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1 | INTRODUCTION

Abstract

Smoking not only is one of the most important risk factors of hypertension (HTN),
but also alters the composition of gut microbiota (GM) in previous studies. Although
dysbiosis of GM has been implicated in HTN, how GM alters in patients with HTN
under smoking status is still not clear. This study aimed to explore the difference in
intestinal microflora among smokers with HTN (S-HTN), nonsmokers with HTN (NS-
HTN), and smokers without HTN (S-CTR) and identify whether cigarette smoking led
to disordered intestinal microbiota in patients with HTN. Metagenomic sequencing
analysis of fecal specimens was conducted in nonsmokers without HTN (NS-CTR,
n=9),S-CTR (n = 9), NS-HTN (n = 18), and S-HTN (n = 23). Compared with S-CTR or
NS-HTN, the GM in S-HTN was disordered, with lower microbial a-diversity and sig-
nificant difference of p-diversity on axes as compared to S-CTR at genus and species
level. The microbial enterotype in S-HTN was inclined to Prevotella-dominant type.
Dramatic changes in the intestinal genera and species composition were observed in
S-HTN, including reduced enrichment of Phycisphaera and Clostridium asparagiforme.
Moreover, the intestinal function altered in S-HTN. Therefore, the findings of the
present study revealed GM disorders in S-HTN and clarified the role of smoking in
impairing the intestinal microbiome in HTN. Tobacco control is particularly important
for improving GM in patients with HTN, and might be beneficial in preventing future

cardiovascular events.

10% of all-cause mortality worldwide.® Notably, previous evidence

Hypertension (HTN), the leading risk factor for cardiovascular disease
(CVD), is responsible for nearly 9.4 million deaths annually world-
wide.! An elevation in the blood pressure (BP) is clinically signifi-
cantly associated with an increased risk of CVDs and other diseases,
such as end-stage renal disease.?”> By 2030, 8.3 million population
are estimated to die from tobacco consumption, accounting for up to

indicated that smoking was associated with malignant HTN,” causing
an acute rise in BP, and was the major risk factor for new-onset CVD
events in patients with HTN.

In recent decades, accumulating studies have focused on the po-
tential role of gut microbiome, which is considered as an important
factor in modulating host health.8? Overwhelming evidence demon-
strated that current smokers possessed a distinct gut microbiome
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compared with never smokers, with decreased gut microbial diver-
sity and increased abundance of Bacteroidetes.*®** Correspondingly,
a profound shift in the microbial composition, including higher mi-
crobial diversity, enriched Firmicutes and Actinobacteria, as well as a
lower proportion of Bacteroidetes, was observed following smoking
cessation.'? Thus, the alterations of the gut microbiome are pre-
sumed to be affected by the smoking status of the host.

In addition, many lines of evidence have indicated that the gut
microbial community is linked to BP changes of the host. For exam-
ple, investigators have revealed reduced BP by probiotic treatments
in both rat models and human clinical trials of HTN.*3** A previous
study found a dramatic decrease in microbial richness and diversity,
and transformation into Prevotella-dominated gut enterotype in both
prehypertensive and hypertensive populations. Interestingly, elevated
BP was transferrable through intestinal microbiota by fecal transplan-
tation from hypertensive human donors to germ-free mice, and the
direct influence of gut microbiota (GM) on BP of the host was proved.*

Given emerging evidence showing the implication of smoking
status in consequent GM dysbiosis and the causal role of intestinal
microbiota in contributing to HTN development, the question was
whether tobacco use aggravated GM dysbiosis through regulating
the composition and function in patients with HTN. To address this,
metagenomic sequencing of stool samples of 59 participants with
and without HTN or smoking was conducted.

2 | MATERIALS AND METHODS

2.1 | Study cohort
The participants were drawn from a previous study.'> We excluded
participants with prehypertension, or no complete data on smoking
in the previous study. And 59 samples were enrolled ultimately in
the present study. All the participants included in the present study
were strictly recruited, and none of them was under antihyperten-
sive treatment. BP of participants was measured by nurses or phy-
sicians in a sitting position. With a random-zero mercury column
sphygmomanometer, we recorded three readings at 5 min interval,
and used the average of the three measurements as the final read-
ing. HTN was defined as systolic BP (SBP) 2140 mm Hg and/or dias-
tolic BP (DBP) 290 mm Hg. Without HTN (CTR) was defined as SBP
<125 mm Hg and DBP <80 mm Hg as previously described.!® Smokers
were defined as participants who 21 cigarette per day for more than
half a year, and nonsmokers were participants who never smoked.*
According to the status of smoking and HTN, the participants were
categorized into four subgroups: nonsmokers without HTN (NS-CTR,
n = 9), smokers without HTN (S-CTR, n = 9), nonsmokers with HTN
(NS-HTN, n = 18), and smokers with HTN (S-HTN, n = 23).
Participants suffering from cancer, heart failure, renal failure,
stroke, peripheral artery disease, and chronic inflammation were ex-
cluded. Furthermore, none of the participants took statin, aspirin,

insulin, metformin, or nifedipine before sampling. Individuals who

received antibiotics or probiotics treatment in the last 8 weeks were
also excluded. Ethics approval was obtained from Kailuan General
Hospital, Beijing, Chaoyang Hospital, and Fuwai Hospital. Written
informed consent for the survey was obtained from all participants
prior to data collection.

