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Original Article

Gut Microbiota and Fecal Levels of Short-Chain Fatty Acids
Differ Upon 24-Hour Blood Pressure Levels in Men

Justine Huart,* Justine Leenders,* Bernard Taminiau,* Julie Descy, Annie Saint-Remy,
Georges Daube, Jean-Marie Krzesinski, Pierrette Melin, Pascal de Tullio,T Francois Jouret}

Abstract—Gut microbiota may influence blood pressure (BP), namely via end products of carbohydrate fermentation. After
informed consent, male volunteers were prospectively categorized into 3 groups upon European Society of Hypertension
criteria based on 24-hour ambulatory BP measurements: (1) hypertension, (2) borderline hypertension, and (3)
normotension. Stool, urine and serum samples were collected in fasting conditions. Gut microbiota was characterized by
16S amplicon sequencing. Metabolomics, including quantification of short-chain fatty acids, was conducted using nuclear
magnetic resonance. Two-way ANOVA combined with Tukey post hoc test, as well as multiple permutation test and
Benjamini-Hochberg-Yekutieli false discovery rate procedure, was used. The cohort included 54 males: 38 hypertensive
(including 21 under treatment), 7 borderline, and 9 normotensive. No significant difference was observed between groups
concerning age, body mass index, smoking habits, and weekly alcohol consumption. The genus Clostridium sensu stricto
1 positively correlated with BP levels in nontreated patients (n=33). This correlation was significant after multiple
permutation tests but was not substantiated following false discovery rate adjustment. Short-chain fatty acid levels were
significantly different among groups, with higher stool levels of acetate, butyrate, and propionate in hypertensive versus
normotensive individuals. No difference was observed in serum and urine metabolomes. Correlation between stool
metabolome and 24-hour BP levels was evidenced, with R? reaching 0.9. Our pilot study based on 24-hour ambulatory
BP measurements, 16S amplicon sequencing, and metabolomics supports an association between gut microbiota and BP
homeostasis, with changes in stool abundance of short-chain fatty acids. (Hypertension.2019 0-00. DOI: 10.1161/
HYPERTENSIONAHA.118.12588.) ® Online Data Supplement i
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esis. The pathophysi
remains largely un!
targeted therapies.! Recent observations in rodents and humans
suggest an impact of gut microbiota (GM) on blood pressure
(BP) regulation.” Indeed, GM directly or indirectly influences
host physiology.”® GM dysregulation has been linked to var-
ious chronic disorders,>*'! including hypertension.’*>>° More
specifically, GM-derived short-chain fatty acids (SCFAs) may
be involved in BP homeostasis.”'> SCFAs correspond to end
products of GM-mediated food-derived carbohydrate fermen-
tation and mainly include acetate, propionate, and butyrate.'
SCFAs act on GPCRs (G-protein—coupled receptors).'

On the basis of these observations, we designed a pro-
spective collection of stool, urine, and serum samples from
male adult individuals to characterize GM and quantify

evels. The 16S amplicon
robial biodiver-
sity among BP-based groups.'> Nuclear magnetic resonance
] ormed.on stool, urine,
and serum to explore whether evels correlate with biofluid
metabolomes (including SCFA abundance).

NMR)-based metabolom vas.be

Patients and Methods

Data and analytic methods are available to other researchers:
all raw sequencing reads have been deposited at the National
Center for Biotechnology Information and are available under the
Bioproject PRINA507937. Metabolomics data have been uploaded
to MetaboLights. The present single-center prospective study was
approved by the Institutional Review Board of the University of Liege
(protocol No. B707201318600).

Patients
Adult male individuals with or without known primary hyperten-
sion and with normal kidney and liver functions were recruited.
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Patients under antibiotics at the time of enrollment were excluded
from the study. After signed informed consent, 24-hour ambulatory
BP measurement (24-hour ABPM, Spacelabs 90207 device) was
performed according to the European Society of Hypertension.'®
BP was measured every 20 minutes during the day and every 30
minutes during the night. Mean daytime and nighttime systolic BP
(SBP), diastolic BP (DBP), and mean BP (MBP) levels were calcu-
lated on the basis of self-declared awake and asleep periods. MBP
was calculated by Spacelabs at each BP measurement according to
the following formula: MBP=DBP+1/3(SBP-DBP). Participants
were divided into 3 groups based on the European Society of
Hypertension criteria. Normotension was defined by mean 24-hour
BP levels <130/80 mm Hg in untreated individuals. Borderline hy-
pertension (bHT) was defined by mean 24-hour BP levels <130/80
mmHg with either isolated daytime hypertension (=135 mmHg
[systolic] and =85 mmHg [diastolic]) or nocturnal hypertension
(=120 mmHg [systolic] or 270 mmHg [diastolic]). Hypertension
was defined by mean 24-hour BP levels 2130 mm Hg (systolic) or
>80 mm Hg (diastolic) or in case of use of antihypertensive medica-
tions whatever the BP levels. A patient was categorized as dipper
when his night-day BP ratio was <0.9 or nondipper when his night-
day BP ratio was >0.9."7

