro P, Ponzio E, Coccia E, Prospero E, Santarelli A, Rappelli GGL,
D'Errico MM. Association between hypertension, oral microbiome and
salivary nitric oxide: a case-control study. Nitric Oxide. 2021;106:66-71.
Chen X, ChenY, Feng M, Huang X, Li C, Han F, Zhang Q, Gao X. Altered
salivary microbiota in patients with obstructive sleep apnea comorbid
hypertension. Nat Sci Sleep. 2022;14:593-607.

Sohail MU, Hedin L, Al-Asmakh M. Dysbiosis of the salivary microbiome is
associated with hypertension and correlated with metabolic syndrome
biomarkers. Diabetes Metab Syndr Obes. 2021;14:4641-53.

Ondimu DO, Kikuvi GM, Otieno WN. Risk factors for hypertension among
young adults (18-35) years attending in Tenwek Mission Hospital, Bomet
County, Kenya in 2018. Pan Afr Med J. 2019;33:210.

Dinakis E, Nakai M, Gill P, Ribeiro R, Yiallourou S, Sata Y, Muir J, Carrington
M, Head GA, Kaye DM, Marques FZ. Association between the gut
microbiome and their metabolites with human blood pressure variability.
Hypertension. 2022;79:1690-701.

Kim'S, Goel R, Kumar A, Qi Y, Lobaton G, Hosaka K, Mohammed M,
Handberg EM, Richards EM, Pepine CJ, Raizada MK. Imbalance of gut
microbiome and intestinal epithelial barrier dysfunction in patients with
high blood pressure. Clin Sci. 2018;132:701-18.

Jama HA, Kaye DM, Marques FZ. The gut microbiota and blood pressure
in experimental models. Curr Opin Nephrol Hypertens. 2019,28:97-104.
JiH, Kim A, Ebinger JE, Niiranen TJ, Claggett BL, Bairey Merz CN, Cheng S.
Sex Differences in blood pressure trajectories over the life course. JAMA
Cardiol. 2020;5:19-26.

LaMonte MJ, Gordon JH, Diaz-Moreno P, Andrews CA, Shimbo D, Hovey
KM, Buck MJ, Wactawski-Wende J. Oral microbiome is associated with
incident hypertension among postmenopausal women. J Am Heart
Assoc. 2022;11:e021930.

Blaton V. How is the metabolic syndrome related to the dyslipidemia?
EJIFCC. 2007;18:15-22.

Chen D, Zhao X, Sui Z, Niu H, Chen L, Hu C, Xuan Q, Hou X, Zhang R, Zhou
L, et al. A multi-omics investigation of the molecular characteristics and
classification of six metabolic syndrome relevant diseases. Theranostics.
2020;10:2029-46.

Harmey D, Hessle L, Narisawa S, Johnson KA, Terkeltaub R, Millan JL. Con-
certed regulation of inorganic pyrophosphate and osteopontin by akp2,
enpp1, and ank: an integrated model of the pathogenesis of mineraliza-
tion disorders. Am J Pathol. 2004;164:1199-209.

Kunutsor SK, Apekey TA, Khan H. Liver enzymes and risk of cardiovascular
disease in the general population: a meta-analysis of prospective cohort
studies. Atherosclerosis. 2014;236:7-17.

Kabootari M, Raee MR, Akbarpour S, Asgari S, Azizi F, Hadaegh F. Serum
alkaline phosphatase and the risk of coronary heart disease, stroke

and all-cause mortality: Tehran Lipid and Glucose Study. BMJ Open.
2018;8:€023735.

Wannamethee SG, Sattar N, Papcosta O, Lennon L, Whincup PH.

Alkaline phosphatase, serum phosphate, and incident cardiovascular
disease and total mortality in older men. Arterioscler Thromb Vasc Biol.
2013;33:1070-6.

(2023) 21:454

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

Page 13 of 14

Maya-Lucas O, Murugesan S, Nirmalkar K, Alcaraz LD, Hoyo-Vadillo C,
Pizano-Zarate ML, Garcia-Mena J. The gut microbiome of Mexican chil-
dren affected by obesity. Anaerobe. 2019;55:11-23.

Bikel S, Lopez-Leal G, Cornejo-Granados F, Gallardo-Becerra L, Garcia-
Lopez R, Sanchez F, Equihua-Medina E, Ochoa-Romo JP, Lopez-Contreras
BE, Canizales-Quinteros S, et al. Gut dsDNA virome shows diversity and
richness alterations associated with childhood obesity and metabolic
syndrome. iScience. 2021,;24:102900.