2.2 | DNA extraction and library preparation

Fecal samples were collected into a sterile container, transferred
to the laboratory with ice pack and froze at -80°C until analysis.
According to the manufacturer's recommendations, we extracted
DNA from stool samples using TIANGEN kit. We fragmented quali-
fied DNA by ultrasonic processor and constructed library of approxi-
mately 300 bp clone insert sizes per sample. With read length at
150 bp, paired-end sequencing was conducted by Illumina platform.
The reads aligned to the human genome with Short Oligonucleotide
Analysis Package 2 [SOAP2] Version 2.21, at parameters: -s 135, -|
30, -v 7, -m 200, -x 400 were removed. Remaining reads with high

quality were used for further analysis.

2.3 | Metagenomic sequencing and gene catalog
construction

The raw metagenomic sequencing data of 59 fecal specimens as-
sessed in the present study were from a published study in a pub-
lic database at the EMBL European Nucleotide Archive under the
BioProject accession code PRJEB13870 (http://www.ebi.ac.uk/ena/
data/view/PRJEB13870). Gene catalog was performed as described
in a previous study.®® Briefly, paired-end sequencing was conducted
on the lllumina platform (insert size 300 bp and read length 125 bp).
After quality control, the reads aligned to the human genome were
removed, and the remaining high-quality reads were used for further
analysis.

2.4 | Microbial diversity
The within-sample o-diversity was used to estimate the bacterial
diversity of the sample based on calculating the Shannon index
(richness and evenness), Chao richness, and Pielou evenness with R
software (version 3.3.3, package vegan) at genus and species levels.
The p-diversity was analyzed to assess the differences in micro-
bial communities between samples. Nonmetric dimensional scaling
(NMDS), principal component analysis (PCA), and principal coordi-
nate analysis (PCoA) were performed to determine the differences
at the genus and species levels. NMDS was calculated by the vegan
package, PCA by the FactoMineR package, and PCoA by the vegan
and ape packages in R software (version 3.3.3). In addition, we also
performed of p-diversity on axes by Kruskal-Wallis test as other in-

vestigators did previously.''®
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2.5 | Enterotypes

Enterotype was described as being densely populated areas in a
multidimensional space of community composition.19 In our study,
enterotype was performed as previously described by Arumugam M
et al.X? Briefly, all samples were analyzed by the Partitioning Around
Medoids (PAM) clustering method based on the Jensen-Shannon di-
vergence (JSD). The optimal number of clusters was assessed using
Calinski-Harabasz index.* Only genera with a mean relative 21074
and presented in 26 samples were eligible for the final analysis.
Moreover, chi-square test was used to assess the differences of en-
terotype distribution among four groups.

2.6 | Taxonomic annotation and
abundance profiling

Genes were aligned to the integrated NR database to evaluate the
taxonomic assignment using DIAMOND (version 0.7.9.58, default pa-
rameters except that -k 50 -sensitive —e 0.00001). As described in a
previous study,15 the significant matches of each gene were defined
as e-values <10 x e-value of the top hit. These retaining matches
were used to distinguish taxonomic groups. The taxonomical level
of each gene was determined using the lowest common ancestor-
based algorithm and processed by Metagenome Analyzer.?° The
abundance of a taxonomic group was calculated by summing the

abundance of genes annotated to the same feature.

2.7 | Functional annotation

Genes were functionally annotated using DIAMOND (Version
0.7.9.58, default parameters except that -k 50 -sensitive —e 0.00001)
aligned to the Kyoto Encyclopedia of Genes and Genomes (KEGG)
(Release 73.1, with animal and plant genes removed) database. Each
protein was assigned to the KEGG module by the highest scoring an-
notated hit(s) containing at least one high-scoring segment pair scor-
ing >60 bits.?! In addition, the abundance of the KEGG module was

assessed by the total abundance of genes annotated to a feature.

2.8 | Statistical analysis

Quantitative data with nonnormal distributions were presented as
median (first quartile, third quartile). Nonparametric test (Wilcoxon
rank-sum test, Kruskal-Wallis test) was used for between-group
comparisons. Quantitative data for a- and p-diversity and taxonomic
abundance were presented as median (first quartile, third quartile).
Differential abundance of genera, species, and KEGG modules was
determined using the Wilcoxon rank-sum test, and the p values were
corrected for multiple testing using the Benjamini and Hochberg
method, shown as g values. All statistical tests were two sided, and
p or g less than .05 was regarded as significant.