Samples
Feces were collected at home using stool collection tubes provided
with the PSP Spin Stool DNA Plus Kit (ISOGEN Life Science)
and Fecal Swab Collection tubes. The collectors for stool sampling
were given at the time of ABPM onset (day 1) and were brought
back the next day (day 2, when ABPM device was removed).
Samples in stool collection tubes were immerged with stool DNA
stabilizer solution'® and stored at —80°C. Samples in Fecal Swab
Collection tube were centrifuged for 10 minutes at 3000 rpm fol-
lowing a 10-s vortex and withdrawal of the swab from the cap.
Supernatants were aliquoted and stored at —80°C. Serum and
second urine were in fasting conditions on day 2, ali-
quoted and stored ai

16S Amplicon Sequenging
Total bacterial D was extracted
Plus Kit following the manufactu reco
chain reaction (P
16S ribosomal DNA and library preparation were performed with
the following primers (with Illumina overhand adapters), for-
ward  (5-GAGAGTTTGATYMTGGCTCAG-3") and reverse
(5-ACCGCGGCTGCTGGCAC-3"). Each PCR product was puri-
fied with the Agencourt AMPure XP beads kit (Beckman Coulter,
Pasadena) and submitted to a second PCR round for indexing, using
the Nextera XT index primers 1 and 2. After purification, PCR prod-
ucts were quantified using the Quant-IT PicoGreen (ThermoFisher
Scientific, Waltham) and diluted to 10 ng/pL. A final quantitative
PCR quantification of each sample in the library was performed using
the KAPA SYBR FAST quantitative PCR Kit (Kapa Biosystems,
Wilmington) before normalization, pooling and sequencing on a
MiSeq sequencer using v3 reagents (ILLUMINA). Positive control
using DNA from 20 defined bacterial species and a negative control
(from the PCR step) were included in the sequencing run.

ndations. Polymerase

Microbiota Profiling

Sequence read processing was used as described previously'® using,
respectively, MOTHUR software package v1.35%° and UCHIME al-
gorithm?' for alignment, operational taxonomic unit clustering, and
chimera detection. Clustering distance of 0.03 was used for opera-
tional taxonomic unit generation. 16S ribosomal DNA reference
alignment and taxonomical assignation were based on the SILVA
database (v1.28) of full-length 16S ribosomal DNA sequences.”
Subsample datasets were obtained and used to evaluate ecological
indicators, richness estimation (Chaol estimator), microbial biodi-
versity (reciprocal Simpson index), and the population evenness (de-
rived from Simpson index) using MOTHUR. Population structure
and community membership were assessed with MOTHUR using
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distance matrice based on Bray-Curtis dissimilarity index (a measure
of community structure which considers shared operational taxo-
nomic units and their relative abundances).? Ordination analysis and
3-dimensional plots were performed with Vegan, Vegan3d, and rgl
packages in R. Nonmetric dimensional scaling based on the Bray-
Curtis dissimilarity matrix was applied to visualize the biodiversity
between the groups using MOTHUR >