ZhangY, GuY, Ren H,Wang S, Zhong H, Zhao X, Ma J, Gu X, Xue Y, Huang
S, et al. Gut microbiome-related effects of berberine and probiotics on
type 2 diabetes (the PREMOTE study). Nat Commun. 2020;11:5015.

Yan Q, GuY, Li X, Yang W, Jia L, Chen C, Han X, Huang Y, Zhao L, Li P et al.
Alterations of the gut microbiome in hypertension. Front Cell Infect
Microbiol. 2017;7:381.

Vanhatalo A, Blackwell JR, L'Heureux JE, Williams DW, Smith A, van der
Giezen M, Winyard PG, Kelly J, Jones AM. Nitrate-responsive oral microbi-
ome modulates nitric oxide homeostasis and blood pressure in humans.
Free Radic Biol Med. 2018;124:21-30.

WuY, Chi X, Zhang Q, Chen F, Deng X. Characterization of the salivary
microbiome in people with obesity. PeerJ. 2018;6:e4458.

Sohail MU, Elrayess MA, Al Thani AA, Al-Asmakh M, Yassine HM. Profiling
the oral microbiome and plasma biochemistry of obese hyperglycemic
subjects in Qatar. Microorganisms. 2019;7:645.

Bescos R, Ashworth A, Cutler C, Brookes ZL, Belfield L, Rodiles A, Casas-
Agustench P, Farnham G, Liddle L, Burleigh M, et al. Effects of chlorhex-
idine mouthwash on the oral microbiome. Sci Rep. 2020;10:5254.
Bondonno CP, Liu AH, Croft KD, Considine MJ, Puddey IB, Woodman RJ,
Hodgson JM. Antibacterial mouthwash blunts oral nitrate reduction and
increases blood pressure in treated hypertensive men and women. Am J
Hypertens. 2015;28:572-5.

Kapil V, Haydar SM, Pearl V, Lundberg JO, Weitzberg E, Ahluwalia A. Physi-
ological role for nitrate-reducing oral bacteria in blood pressure control.
Free Radic Biol Med. 2013;55:93-100.

Burleigh MC, Liddle L, Monaghan C, Muggeridge DJ, Sculthorpe N,
Butcher JP, Henriquez FL, Allen JD, Easton C. Salivary nitrite production is
elevated in individuals with a higher abundance of oral nitrate-reducing
bacteria. Free Radic Biol Med. 2018;120:80-8.

Gonzalez-Soltero R, Bailen M, de Lucas B, Ramirez-Goercke MI, Pareja-
Galeano H, Larrosa M. Role of oral and gut microbiota in dietary

nitrate metabolism and its impact on sports performance. Nutrients.
2020;12:3611.

Dan X, Mushi Z, Baili W, Han L, Engi W, Huanhu Z, Shuchun L. Differential
analysis of hypertension-associated intestinal microbiota. Int J Med Sci.
2019;16:872-81.

Palmu J, Salosensaari A, Havulinna AS, Cheng S, Inouye M, Jain M, Salido
RA, Sanders K, Brennan C, Humphrey GG, et al. Association between

the gut microbiota and blood pressure in a population cohort of 6953
individuals. J Am Heart Assoc. 2020;9:e016641.

Pignatelli B, Fabietti G, Ricci A, Piattelli A, Curia MC. How periodontal dis-
ease and presence of nitric oxide reducing oral bacteria can affect blood
pressure. Int J Mol Sci. 2020;21:7538.

Chen B-Y, Lin W-Z, Li Y-L, Bi C, Du L-J, Liu Y, Zhou L-J, Liu T, Xu S, Shi C-J,
Zhu H,Wang Y-L, Sun J-Y, Liu Y, Zhang W-C, Lu H-X, Wang Y-H, Feng Q,
Chen F-X, Wang C-Q, Tonetti MS, Zhu Y-Q, Zhang H, Duan S-Z. Roles of
oral microbiota and oral-gut microbial transmission in hypertension. J
Adv Res. 2022. https://doi.org/10.1016/jjare.2022.03.007.

Silveira-Nunes G, Durso DF, Oliveira LRA Jr, Cunha EHM, Maioli TU, Vieira
AT, Speziali E, Correa-Oliveira R, Martins-Filho OA, Teixeira-Carvalho A,

et al. hypertension is associated with intestinal microbiota dysbiosis and
inflammation in a Brazilian population. Front Pharmacol. 2020;11:258.
Gerard C, Vidal H. Impact of gut microbiota on host glycemic control.
Front Endocrinol. 2019;10:29.