3 | RESULTS

3.1 | General characteristics of participants

In the present study, 9 NS-CTR, 9 S-CTR, 18 NS-HTN, and 23 S-
HTN were recruited from the study cohort of a previous study.*® The
baseline characteristics of the overall study population (n = 59) and
those stratified by smoking and HTN status are presented in Table 1.
Compared with NS-CTR, S-CTR possessed higher hip circumfer-
ence, abdominal circumference, and lower high-density lipoprotein
cholesterol values. In addition, the baseline characteristics of NS-
HTN and S-HTN were quite similar, except statistical differences in

the serum triglyceride level.

3.2 | Gut microbial diversity between S-HTN and
NS-HTN

For sequencing data production, a total of 338.74 Gb 125 bp paired-
end reads were generated from raw data (371.93 Gb), with an av-
erage of 5.74 + 0.98 (s.d.) million reads per sample (Table S1). The
assembled long contigs and scaffolds from high-quality sequencing
readings were applied for further gene prediction, taxonomic clas-
sification, and functional annotation.

First, the independent effect of cigarette smoking on GM di-
versity was assessed. The a-diversity, including Shannon, Chao, and
Pielou index, and p-diversity, including NMDS, PCA, and PCoA, were
calculated to evaluate the microbial diversity between nonsmokers
(n = 27) and smokers (n = 32) at genus and species levels. Despite
no statistically significant difference, smokers showed a decreas-
ing tendency in the gene number and «-diversity parameters com-
pared with the nonsmokers at the genus (p = .102 for gene number,
Figure 1A; p = .3142 for Shannon index, Figure 1B; p = .3573 for
Chao richness, Figure 1C; p = .2343 for Pielou evenness, Figure 1D)
and species level (p = .048 for Shannon index, Figure 1E; p = .263 for
Chao richness, Figure 1F; p = .079 for Pielou evenness, Figure 1G).
In addition, at the genus and species levels, p-diversity, including
NMDS, PCA, and PCoA, failed to distinguish participants with dif-
ferent smoking status (all p > .05, Figure 1H-J,k-M).

Hypertension was taken into account to evaluate the role of
smoking in aggravating GM dysbiosis in individuals with HTN. The
participants were divided into 4 groups: 9 NS-CTR, 9 S-CTR, 18
NS-HTN, and 23 S-HTN. Compared with NS-HTN or S-CTR, the
a-diversity parameters were lower (marginal significant) in S-HTN
(p = .0956 for Shannon index, Figure 2B; p = .0903 for Pielou even-
ness, Figure 2D for NS-HTN vs. S-HTN; p =.0583 for Shannon index,
Figure 2C; p = .0858 for Pielou evenness, Figure 2D for S-CTR vs.
S-HTN) at genus level. Furthermore, at the level of species, we found
that no significant difference among the four groups (Shannon index,
Figure 2E; Chao richness, Figure 2F and Pielou evenness, Figure 2G.
all p > .05). In addition, p-diversity in NMDS, PCA, and PCoA plots
at the genus and species levels were also assessed. For the genus
level (Figure 2H-J) and species level (Figure 2K-M), NMDS, PCA, and
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Characteristics

Number

Age (year)
Male/female
Smoking history

Smoking duration
(year)

Smoking amount
(cigarette/day)

Smoking
coefficient
(year cigarette/
day)