1H-Nuclear Magnetic Resonance Data Acquisition
Six hundred microliters of stool supernatants were centrifuged
for 6 minutes at 13.300 rpm (4°C) to eliminate membranes and
cell residues. Four hundred microliters of supernatant was supple-
mented with 200 pL of deuterated phosphate buffer (pH 7.4), 100
puL of a 5-mmol/L solution of maleic acid, and 10 pL of a 10-mg/
mL triméthylsilylpropanoate D,0 solution. Serum (500 pL) and
urine (500 pL) samples were supplemented with 100 pL of deu-
terated phosphate buffer (pH 7.4), 100 pL of a 35 mmol/L solution
of maleic acid, and 30 (serum) or 10 (urine) pL of a 10-mg/mL
triméthylsilylpropanoate D20 solution. All samples were recorded
at 298K on a Bruker Avance spectrometer operating at 500.13 MHz
for the proton signal acquisition. The instrument was equipped
with a 5-mm TCI cryoprobe with a Z gradient. Maleic acid was
used as internal standard for quantification and trimethylsilyl-
3-propionic acid-d4 (triméthylsilylpropanoate) for the zero calibra-
tion. 1H-Nuclear magnetic resonance spectra were acquired using
a 1D NOESY sequence with presaturation for urine samples and
Carr-Purcell-Meiboom-Gill relaxation-editing sequence with pre-
saturation for serum samples and stool supernatants. The nuclear
overhauser effect spectroscopy presat experiment used a RD-90°-
T -90°-T -90°-acquire sequence wj relaxation delay (RD) of 4
s, a mixing time (T, ) of 10 ms, an gitibyodelay of 4 ps. Water
suppression pulse was placed during the RD. Acquisition time is
fixed to 3.2769001 s. The Carr-Purcell-Meiboom-Gill experiment
used a RD-90-(t-180-t)n-€quence with an RD of 2 s, a spin echo
delay (t) of 400 ms, and the number of loops (n) equal to 80. The
samples, the number of

g anfity of 4 dummy scans was

ssed*With er Topspin 3. Phase
and baseline corrections were performed manually over the entire
ibrated to O ppm using

as e RD. The acquisi-
5

the internal standard trimethylsilylpropanoate.

Statistical Analysis

Continuous variables were expressed as mean+SD; frequencies of
categorical variables were expressed as percentages. In the Table,
the study compared the distribution of 6 continuous variables (age,
body mass index, alcohol consumption, 24-hour SBP, 24-hour DBP,
24-hour MBP) in the 3 groups of BP status. For each variable, a
Kruskal-Wallis test was used followed by 2 by 2 multiple compari-
sons of the groups according to the method described by Siegel and
Castellan.” To maintain the overall statistical significance level o at
the nominal level of 5%, a Bonferroni correction was applied, and
each Kruskal-Wallis test was performed at the 0.0083 level. Tests
were performed with Statistica software (v 13). Frequencies of
categorical parameters were compared using a > test of indepen-
dence. For small frequencies, Fisher exact test was used. Statistics
for bacterial biodiversity, richness, and evenness were assessed with
2-way ANOVA corrected for multitesting (Benjamini, Krieger, and
Yekutieli) using PRISM 7 (Graphpad Software). Differences of
population abundance between groups were assessed with ANOVA
using STAMP software.”® Statistical paired differences between
treatment groups of specific bacterial populations were assessed
by 2-way ANOVA and Tukey-Kramer post hoc test. Spearman cor-
relation was tested after 1.000 permutations using WPERM pack-
ages in R software. Additionally, Benjamini-Hochberg-Yekutieli
false discovery rate procedure was used (Psych package for R). For
univariate analysis of SCFAs, spectral data of stool samples were
used to provide a relative quantification of 3 preselected SCFA:
acetate, butyrate, and propionate concentrations were obtained by
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Table. Clinical Characteristics of the Three 24-h Ambulatory BP Profiles

Reference to Mean 24-h BP

Clinical Normotension = Borderline | Hypertension
Characteristics (1) 2) (3) PValue*
n 9 7 38
Age, y 46.2+11.4 | 50.3+13.3 | 52.5+8.2 0.40
BMI, kg/m? 24.3+1.1 23.9+35 | 27.2+35 0.021
Smokers, % 1 14 11 0.80
Alcohol (glass/wk) 5.7+4 3.8+3 5.5+5.4 0.74
Family HT, % 55 45 42 0.83
Diabetes mellitus, % 0 0 7.9 0.99
CV history, % 11 14 23.6 0.63
GE history, % 33 43 46 0.80
Antibiotics during 22 43 13 0.18
previous 3 mo, %
24-h SBP, mmHg 118+6 124+5 13714 | 0.000032
(1)<@)
0.000063
24-h DBP, mmHg 73+5 771 85+11 0.000498
(1)<
0.000909
24-h MBP, mmHg 87+5 92+2 102+11 0.000040
(1)<(3)
0.000074
Non-anti-HT 100 100 45
treatment, %
Anti-HT treatment, % ‘
N anti-HT class
(median)
Diuretics, %
[-Blockers, % 48
CCBs, % 67
ACE inhibitors, % 48
ARBs, % 38
Central agents, % 24
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SIMCA (version 13.0.3; Umetrics AB, Umea, Sweden). Pareto scal-
ing was applied to bucket tables and discriminant analyses (DA),
such as principal component analysis, partial least squares DA
(PLS-DA), orthogonal PLS-DA, and partial least square regression,
were performed. SIMCA was used to generate all principal compo-
nent analysis, PLS, and PLS-DA models and plots. Principal compo-
nent analysis was only used to detect possible outliers and determine
intrinsic clusters within the data set, while PLS-DA maximized the
separation. Metabolomics and 16S amplicon sequencing data were
subjected to a Tukey test for multiple comparisons.

