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Aims Preliminary evidence from animal and human studies shows that gut microbiota composition and levels of
microbiota-derived metabolites, including short-chain fatty acids (SCFAs), are associated with blood pressure (BP).
We hypothesized that faecal microbiota composition and derived metabolites may be differently associated with
BP across ethnic groups.

Methods We included 4672 subjects (mean age 49.8 £ 11.7 years, 52% women) from six different ethnic groups participating

and results in the HEalthy Life In an Urban Setting (HELIUS) study. The gut microbiota was profiled using 16S rRNA gene
amplicon sequencing. Associations between microbiota composition and office BP were assessed using machine
learning prediction models. In the subgroups with the largest associations, faecal SCFA levels were compared in
200 subjects with lower or higher systolic BP. Faecal microbiota composition explained 4.4% of the total systolic
BP variance. Best predictors for systolic BP included Roseburia spp., Clostridium spp., Romboutsia spp., and
Ruminococcaceae spp. Explained variance of the microbiota composition was highest in Dutch subjects (4.8%), but
very low in South-Asian Surinamese, African Surinamese, Ghanaian, Moroccan and Turkish descent groups
(explained variance <0.8%). Faecal SCFA levels, including acetate (P <0.05) and propionate (P<0.01), were lower
in young Dutch participants with low systolic BP.

Conclusions Faecal microbiota composition is associated with BP, but with strongly divergent associations between ethnic
groups. Intriguingly, while Dutch participants with lower BP had higher abundances of several SCFA-producing
microbes, they had lower faecal SCFA levels. Intervention studies with SCFAs could provide more insight in the
effects of these metabolites on BP.
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Introduction microbiota and SCFAs are indeed associated with BP, this would

Hypertension is the leading modifiable risk factor for cardiovascular
morbidity and mortality, and thereby the most important risk factor
for preventable death worldwide. The pathogenesis of essential
hypertension remains incompletely understood and is currently
attributed to a complex interplay of genetic and cardiovascular risk
factors.! However, recent studies have shown that only 3—4% of the
variance in systolic blood pressure (SBP) can be explained by com-
mon genetic risk variants.? Lifestyle factors such as diet and obesity
are known to be important for the pathogenesis of hypertension.®
Analysis of population data from the UK Biobank revealed that life-
style factors can modify blood pressure (BP) by up to 4-5 mmHg de-
pending on genetic risk.*

The gut microbiota is a reflection of both genetic make-up and
life-long exposure to dietary risk factors and could play a key
role in mediating the development of essential hypertension.” Key
metabolites produced by gut microbiota are short-chain fatty
acids (SCFAs), which are end-products of intestinal fermentation
of otherwise indigestible dietary fibres.® Animal studies point to-
wards a direct link between faecal SCFAs and BP, mediated by
SCFAs receptors in kidneys and blood vessels.” In humans, evi-
dence of the relation between faecal SCFA levels and BP is
scarce and conflicting. Both higher and lower faecal SCFAs have
been associated with higher BP® ' Assuming that the gut

provide new perspectives on both the pathogenesis and treat-
ment of hypertension.

Earlier studies have identified important differences in both the
prevalence, pathogenesis, and treatment responses of hypertension
among ethnic groups.”i13 In addition, we found substantial differen-
ces in gut microbiota composition between ethnic groups within the
population-based HEalthy Life In an Urban Setting (HELIUS) cohort
that were only partly explained by sociodemographic, lifestyle, or
dietary influences."® Therefore, ethnic differences should be taken
into account when studying associations between the gut microbiota
composition and BP. Hence, in this cross-sectional study, we aim to
investigate associations between the gut microbiota, faecal SCFA lev-
els, and BP across different ethnic groups using data from the HELIUS
cohort study.

Methods

Study population

We used cross-sectional data obtained during baseline visits between
2011 and 2015 of the ongoing HELIUS prospective cohort study. The
aims and design of this study have been described previously.™ In brief,
based on the municipality registry of Amsterdam, people aged between
18 and 70 were randomly sampled, stratified by ethnicity (Dutch, South
Asian Surinamese, African Surinamese, Ghanaian, Turkish, or Moroccan).
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For the present analysis, we included participants with available BP meas-
urements, body mass index (BMI), and faecal samples. All participants
provided written informed consent and the study was approved by the
medical ethical review board of the Amsterdam UMC, location AMC.
This study followed the principles of the Declaration of Helsinki.