SBP

DBP

HR

Body mass index
WAIST_C

HIP_C

ABDOM_C

Uric acid

Creatinine

Fasting blood glucose
Total cholesterol
Triglyceride

High-density
lipoprotein

Low-density
lipoprotein

Total protein

Hemoglobin

WANG ET AL.
TABLE 1 General characteristics of study participants
NS-CTR S-CTR NS-HTN S-HTN p, value p, value
9 9 18 23
56.00 (46.50-59.00) 57.00 (54.00-62.00) 56.50 (50.75-59.25) 51.00 (47.00-58.00) .25 .09
9 (5/4) 9 (9/0) 18 (16/2) 23(23/0) .08 .19
0.00 35.00 (30.00-40.00) 0.00 25.00 (20.00-35.00) <01 <01
0.00 20.00 (10.00-22.50) 0.00 20.00 (10.00-30.00) <01 <01
0.00 525.00 (400.00-730.00) 0.00 500.00 <01 <01
(280.00-760.00)
115.00 115.33 (107.33-121.50) 147.50 147.33 (139.67-156.67) .63 49
(108.00-118.17) (142.92-153.08)
71.67 (64.84-76.84) 72.00 (70.00-77.00) 93.00(88.75-98.00) 93.00 (90.00-100.00) 79 44
71.00 (67.50-76.00) 67.00 (63.00-79.50) 72.50 (67.00-79.25) 71.00 (65.00-77.00) 45 .39
23.88 (20.64-24.84) 24.91 (21.66-25.46) 25.10(23.51-26.48) 26.17 (24.93-27.78) 40 .16
80.00 (74.50-89.50) 88.00 (85.00-100.00) 86.00 (83.00-97.75) 90.00 (84.50-100.00) .08 43
92.50(87.25-100.75) 100.00 (95.50-112.00) 100.50 105.00 (94.25-108.50) 03’ 40
(91.50-110.00)
82.00 (76.25-93.50) 93.00 (90.00-105.00) 90.50 (86.50-98.75) 95.00 (88.00-105.00) 02 .27
294.00(124.50- 330.00 (289.50-360.50) 403.58 374.00 (331.00-414.00) 27 .63
317.00) (311.50-445.00)
77.00 (60.50-176.70) 87.00(72.00-97.85) 71.50 73.00 (65.00-95.00) .69 .50
(58.00-100.60)
5.25(4.80-5.60) 5.15 (4. 70-5.32) 5.54 (5.11-6.25) 5.58 (5.28-6.18) 57 71
5.30(4.65-6.07) 5.77 (4.48-6.40) 5.60 (4.89-6.46) 5.86 (5.16-6.79) .63 .26
0.92(0.77-1.36) 0.96 (0.69-2.43) 1.20(0.70-2.17) 2.04(1.14-3.07) .66 .03’
1.53(1.26-1.58) 1.14 (0.90-1.26) 1.32(1.20-1.74) 1.28(1.05-1.54) .03’ .28
2.83(2.06-3.29) 2.84(2.61-3.35) 2.84(2.29-3.45) 2.78 (2.15-3.36) .57 93
74.00 (68.00-78.45) 75.00 (70.75-80.90) 74.00 (72.00-77.78) 75.60 (72.00-77.00) 74 .78
145.00 159.60 (136.00-165.00) 156.00 161.00 (155.00-167.00) .06 A1
(128.00-165.00) (151.00-161.50)
5.90 (5.30-7.10) 6.30(5.09-8.32) 6.55(5.33-7.60) 6.20(5.50-7.10) .90 .67

White blood cell

Note: P, value: NS-CTR versus S-CTR P, value: NS-HTN versus S-HTN. 'p < .05.

Abbreviations: ABDOM_C, abdominal circumference; HIP_C, hip circumference; NS-CTR, nonsmokers without HTN; NS-HTN, nonsmokers with
HTN; S-CTR, smokers without HTN; S-HTN, smokers with HTN; WAIST_C, waist circumference.

FIGURE 1 Alterations of gut microbial diversity in individuals from the smoking (S, n = 32) group compared with the Nonsmoking (NS,

n = 27) group. (A-D) Gene number and a-diversity indexes, including Shannon index, Chao richness, and Pielou evenness, based on the
genus profiles in NS and S cohort (p = .1022 for gene number; p = .3142 for Shannon index; p = .3573 for Chao richness; p = .2343 for
Pielou evenness, respectively; Kruskal-Wallis test). (E-G) a-diversity indexes, including Shannon index, Chao richness, and Pielou evenness,
based on the species profiles in NS and S cohort (p = .0483 for Shannon index; p = .2634 for Chao richness; p = .0788 for Pielou evenness,
respectively; Kruskal-Wallis test). Boxes represent the interquartile ranges, the inside line or points represent the median, and circles are
outliers. Blue, NS group; Purple, S group. (H-J) p-Diversity including NMDS, PCA, and PCoA of NS and S participants based on the genus
profiles. (K-M) NMDS, PCA, and PCoA of the NS and S groups were performed at the species level, respectively. Circles in blue indicate
samples from the NS group, and triangles in purple indicate individuals from the S group
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PCoA analysis failed to cluster participants into different groups. p
values derived from PERMANOVA Adonis test of any difference by
categories were >.05 for PCA at genus and species levels (Figure 2H-
M). Moreover, we also performed analysis on p-diversity on axes.
And we found evidence that the second NMDS (P,,ps, = 0.008,
Figure 2H) and second PCoA (P, », = 0.010, Figure 2J) differed sig-
nificantly between S-HTN and S-CTR at genus level. In addition, we
found that the first PCA (P,,, = 0.038, Figure 2L) and second PCoA
(PPCOA2 = 0.004, Figure 2M) showed difference between S-HTN and
S-CTR at the species level. The biological meaning of such statistical
different at one axis of NMDS, PCA, or PCoA suggests a difference
of B-diversity to some extent on another side.

3.3 | Enterotype distribution indicated an
inclination to Prevotella-dominated type in S-HTN

The microbial enterotype features were analyzed by PAM cluster-
ing method based on JSD to explore the global differences in the
gut microbiome community structures in the cohort. The 59 sam-
ples were clustered into 2 enterotypes by the PCA of JSD values at
the genus level (Figure 3A). Prevotella and Bacteroides were found
to be the most enriched genera in each enterotype, respectively
(p = 2.02e-16 and p = 1.02e-08, respectively, Figure 3B,C). In ad-
dition, the percentage and number of subjects distributed in ente-
rotypes Prevotella and Bacteroides were examined. Compared with
the other three groups, S-HTN exhibited a higher percentage in en-
terotype Prevotella, but lower percentage distributed in enterotype
Bacteroides. Moreover, 69.57% (n = 16) S-HTN exhibited enterotype
Prevotella and 30.43% (n = 7) exhibited enterotype Bacteroides.
However, only 33.33% (n = 3) of the populations in NS-CTR, 55.56%
(n = 5)in S-CTR, and 50.00% (n = 9) in NS-HTN were assigned into
enterotype Prevotella (Figure 3D,E), although no statistical differ-
ence was found (chi-square=3.857, p = .277). These findings sug-
gested that enterotype was inclined to Prevotella-dominated type in
S-HTN.