Results

Clinical Features of the Cohort

Our cohort initially included 28 hypertension patients of 28
patients with hypertension and 26 self-reported healthy volun-
teers. The European Society of Hypertension criteria for hy-
pertension were applied to all 24-hour ABPM, which caused
the reclassification of 17 healthy volunteers to hypertension
(n=10) and bHT (n=7) groups. Therefore, our working cohort
was based on 3 groups: 9 normotension, 7 bHT, and 38 hyper-
tension patients (including 21 patients under antihypertensive
medications, 55% of the hypertension; Figure 1). A median
number of 3 different classes of antihypertensive drugs per
day was reported. The clinical characteristics of the cohort are
summarized in the Table. No difference was observed among
groups concerning the age, body index, the diet, smok-
ing habits, or weekly alcohol constigptiGE=About half of the
individuals had a family history of hypertension. Diabetes
mellitus was present in 7 9% of the cohort and only concerns
hypertension group No dftterence was found among groups

e du o th h period preced-
study r period between the
t i was 15 days.

By deﬁmtlon 24- hour SBP 24-hour DBP, and 24-hour MBP
n group when
compared with normotension. When comparing hyperten-
sion to bHT subjects, BP differences did not reach statistical
significance (P=0.061 for 24-hour SBP, P=0.073 for 24-hour
MBP). Similar observations were made concerning daytime

ACE indicates angiotensin-converting enzyme; ARB, angiotensin Il receptor
blocker; BMI, body mass index; BP, blood pressure; CCB, calcium channel
blocker; CV, cardiovascular; DBP, diastolic blood pressure; GE, gastroenterological;
HT, hypertension; MBP, mean blood pressure; N anti-HT, number of anti-
hypertension drug classes (median); and SBP, systolic blood pressure.

*For continuous variables, P value of the Kruskal-Wallis test with below the
only pairwise comparisons that were significant at the P level <0.0083.

the integration of the signals at 1.93, 1.56, and 1.05 ppm, respec-
tively, using maleic acid as internal standard (normalized to 2) and
Topspin software (version 3.2; Bruker). Statistics between groups
were done by a 1-way ANOVA. For multivariate analysis, optimized
1H-Nuclear magnetic resonance spectra were automatically baseline
corrected and reduced to American standard code for information
interchange files using AMIX software (version 3.9.14; Bruker). The
spectral intensities were normalized to total intensities and reduced
to integrated regions of equal width (0.04 ppm) corresponding to the
0.5- to 10.00-ppm region. Because of the residual signals of water
and maleic acid, regions between 4.7 and 5 ppm (water signal) and
5.6 and 6.2 ppm (maleic acid signal) were removed before analysis.
The reduced and normalized NMR spectral data were imported into

or nighttime BP.

28 HT 26 controls
[ 21 treated ]{ 7 untreated ]

24h-ABPM l 38 HT ] { 7 borderline ] [ 9 Normotension ]

Figure 1. Flowchart of patient’s recruitment and categorization. Fifty-four
patients were enrolled. On basis of the anamnesis, 28 were hypertension
(HT), including 21 under chronic antihypertensive medication. The
remaining 26 self-reported healthy volunteers were tested for HT using

a 24-hour ambulatory blood pressure measurement (ABPM; following

the European Society of Hypertension criteria). The final cohort included
38 patients with HT, 7 patients with borderline hypertension, and 9
normotension individuals.
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Microbial Diversity in Patients Without Versus With
Hypertension