Data were collected during morning study visits at local research sites.
Prior to these visits, all participants were asked to refrain from smoking.
Body mass index was calculated from height and weight. Blood pressure
was measured after at least 5 min of rest in the supine position, using the
average of two consecutive measurements obtained with a validated
semi-automatic oscillometric device (Microlife WatchBP Home; Microlife
AG, Switzerland). Fasting glucose and creatinine levels were measured in
venous blood samples, and estimated glomerular filtration rate (eGFR)
was calculated using the CKD-EPI formula. In addition, urinary albumin-
to-creatinine ratio was determined from early morning spot urine sam-
ples. Albuminuria was defined as a ratio >30mg/mmol.”® Participants
were asked to bring all current medication, from which current use of
BP-lowering and glucose-lowering medication was determined. Diabetes
was defined based on elevated fasting glucose levels (>7 mmol/L) or the
use of glucose-lowering medication. Hypertension was defined according
to guidelines as an elevated SBP >140 mmHg or diastolic BP (DBP)
>90 mmHg or self-reported use of BP-lowering medication."

Gut microbiota composition

Participants received faecal collection tubes either prior or during the
study visit. They were asked to bring a fresh faecal sample within 6 h after
collection, or, if not possible, to store the sample overnight in a freezer.
Samples were stored at -20°C at the study visit location for a maximum
of 1day before transportation to the central freezer (-80°C). Samples
obtained from participants who either had diarrhoea in the week prior to
collection or used antibiotics within 3 weeks prior to collection were
excluded. Samples were shipped to the Wallenberg Laboratory
(Sahlgrenska Academy at University of Gothenburg, Sweden) for
sequencing. DNA was extracted from 150 mg aliquot of faecal samples
using a repeated bead-beating protocol.'® Faecal microbiota composition
was determined by sequencing the V4 region of the 16S rRNA gene on
an lllumina MiSeq (llumina RTA v1.17.28; MCS v2.5, San Diego, CA, USA)
using 515F and 806 R primers designed for dual-indexing'” and the V2
Illumina kit (2 x 250 bp paired-end reads). PCR was performed in dupli-
cate reactions as previously described.'® Pre-processing of the raw
sequencing data, as described in Supplementary material online,
Supplement S1 resulted in a dataset containing 4672 samples.

Faecal short-chain fatty acid measurements
Faecal SCFA levels were measured using high-performance liquid chro-
matography (HPLC) with UV detection according to the method of De
Baere et al.'® In addition, for all samples, dry weights were determined
after freeze-drying a homogenized faecal aliquot for 24 h. All concentra-
tions resulting from HPLC measurements were corrected for the differ-
ence in the wet and dry weight per sample.

Statistical analysis

We used machine learning models to assess the association between
gut microbiota composition and BP. Analyses were performed for
the total study population and for subgroups stratified by age (<50,
>50vyears), sex, and ethnicity. A separate set of models was per-
formed using adjusted SBP and DBP values. Adjustments were made
by determining the residuals after fitting a linear regression model for
each of the subgroups with SBP/DBP as the dependent variable and
age, sex, and BMI as independent variables. For age, we used sex-
specific restricted cubic splines, of which the order was chosen based

on the Akaike Information Criterion. Machine learning models were
build aiming to predict SBP, corrected SBP, DBP, and corrected DBP
from the gut microbiota composition (i.e. from the relative abun-
dance of microbial 16S rRNA amplicon sequence variants; ASVs).
Gradient boosted tree models were used in a nested cross-validation
structure to prevent overfitting and ensure robustness of results
(Supplementary material online, Supplement S2). Models were built
using an iterative flow. In each iteration, the dataset was randomly
split into a test set containing 20% of the participants and a training
set containing the remaining 80%. Thereafter, five-fold cross-validation
was performed strictly within the train set in order to fit and opti-
mize the model hyperparameters. The resulting model was finally
evaluated on the test set. Two random variables were added to the
predictor data during each iteration to serve as a benchmark.
Explained variance was determined as the proportion of variance of
the outcome y (SBP or DBP) explained by the model-predicted val-
ues y (predicted SBP or DBP), using:

Yl — 7} qo0%

explained variance (y, y) = Var(y)

Explained variance and the ranked list of predictor importance were
recorded for each iteration and were averaged across 100 iterations. If
the explained variance was negative, we concluded that the model did
not have any predictive power.

Spearman rank correlation coefficients were calculated between the
top 10 best SBP-predicting ASVs found by the machine learning models
and both SBP and DBP. Furthermore, participants were categorized into
tertiles of the relative abundance of each of the ASVs. Effect sizes for the
effect of each ASV on SBP were estimated for every tertile using linear re-
gression in a crude model correcting only for age and sex, and in a full
model with additional correction for BMI, smoking, use of antihyperten-
sive medication, and history of diabetes.

For the analyses of faecal SCFAs, we used a subgroup of 200 par-
ticipants selected from Dutch participants aged <50, as the explained
variance was highest in the Dutch and the young subgroups. Based on
age-specific percentiles (<30, 30-40, 40-50years), 50 men and 50
women with the highest SBP were selected. Using sex, age, and BM|,
these 100 participants were matched to 100 other participants from
the lowest 35th percentile of SBP. Faecal SCFA concentrations and
abundance of the top predicting ASV’s were compared between the
high and low BP group using Mann—Whitney U tests. In addition, the
relation with microbiota composition was examined using a correl-
ation matrix of SCFA concentration, BP, and the top 10 predicting
ASVs.