3.4 | Smokers with HTN disease showed dramatic
changes in intestinal genera and species composition

Taxonomic annotation and abundance profiles were analyzed to

assess alterations in the microbial composition among groups

(Figure 4). Overall, the participants shared 1126 genera and 3752
species (Figure 4A,D). The top 10 most abundant genera, such as
Prevotella, Bacteroides, and Faecalibacterium, and the top 10 species,
such as Faecalibacterium prausnitzii, P copri, and Pcopri CAG:164,
were detected (Figure 4B,E). In addition, the relative abundance of
the top 10 genera and species in each participant from different pro-
files of smoking and HTN was also assessed (Figure 4C,F). Compared
with NS-CTR, S-CTR and NS-HTN showed a higher abundance of
genera Prevotella and Faecalibacterium (Figure 4B,C) and species
Sutterella wadsworthensis (Figure 4E,F).

Given the difference in gut microbial diversity and structure
among groups, the microbes dramatically and differently enriched
at the genus and species levels were analyzed (g < 0.05, the p val-
ues were assessed using Wilcoxon rank-sum test and corrected for
multiple testing by the Benjamin and Hochberg method). In order
to show it clear, the relative abundance of genera, species level has
been transformed into log 10 values. Compared with S-CTR, bac-
teria of 168 (128 specific +40 shared) genera (Figure 5A and Table
S2) and 472 (349 specific +123 shared) species (Figure 6A and Table
S3) were statistically different in S-HTN, which might be associated
with HTN in smokers. Compared with NS-HTN, 119 (79 specific +40
shared) genera (Figure 5A) and 384 (261 specific +123 shared) spe-
cies (Figure 6A) were observed to be significantly differentin S-HTN,
which might be potential GM in HTN development linked to smoking
status. Above all, the different common bacteria obtained from the
overlap between S-CTR versus S-HTN and NS-HTN versus S-HTN
were mostly HTN-related bacteria, including 40 genera and 123 spe-
cies, which might be altered by the smoking status (Figure 5A and
Figure 6A).

Then, the abundance of the top 15 of the 40 shared differen-
tial genera, such as Oribacterium, Atopobium, and Peptoniphilus, are
shown in Figure 5B, and the top 15 of 123 shared differential spe-
cies, such as Anaerotruncus colihominis, Clostridium asparagiforme,
and Eubacterium plexicaudatum, are further clustered in Figure 6B.
It was quite absorbing that these different genera and species ulti-
mately exhibited a deficiency in S-HTN compared with simple smok-
ers and nonsmokers with HTN, indicating GM dysbiosis. Moreover,
the relative abundance of the top 15 common differential genera
(Figure 5C) and species (Figure 6C) in each group were assessed.
The relative abundance had a decreasing tendency from NS-CTR,
S-CTR, and NS-HTN to S-HTN, such as Phycisphaera at the genus
level and Clostridium asparagiforme at the species level. Importantly,

the relative abundance of these intestinal bacteria was found to be

FIGURE 2 Shifts of intestinal microbiota in a- and p-diversity between NS-HTN and S-HTN. (A-D) Box plots show gene number, Shannon
index, Chao richness, and Pielou evenness at the genus level in each group. (E-G) Box plots show Shannon index, Chao richness, and Pielou
evenness at species level in each group. CTR, nonhypertensive controls; HTN, patients with HTN; NS, nonsmokers; and S, smokers. Green,
NS-CTR, n = 9; cyan, S-CTR, n = 9; yellow, NS-HTN, n = 18; orange, S-HTN, n = 23. (H-J) NMDS, PCA, and PCoA plots based on the genera
level in groups. Significant differences across groups were established at NMDS2, PCA1, and PCoA2 at genus level. Circles in green indicate
samples from the NS-CTR group, circles in cyan indicate samples from the S-CTR group, triangles in yellow indicate individuals from the
NS-HTN group, and triangles in orange indicate individuals from S-HTN group. (K-M) Scatter diagram showing the NMDS, PCA, and PCoA
plots at the species level. Significant differences across groups were established at PCA1, and PCoA?2 at species level between S-CTR and S-
HTN. Boxes represent the interquartile ranges, the inside line or points represent the median, and circles represent outliers. *p <.05: % p < .1;