The identity and relative abundance of dominant and sub-
dominant microbial populations present in stool samples
have been determined using sequencing of the VI1-V3
hypervariable region of bacterial 16S ribosomal DNA. The
16S amplicon sequencing included 10.000 identifications
by sample and was corrected for multiple tests. We focused
on phylum, family, genus, and species. Only the bacte-
rial populations with a median value different from zero
among the entire cohort were considered. The most abun-
dant phyla in the global cohort included Firmicutes and
Bacteroidetes. Concerning families, 4 dominant popula-
tions were identified: Lachnospiraceae, Ruminococcaceae,
Bacteroidaceae, and Prevotellaceae. Two-way ANOVA
followed by Tukey post hoc test failed to show statistically
significant differences between bacterial phyla, families,
genera, and species among the 3 groups. The Firmicutes/
Bacteroidetes ratio has been calculated on the relative

abundance of these phyla for each patient. No statistic dif-
ference between the mean ratios was found among groups.
Still, a significant and positive correlation between the rela-
tive abundance of the genus Clostridium sensu stricto I and
24-hour SBP, 24-hour DBP, and 24-hour MBP levels was
found (Figure 2A). Significant negative correlations were
observed between the relative abundance of 2 bacterial spe-
cies (Ruminococcaceae_ge_DQ807686 and Clostridiales_
ge_16S_0TU1343) and 24-hour SBP, 24-hour DBP, and
24-hour MBP levels (Figure 2B). These correlations
remained significant after multiple permutation tests but
were not substantiated following false discovery rate ad-
justment (online-only Data Supplement). Patients under
antihypertensive medications (n=21) were excluded from
these correlations. Correlations between bacterial species
or genus and BP levels were observed with 24-hour BP lev-
els, as well as with nighttime BP levels or daytime BP lev-
els, independently. Correlations between bacterial species
or genera and only 1 or 2 of the 3 BP parameters (24-hour

A Clostridium_sensu_stricto_1 Clostridium_sensu_stricto_1 Clostridium_sensu_stricto_1
Spearman Rho: 0.426 Spearman Rho: 0.350 Spearman Rho: 0.399
1.0+ P (two-tailed): 0.015 1.0 P (two-tailed): 0.049 1.0 P (two-tailed): 0.024
L] L] L ]
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& . g e g *
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© (] [}
s 5 5
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B Ruminococcaceae_ge_DQ807686 Ruminococcaceae_ge_DQ807686 Ruminococcaceae_ge_DQ807686
Spearman Rho: -0.396 Spearman Rho: -0.374 Spearman Rho: -0.370
0.004+4 P (two-tailed): 0.027 0.0044 P (two-tailed): 0.038 0.004 P (two-tailed): 0.040
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Figure 2. Correlation studies between bacterial genera/species and 24-hour blood pressure levels. A, Significant positive correlations between the relative
abundance of the genus Clostridium sensu stricto 1 in stools and 24-hour systolic blood pressure (SBP), 24-hour diastolic blood pressure (DBP), and 24-hour
mean blood pressure (MBP) levels were observed in all patients without antihypertensive medication (n=33). B, Significant negative correlations between the
relative abundance of the Ruminococcaceae_ge_DQ807686 species in stools and 24-hour SBP, 24-hour-DBP and 24-hour-MBP levels were observed in all

patients without antihypertensive medication (n=33).
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SBP, 24-hour DBP, and 24-hour MBP) were rejected.
No difference was found between dipper and nondipper
patients regarding GM composition.

Stool, Serum, and Urine Metabolomes in Patients
Without Versus With Hypertension

Stool Metabolome

NMR metabolomics analyses performed on stool samples
did not statistically discriminate normotension versus bHT
versus hypertension groups, even after using supervised
methods (R? at 0.096 and Q* at —0.207). Note that aber-
rant and uninterpretable spectral data were removed from
the analyses. Partial least square regression lines for stool
metabolomes of all individuals with no antihypertensive
medications (n=27) highlighted correlations with 24-hour
MBP, 24-hour SBP, and 24-hour DBP levels (Figure 3). Stool
metabolomes from untreated hypertension (n=14), bHT
(n=7), and normotension (n=6) patients, respectively, corre-
lated with 24-hour MBP levels, with R? coefficients of 0.84,
0.83, and 0.93. Partial least square regression including the
27 patients showed R? coefficient of correlation with 24-hour
MBP of 0.40. Focusing on fecal SCFA levels, ANOVA be-
tween groups found statistically significant differences in ac-
etate, butyrate, and propionate abundance (Figure 4). Stool