Petrie JR, Guzik TJ, Touyz RM. Diabetes, hypertension, and cardiovas-
cular disease: clinical insights and vascular mechanisms. Can J Cardiol.
2018;34:575-84.

Giordano A, Murano |, Mondini E, Perugini J, Smorlesi A, Severi |, Barazzoni
R, Scherer PE, Cinti S. Obese adipocytes show ultrastructural features of
stressed cells and die of pyroptosis. J Lipid Res. 2013;54:2423-36.
Antoniades C."Dysfunctional”adipose tissue in cardiovascular disease:

a reprogrammable target or an innocent bystander? Cardiovasc Res.
2017;113:997-8.


https://doi.org/10.1016/j.jare.2022.03.007

Murugesan and Al Khodor Journal of Translational Medicine

68.
69.

70.

71

72.

73.

74.

75.

76.

77.

78.

79.

(2023) 21:454

Vasdev S, Singal P, Gill V. The antihypertensive effect of cysteine. Int J
Angiol. 2009;18:7-21.

Leclercq B, Jaimes EA, Raij L. Nitric oxide synthase and hypertension. Curr
Opin Nephrol Hypertens. 2002;11:185-9.

Whelton PK, Carey RM, Aronow WS, Casey DE Jr, Collins KJ, Dennison
Himmelfarb C, DePalma SM, Gidding S, Jamerson KA, Jones DW, et al.
2017 ACC/AHA/AAPA/ABC/ACPM/AGS/APhA/ASH/ASPC/NMA/PCNA
guideline for the prevention, detection, evaluation, and management

of high blood pressure in adults: a report of the American College of
Cardiology/American Heart Association Task Force on clinical practice
guidelines. J Am Coll Cardiol. 2018;71:e127-248.

Minitab 17 Statistical Software. Computer software. State College:
Minitab, Inc; 2010.

Caporaso JG, Kuczynski J, Stombaugh J, Bittinger K, Bushman FD,
Costello EK, Fierer N, Pena AG, Goodrich JK, Gordon JI, et al. QIIME allows
analysis of high-throughput community sequencing data. Nat Methods.
2010;7:335-6.

DeSantis TZ, Hugenholtz P, Larsen N, Rojas M, Brodie EL, Keller K, Huber
T, Dalevi D, Hu P, Andersen GL. Greengenes, a chimera-checked 16S
rRNA gene database and workbench compatible with ARB. Appl Environ
Microbiol. 2006;72:5069-72.

Liu C, Cui'Y, Li X, Yao M. microeco: an R package for data mining in micro-
bial community ecology. FEMS Microbiol Ecol. 2021,97:fiaa255.

Zhao'Y, Federico A, Faits T, Manimaran S, Segre D, Monti S, Johnson WE.
animalcules: interactive microbiome analytics and visualization in R.
Microbiome. 2021;9:76.

Kanehisa M, Goto S. KEGG: kyoto encyclopedia of genes and genomes.
Nucleic Acids Res. 2000;28:27-30.

Langille MG, Zaneveld J, Caporaso JG, McDonald D, Knights D, Reyes JA,
Clemente JC, Burkepile DE, Vega Thurber RL, Knight R, et al. Predictive
functional profiling of microbial communities using 16S rRNA marker
gene sequences. Nat Biotechnol. 2013;31:814-21.

Parks DH, Tyson GW, Hugenholtz P, Beiko RG. STAMP: statistical analysis of
taxonomic and functional profiles. Bioinformatics. 2014;30:3123-4.
Bolyen E, Rideout JR, Dillon MR, Bokulich NA, Abnet CC, Al-Ghalith GA,
Alexander H, Alm EJ, Arumugam M, Asnicar F, et al. Reproducible, interac-
tive, scalable and extensible microbiome data science using QIIME 2. Nat
Biotechnol. 2019;37:852-7.

Publisher’s Note

Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Page 14 of 14

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

K BMC

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions




	Salivary microbiome and hypertension in the Qatari population
	Abstract 
	Background 
	Methods 
	Results 
	Conclusion 

	Introduction
	Results
	Clinical parameters of the study population
	Altered salivary microbiome composition and hypertension
	Machine learning approach for predicting hypertension using salivary microbiome
	Salivary microbial metabolic link with hypertension

	Discussion
	Conclusions
	Methods
	Study cohort
	Total salivary DNA extraction
	16S rRNA gene sequencing and data analysis
	Taxonomic and diversity analyses
	Prediction of metabolic routes and functional differences among the groups
	Machine learning modeling

	Anchor 22
	Acknowledgements
	References