Kruskal-Wallis test
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FIGURE 3 Altered distributions in gut enterotypes of S-HTN and NS-HTN. (A) A total of 59 samples in the study cohort were clustered
into enterotype 1 (red) and enterotype 2 (blue) by PCA of JSD values at the genus level. The top contributors in the two enterotypes were
Prevotella and Bacteroides, respectively. (B and C) The relative abundance of Prevotella and Bacteroides in enterotype 1 and enterotype 2;

p = 2.02e-16 and p = 1.02e-08, respectively; Wilcoxon rank-sum test. (D and E) The percentage and number of samples in each group
distributed in enterotype 1 and enterotype 2. Boxes represent the interquartile ranges, the inside line or points represent the median, and
circles are outliers. Chi-square = 3.857,p = .277

FIGURE 4 Generaand species annotated in the gut of S-HTN and NS-HTN. (A and D) Venn diagrams showing the number of genera
and species annotated in groups. A total of 1126 genera and 3752 species shared in NS-CTR, S-CTR, NS-HTN, and S-HTN groups. (B and E)
Bar plots showing the relative abundance of the top 10 genera and species in each group. Different genera and species are differentiated
by color. (C and F) The relative abundance of the top 10 genera and species in each participant from different groups
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FIGURE 5 Genera significantly different between S-HTN and S-CTR, and between S-HTN and NS-HTN. (A) Venn diagrams
demonstrating the number of differential genera when comparing S-CTR and S-HTN, and NS-HTN and S-HTN. The overlap identified 40
genera concurrently altered; g < 0.05, Wilcoxon rank-sum test. (B) Heat map showing the top 15 of the 40 shared differential genera in
S-CTR, NS-HTN, and S-HTN. The abundance profiles were expressed by Z scores, and genera were clustered based on Bray-Curtis distance
in the clustering tree. The Z score was negative (shown in blue) when the row abundance was lower than the mean, and was shown in red
when the row abundance was higher than the mean. (C) Scatter plots of relative abundance of the top 15 shared differential genera shared
between S-HTN vs. S-CTR, and S-HTN vs. NS-HTN. In order to show it clear, the relative abundance of genera level has been transformed
into log10 values. Green, NS-CTR; cyan, S-CTR; yellow, NS-HTN; and orange, S-HTN. The dots indicate individual values of the participants,
and the horizontal lines from bottom to top represent 25th percentiles, medians, and 75th percentiles, respectively

the lowest in S-HTN, regardless of the genus or species level. It was
thus speculated that a significant decrease in these bacteria might
account for the dysbiotic GM of HTN caused by smoking.

3.5 | Intestinal function alteration of S-HTN

The KEGG database was used to annotate the gut microbial gene
functions across groups in the present study cohort. First of all, 31
(21 specific +10 shared) differential KEGG modules existed between
S-CTR and S-HTN, which separated S-HTN from S-CTR. Moreover,
48 (38 specific +10 shared) different KEGG modules existed between
NS-HTN and S-HTN, which were functions related to the smoking
status. The overlap identified that 10 KEGG modules were shared,
which were not only attributed to the smoking status but also asso-
ciated with HTN (Figure 7A and Table S4). The 10 shared KEGG mod-
ules differently enriched in S-CTR, NS-HTN, and S-HTN are shown in
Figure 7B. Consistent with the observationsin microbial profilesat the
genus and species levels, these KEGG functional modules displayed
a significant reduction in S-HTN. Further analysis based on NMDS,
PCA, and PCoA of the KEGG modules showed that compared with
NS-HTN or S-CTR, the alteration of GM function in S-HTN was dis-
crepant (Pyups s-cTrvs s-in = 0:0216, Pyvins ns-rinvs. s-nrn = 0-0357;
Pocas-ctrvs s-n = 00307, Pocans.ritnvs. s-irn = 0-0219; Pocops.crrys:
sonrn = 0:0149, Po o a ns-nTNvs 5o = 0-0382) (Figure 7C-E).

The functional features of the gut microbiome were dysbiotic in
S-HTN, illustrating the profound impact of smoking status on GM in
hypertensive individuals. The relative abundance of the 10 shared
differential KEGG modules is further shown in Figure 7F. In order
to show it clear, the relative abundance of KEGG modules has been
transformed into log10 values. These 10 KEGG modules were found
to be important in human anabolism and homeostasis. For example,
the functional module MO0089 was involved in triglyceride metab-
olism, the module M00122 was implicated in vitamin B12 metab-
olism, and the module M00175 functioned in nitrogen synthesis.
In addition, functional modules were involved in n-acetyl carboxyl
conversion into amino acids (basic amino acid synthesis, M00201),
leucine biosynthesis (M00432), nucleoside biosynthesis (M00554),
and galactose degradation (M00632). These observations suggested
that the altered physiological and metabolic functions of GM fol-
lowing smoking might participate in the process of disease including
HTN.