Gut Microbiota Composition Upon 24-Hour Blood Pressure Levels 5

(including both treated and nontreated patients, n=30),
compared with 44.3+6.3 and 16.0+4.7 in bHT (n=6) and
normotension individuals (n=8), respectively. Those quan-
tifications are relative to maleic acid concentration. No sig-
nificant difference of stool levels of acetate, butyrate, and
propionate was found between treated and untreated hyper-
tension patients. Similarly, fecal levels of butyrate reached
16.1£1.9 in hypertension patients, compared with 11.0+2.1
and 4.4+1.4 in bHT and normotension individuals, respec-
tively. Fecal abundance of propionate tended to be increased
in hypertension patients (14.5+1.4) in comparison to bHT
(10.4%1.5) and normotension (3.6x1.3). No correlation was
found between the stool levels of acetate, butyrate, and pro-
pionate, and the 24-hour BP levels.

Urine and Serum Metabolomes

Global DA of serum and urine metabolomes did not find sta-
tistically significant distinctions among groups. Correlations
performed with serum and urine metabolomes did not detect
associations with 24-hour MBP, 24-hour SBP, or 24-hour
DBP levels. SCFA levels could not be quantified in urine
and serum spectral data because of their weak abundance
in these biofluids. Urine pH considerably varied between
individuals, which caused uninterpretable shifts of NMR

levels of acetate reached 60.4+4.1 in hypertension patients spectral peaks. e
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Figure 3. Transversal correlation studies between stool metabolome and 24-hour mean blood pressure (MBP) levels. Partial least square regressions were
used to assess the correlations between the 24-hour MBP levels (Y actual values) and the stool metabolome (depicted as Y predicted) in controls (A; n=6,
R2=0.93), in borderline hypertension (bHT) patients (B; n=7, R>=0.83), and in patients with untreated hypertension (HT; C; n=14, R?>=0.84). Transversal study of
24-hour MBP levels with stool metabolome of all untreated individuals (untreated HT+bHT+normotension) is represented in D (=27, R?=0.40).
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A £ B " 2L o Figure 4. Short-chain fatty acid (SCFA)
~ T * T quantifications in stool samples. Acetate (A),
—_ = T 204 . butyrate (B), and propionate (C) were quantified
60 . .
2 +| r 1 on the basis of 1H-Nuclear magnetic resonance
40- _I_ = 10 E spectra of stool samples. SCFA abundance
- - —— 104 in hypertension (HT) patients (including both
20 ——
:I _L I | J— E treated and untreated, n=30) was higher in
L g 5 | N L M v T comparison to individuals with borderline
& ‘b,s‘“ °¢$‘° A @e““(" & > P.S‘& &° hypertension (n=6) or normotension (n=8).
L < ¢ *0.01>P<0.05, **0.001>P<0.01.
e"g \\“&d\ e““é@
Discussion healthy individuals, with increased abundance of Klebsiella,

In the present cohort, the genus Clostridium sensu stricto
1 positively correlated with BP levels in nontreated indi-
viduals. This correlation remained significant after mul-
tiple permutation tests but was not substantiated following
false discovery rate adjustment. Furthermore, a correlation
between stool metabolome and 24-hour BP levels was evi-
denced, with increased fecal levels of acetate, propionate,
and butyrate levels in hypertension patients. These observa-
tions support an association between GM composition and
BP levels, possibly via stool abundance of SCFAs. The lim-
itations of our monocentric study include the small number
of patients. The size of our control group was significantly
reduced by the a posteriori verification of the 24-hour BP
levels following European Society of Hypertension criteria.
These unanticipated pitfalls emphasize the unrecognition of
hypertension in opulation based only on office
BP. The strengths ork actually rely on such a well-

standardized 24- M i
e si the u tlve
evel§ and (GM

as well as the foc

hormonal influe

the best of our knowledge, o udy is the ﬁrst one
based on 24-ho

is regarded as stable over time in adults.'”> Antibiotics are
known to modify GM, but the perturbations tend to disap-
pear rapidly after treatment.”” Moreover, several nonantibio-
tic drugs may influence the human GM.?* Our study was
designed before these reports. We provide the exhaustive
list of nonantibiotic drugs taken by the subjects of our co-
hort at the time of sample collection. More specifically, 5
patients were under inhibitors of proton pump and 4 patients
under metformin. After excluding these patients, our obser-
vations remained statistically significant (online-only Data
Supplement). Note that no difference in stool abundance of
SCFAs was observed in hypertension patients with versus
without antihypertensive drugs.