4 | DISCUSSION

In the present study, cigarette smoking was found to lead to the gut
microbiome disorders in patients with HTN. Compared with smoking
or hypertensive participants alternatively, the microbial a-diversity
parameters were lower in participants with both smoking status and
HTN, and significant differences of p-diversity axes as compared
to S-CTR at genus and species level. For the bacterial features in
enterotype distribution, the results suggested that compared with
controls, the enterotype of GM in patients with smoking or HTN was
inclined to Prevotella-dominant type. Importantly, S-HTN had the
highest percentage distributed in enterotype Prevotella. Moreover,
the taxa composition and potential metabolic functions of intesti-
nal microbes in S-HTN shifted, with deficiencies of various bacterial
genera, species, and functions.

In recent years, emerging evidence suggested that changes in the
composition of GM were significant in CVDs and metabolic disorders,
such as obesity, diabetes mellitus, and metabolic syndrome.???* HTN
is known as the most common modifiable risk factor for CVD. Previous
studies confirmed a causal role of aberrant GM in contributing to the
pathogenesis of HTN.}> The decreased bacterial diversity, altered
enterotype distribution trend to Prevotella, and variation in bacterial
populations and their corresponding functions were identified in both
prehypertensive and hypertensive adults, which were considered as
dysbiotic GM in patients with HTN. Simultaneously, previous stud-
ies found that cigarette smoking, a widely known risk factor for HTN
and CVD events, reduced GM diversity but also altered the composi-
tion and functional features. Thus, the findings of the present study
further extended previous cognition on the relationship between
smoking status, HTN, and intestinal microbiome by revealing the GM
dysbiosis in a cohort with HTN following cigarette smoking.

Indeed, for intestinal microbiota of smokers, previous investi-
gators have demonstrated significantly reduced Shannon diversity
and increased abundance of Bacteroidetes as compared with non-
smokers.’%! Here we found current smokers showed a decreasing
tendency with statistically significant difference at Shannon index
but not the other a-diversity parameters as compared to nonsmok-
ers at the species level. These results were consistent with previous
findings from other researchers and validated the alterations of gut
microbiota by tobacco smoking.

Moreover, enterotype distribution indicated an inclination to

Prevotella-dominated type in S-HTN, but slightly lower percentage
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FIGURE 6 Species significantly different between S-HTN and S-CTR, and between S-HTN and NS-HTN. (A) Venn diagrams
demonstrating the number of differential species on comparing S-CTR and S-HTN, and between NS-HTN and S-HTN. The overlap identified
123 genera concurrently altered; g < 0.05, Wilcoxon rank-sum test. (B) Heat map showing the top 15 of the 123 shared differential species in
S-CTR, NS-HTN, and S-HTN. The abundance profiles were expressed by Z scores, and the genera were clustered based on the Bray-Curtis
distance in the clustering tree. The Z score was negative (shown in blue) when the row abundance was lower than the mean, and was shown
in red when the row abundance was higher than the mean. (C) Scatter plots of the relative abundance of the top 15 shared differential
species shared between S-HTN vs. S-CTR, and S-HTN vs. NS-HTN. In order to show it clear, the relative abundance of species level has been
transformed into log10 values. Green, NS-CTR; cyan, S-CTR; yellow, NS-HTN; and orange, S-HTN. The dots indicate individual values of the
participants, and the horizontal lines from the bottom to top represent 25th percentiles, medians, and 75th percentiles, respectively

distributed in enterotype Bacteroides. Prevotella and Bacteroides
might have important effects on the health status and disease,
among which several species of Bacteroides were considered to be
beneficial or probiotic.2>?¢ Available evidence suggested a decrease
in the abundance of Bacteroides associated with intestinal inflamma-
tion, such as Crohn's disease.?’ In addition, reduced Bacteroides was
also observed in obese humans? and mice.?”° On the contrary, an
increased abundance of Prevotella in the intestine was positively as-

sociated with colon cancer®'*?

and susceptibility to colitis.>*3* For
tobacco smokers, the association was found in the gut microbiome,
with an enhanced relative abundance of Prevotella and suppressed
Bacteroides,'* which deteriorated according to the findings in S-
HTN. Kelly et al®® found that Bacteroidetes was associated with low
CVD risk, while Prevotella was related to high CVD risk. However,

Boursier et al®

found that Bacteroidetes was significantly increased
in non-alcoholic steatohepatitis and patients with significant fibro-
sis, whereas Prevotella decreased. Thus, the roles of Prevotella and
Bacteroidetes in health are still unclear and full of conflicts. The de-
tailed functions of Prevotella and Bacteroidetes in human health and
disease development still need further investigation.