Several preclinical and clinical models have suggested
that gut dysbiosis influences BP homeostasis.>** In hy-
pertension rats, oral minocycline restored GM, reduced the
Firmicutes/Bacteroidetes ratio, and attenuated BP levels.*
In mice, fecal transplantation from hypertension human
donors to germ-free animals causes hypertension, thereby
suggesting that hypertension is transferrable through
GM.*® In a small cohort of patients with hypertension, an
increased ratio of Firmicutes/Bacteroidetes phyla has been
reported.* Similarly, Yan et al®* have recently reported on
GM dysbiosis in 60 hypertension patients compared with 60

teIISTE

Streptococcus, and Parabacteroides species.* Compared
with 41 healthy controls, Li et al* found distinct metage-
nomic composition in 99 hypertension patients and 55 bHT,
with overgrowth of Prevotella and Klebsiella.

Changes in GM on BP levels have been linked to the
inflammatory status of gut wall, with structural changes
(increased fibrosis, decreased length of the villi, etc) and
functional impacts (increased intestinal permeability).>3!
These observations have highlighted putative links between
(1) gut, (2) food-derived GM metabolites, and (3) kidneys
as principal actors in BP homeostasis.>** More specifically,
SCFAs are end products of the fermentation of food poly-
saccharides by gut bacteria. SCﬁnus,mommonly refers to
the straight-chain 2—4 carbon ety=tetate, propionate,
and butyrate. Although acetate is generally reported to be
the most abundant S A in the mammalian gut, the pre-
cise ratios of acetate versus butyrate versus propionate are

% concentrations in
0 mmol/L.>" Tt depends
n, influenced by

SCFAs.* SCFAs diffuse through the intestinal mucosa, enter
ct by binding to
GPCRs, which are broadly distributed in mammalian organ-
isms.”"* Samuel et al* found that the intestinal absorption of
SCFA seems to be influenced by the GPCR, GPR41. Indeed,
GPR41-deficient mice show reduced intestinal absorption
and delivery of SCFA, which was linked to a necessary inter-
action between SCFA and GPR41 to increase circulating lev-
els of hormones that, in turn, increase SCFA absorption by
reducing gut motility.*® Hence, SCFAs participate to the reg-
ulation of adipose tissues® and the immune system,*® thereby
linking nutrition, GM, and host physiology and pathology.**
Previous ex vivo observations using human samples showed
that SCFAs induce arterial vasodilatation.’” In a recent mu-
rine model, propionate and acetate modulated BP levels in
opposite ways depending on the type of activated GPCR,
that is, OIfr78 versus Gpr41."* Activated Gpr41 causes hy-
potension, whereas activated OIlfr78 causes an increase in
BP** Of note, 2 additional SCFA GPCRs are currently
under investigation: Gprl09A (butyrate) and Gpr43 (ace-
tate, propionate, and butyrate).”3® The increased Firmicutes/
Bacteroidetes ratio in hypertension rats and patients was
associated with a decreased abundance of acetate- and
butyrate-producing bacteria.* By contrast, the Roseburia
and Faecalibacterium prausnitzii species, which are both
regarded as SCFA producers, were more prevalent in healthy
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normotensive individuals.® Similarly, epidemiological stud-
ies reported on a significant association between the rate of
urinary SCFAs (particularly, formate) and BP levels.** Kim
et al’! have found an altered production of butyrate in stools
of hypertension patients. Meta-analyses concluded that the
use of probiotics (which induces an increased production
of SCFAs) is associated with lower BP levels.”* However,
higher levels of plasma acetate were found in hypertension
rats following microbial transplant, whereas higher levels of
stool acetate and propionate were found in hypertension rats
following high-salt diet®*!