For significantly different bacteria across the four groups, the
overlapped bacteria we ultimately focused on were found to be the
most disease-related bacteria, with both smoking and HTN. The rel-
ative abundance of the overlapping bacteria had a certain tendency
among the four groups, such as Phycisphaera at the genus level and
Clostridium asparagiforme at the species level, both showing a decreas-
ing tendency from NS-CTR, S-CTR, and NS-HTN to S-HTN. Although
the role of Phycisphaera in humans and animals has not been reported
yet, a bacterial community analysis showed that Rhodospirillales,
Phycisphaerae, Chlorobiales, and Burkholderiales could decompose
and reduce the concentration of nitrate, nitrite, and ammonium, re-
spectively.¥” C asparagiforme is known to produce acetic acid, lactic
acid, and ethanol as the main products of glucose fermentation. A
latest study found that supplementation with a high dose of probi-
otics in the drinking water significantly increased the abundance of
C asparagiforme, C hathewayi, and C saccharolyticum, which produced
butyrate and other organic acids beneficial for the maintenance of
host health.®® As the enrichment of genus Phycisphaera and species C
asparagiforme decreased gradually in the four groups from NS-CTR,
S-CTR, and NS-HTN to S-HTN, it was speculated that the significant
decrease in the abundance of these bacteria might be involved in the

pathological gut microbiome of HTN caused by smoking.

An imbalance in the gene function of bacteria was found, ac-
companied by the altered composition of intestinal microbiota. The
functional modules involved in triglyceride metabolism, vitamin
metabolism, basic amino acid synthesis, leucine biosynthesis, nucle-
oside biosynthesis, galactose degradation, and so on, shifted most
sharply in participants with both smoking and HTN compared with
participants who either smoked or were hypertensive. Most of these
impaired microbial functions in S-HTN are known to be essential for
health. Evidence has shown the physiological significance of vita-
min metabolism pathways in host homeostasis, such as maintaining
plasma prothrombin levels.®’ Synthesis of amino acids also had a
beneficial effect on metabolic health and weight control of popu-
lations following the Western-style diet.*° Leucine co-ingestion has
been proposed to improve postprandial glycemia in patients with
type 2 diabetes.*' Thus, the results showed that GM dysfunction
might lead to further susceptibility to HTN when one smoked. The
imbalance of corresponding metabolites following these deficient
microbial functions in amino acid biosynthesis, fatty acid utiliza-
tion, and vitamin production might confer to the occurrence of CVD
events in patients with HTN.

Although given emerging evidence showing the implication of
smoking status in consequent GM dysbiosis and the causal role
of intestinal microbiota in contributing to HTN development, our
study was the first study to assess the profiles of GM in partici-
pants with smoking status and HTN. Moreover, the hypertensive
patients were newly diagnosed and samples were collected prior
to antihypertensive treatment. Last but not the least, gut micro-
bial community was assessed by shotgun metagenomic sequenc-
ing, which allowed to be analyzed in species level and function
level. However, there are also some limitations of this study. In
our study, we failed to identify statistically remarkable difference
in the a-diversity parameters which might be due to limited sam-
ple size. As the number of participants was relatively small in the
current study, further studies with an expanded sample size to
validate or further explore the difference between groups are still
needed. In addition, the GM profiles of former smokers were not
included in our study because of small sample size. Nevertheless,
Lee SH et al*® have investigated the relationship between smoking
status and GM in never, former, and current smokers previously.
They found no difference in GM composition between never and
former smokers, including that GM of smokers would be restored

by quitting smoking.
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FIGURE 7 Fecal microbial gene functions significantly differently enriched between S-CTR and S-HTN, and between S-HTN and
NS-HTN. (A) Venn diagrams showing the number of differential KEGG modules when comparing S-CTR and S-HTN, and NS-HTN and
S-HTN. The overlap identified that 10 KEGG modules were shared; g < 0.05, Wilcoxon rank-sum test. (B) Heat map showing the 10 shared
KEGG modules differently enriched in S-CTR, NS-HTN, and S-HTN. The abundance profiles were expressed by Z scores, and genera were
clustered based on Bray-Curtis distance in the clustering tree. The Z score was negative (shown in blue) when the row abundance was lower
than the mean and was shown in red when the row abundance was higher than the mean. (C-E) NMDS, PCA, and PCoA plots based on the
relative abundance of KEGG modules in groups. Significant differences across groups were established at NMDS2, PCA2, and PCoA2, and
are shown in the box plots. *p <.05; #p < .1; Kruskal-Wallis test. (F) Scatter plots of the relative abundance of the 10 shared differential KEGG
modules shared between S-HTN vs. S-CTR, and S-HTN vs. NS-HTN. In order to show it clear, the relative abundance of KEGG modules has
been transformed into log10 values. Green, NS-CTR; cyan, S-CTR; yellow, NS-HTN; and orange, HTN-S. The dots indicate individual values
of the participants, and the horizontal lines from the bottom to top represent 25th percentiles, medians, and 75th percentiles

5 | CONCLUSIONS

In conclusion, the findings of this study indicated a disorder induced
by smoking based on exploring the dysbiotic intestinal flora in indi-
viduals with smoking status and HTN. Thus, smoking cessation was
highlighted for hypertensive patients due to its potential in avoiding
future CVD events through modulating GM.
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