In the present study, we observe a significant association
between GM and BP levels, with a positive correlation be-
tween the relative abundance of the genus Clostridium sensu
stricto I in stool samples of untreated individuals and 24-hour
BP levels. Significant negative correlations were also found
between the relative fecal abundance of 2 bacterial species and
24-hour BP levels. These are part of the Firmicutes phylum in
the Clostridia class and in the Clostridial order. They belong
to 2 different families (Ruminococcaceae and Clostridiales)
and differ by their genus. The Rhuminococcaceae are known
to be butyrate producers,* which may be consistent with the
results of Yan et al.’ Interestingly enough, Sun et al*® have re-
cently reported in the CARDIA study (Coronary Artery Risk
Development in Young Adults) involving 529 participants on
a similar inverse association between Ruminococcaceae and
BP levels. Furthermore, our observed positive correlation be-
tween the genus Clostridium sensu stricto 1 and BP levels

is original and goe in h the positive association be-
tween hypertension and Clostridism fo in
CARDIA study.®

Q S

inati@ns, probably be-

failed to detect significant discri

nother challenge in the field.
I ished in. the liter:
G M ion of
B bétter "discrifiinate
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categorization and data interpretation. In the study of Yan
et al,’ patients were enrolled according to an isolated BP
measurement. In the study of Yang et al,* patients were cate-
gorized as hypertension if they were under antihypertensive
medications and controls if they were untreated. Office BP
measurements do not allow to discriminate white coat and
masked hypertension. The ABPM, as performed in our pre-
sent study, has been recently validated as a strong predictor
of all-cause and cardiovascular mortality.* Finally, the im-
pact of GM on BP homeostasis is far from being resolved.
One given SCFA differently modulates BP according to the
type of activated GPCR." In addition, SCFA-independent
mechanisms also contribute to GM impact on the develop-
ment of hypertension.>***’ Ethnic disparities, including dif-
ferent diet habits, and individual genetic susceptibility may
also influence the pathophysiological connection between
GM and hypertension.?

Perspectives
Evidence accumulates regarding the implication of GM on
BP homeostasis. This is a rapidly evolving field of research,
which requires additional observational and interventional
studies including well-categorized individuals. Particularly,
modulating the GM in humans by antibiotic administration,
ingestion of probiotics, or fecal tgansplantation may help
tease apart the reciprocal intera Aligtveen the micro-
biota and the host. Assessing the impact of the sex (at var-
ious ages and hormonal status), the genetic background and
the diet on GM compositi@n and, in turn, on BP regulation is

Also, the controversial
ghttbe interesting to
hour ABPM versus office

uence on white coat and

cause of the limited number 0O ntfols. However. sio- masked hypertension. These investigations may eventually
nificant positive MWSMH preven-

metabolome and BP levels in untreated individuals. The
nature and number of metabolites contained in the corre-
sponding 1H-Nuclear magnetic resonance spectra include
SCFAs, methanol, and amino acids, as described in Lin
et al.* More specifically, higher amounts of acetate, bu-
tyrate, and propionate were found in stools of hypertension
patients (both treated and untreated) in comparison to con-
trols. Our observations are similar to the ones of Bier et al*!
quantifying by metabolomics the SCFAs in the stools of
hypertension rats. Conversely, they may appear contradic-
tory to other reports in the field.***! Most of the currently
available reports did not directly measure stool levels of
SCFAs in patients or animals but only showed a reduction
in SCFA-producing enzymes and bacteria in the gut of hy-
pertension animals and patients. Other studies correlated
higher blood and urine levels of SCFAs with lower BP lev-
els,* although Mell et al® found higher plasma levels of
acetate in hypertension rats. Note that higher amounts of
SCFAs in stools of hypertension patients may also be sec-
ondary to decreased intestinal absorption of SCFAs, as sug-
gested by Samuel et al.!*%

The definition of hypertension was not conventional in
previous reports, which questions the validity of patient

tion and treatment.
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Novelty and Significance

What Is New?

Our study is the first one in the field based on 24-hour ambulatory blood
pressure (BP) measurement following European Society of Hypertension
criteria, including the dipping pattern. The categorization of patients ac-
cording to 24-hour ambulatory BP measurement is highly relevant be-
cause (1) office BP measurement does not allow to distinguish white coat
from masked hypertension and (2) 24-hour ambulatory BP measurement
is a strong predictor of all-cause and cardiovascular mortality.

What Is Relevant?

e Nuclear magnetic resonance—based metabolomics was used to quantify
short-chain fatty acid, that is, acetate, butyrate and propionate, directly
in feces.

Summary

Evidences based on 24-hour ambulatory BP measurement, 16S
amplicon sequencing, and metabolomics are provided regarding
the association between gut microbiota and BP regulation.
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