Machine learning was implemented in Python (v. 3.7.4) using the
XGBoost (v. 0.90), numpy (v. 1.16.4), pandas (v. 0.25.1), and scikit-learn
(v. 0.21.2) packages. Statistical analyses were performed using R version
3.6.2, using the Regression Modelling Strategies (rms) version 5.1-4 and
Nonparametric Pre-processing for Parametric Causal Interference
(Matchlt) version 3.0.2 packages. Figures were created using R with the
corrplot version 0.84 package, and Graphpad version 8.3.0.

Results

Population characteristics

Characteristics of the included 4672 participants are shown in
Table 1. Younger participants (<50years) had a lower prevalence of
hypertension (24.2%) compared with older participants (57.1%), and
a lower use of antihypertensive medication (8.8% vs. 33.4%). Dutch
and Moroccan groups consisted of relatively more men than the
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Table I Population characteristics
Overall Younger (<50) Older (>50) Female Male

N 4672 2217 2455 2429 2243

Female 2429 (52.0) 1220 (55.0) 1209 (49.2) — —

Age (years) 498 £ 11.7 39.9+83 588+ 52 492+ 117 50.5+11.6

SBP (mmHg) 1299 £ 182 123.7 £ 16.0 135.4 + 18.1 1272+ 185 1327 £ 173

DBP (mmHg) 81.1£10.6 79.1£105 83.0+ 104 78.6 £ 10.4 83.9 £10.2

BMI (kg/m?) 272 +49 267+50 27.7+438 278+54 26.6+42

eGFR (mL/min/1.73 m?) 97.1+£17.0 105.6 + 14.8 89.3+15.0 98.7 £17.2 953+ 165

Hypertension 1937 (41.5) 536 (24.2) 1401 (57.1) 924 (38.0) 1013 (45.2)

Antihypertensive drugs 1016 (21.7) 196 (8.8) 820 (33.4) 559 (23.0) 457 (20.4)

Lipid-lowering drugs 580 (12.4) 86 (3.9) 494 (20.1) 240 (9.9) 340 (15.2)

Albuminuria 196 (4.2) 67 (3.0) 129 (5.3) 91(3.8) 105 (4.7)

Diabetes 507 (10.9) 96 (4.3) 411 (16.8) 218 (9.0) 289 (12.9)

Antidiabetic drugs 367 (7.9) 61(2.8) 306 (12.5) 178 (7.3) 189 (8.4)

Smoking 941 (20.1) 456 (20.6) 485 (19.8) 349 (14.4) 592 (26.4)

Dutch SAS Afr Sur Ghanaian Turkish Moroccan

N 1328 575 1128 462 436 605
Female 633 (47.7) 300 (52.2) 672 (59.6) 255 (55.2) 224 (51.4) 281 (46.4)
Age (years) 5143 +£12.7 51.6 £11.2 51.9 £10.5 482 +£9.0 442+ 11.0 455+ 114
SBP (mmHg) 127.6 £172 1324+ 19.6 1329+ 179 1372 +182 1241+ 162 1253+ 17.6
DBP (mmHg) 79.5£10.2 81.6 £ 104 834+ 104 858+ 11.0 79.5+103 776 +9.8
BMI (kg/m?) 255+44 266+ 45 282 +54 282145 289 +438 279 £ +47
eGFR (mL/min/1.73 m?) 91.2 £ 149 91.8 £ 16.8 99.1 £ 183 1004 + 17.7 104.6 + 134 104.5 + 14.1
Hypertension 455 (34.3) 280 (48.7) 598 (53.0) 272 (58.9) 127 (29.1) 146 (24.1)
Antihypertensive drugs 210 (15.8) 174 (30.3) 353 (31.3) 136 (29.4) 64 (14.7) 49 (8.1)
Lipid-lowering drugs 135 (10.2) 160 (27.8) 130 (11.5) 40 (8.7) 53(12.2) 44 (7.3)
Albuminuria 26 (2.0) 45 (7.8) 42 (3.7) 27 (5.9) 19 (44) 28 (4.6)
Diabetes 63 (4.8) 137 (23.9) 143 (12.7) 47 (10.2) 39 (9.0) 64 (10.6)
Antidiabetic drugs 25 (1.9) 116 (20.2) 104 (9.2) 35 (7.6) 30 (6.9) 45 (7.4)
Smoking 263 (19.8) 139 (24.2) 300 (26.6) 17 37) 117 (26.8) 74 (12.2)

Data are presented as mean + SD or n (%).

Afr Sur, African Surinamese; BMI, body mass index; DBP, diastolic blood pressure; eGFR, estimated glomerular filtration rate (CKD-EPI); SAS, South Asian Surinamese; SBP, sys-

tolic blood pressure.

other groups. South Asian Surinamese, African Surinamese, and
Ghanaian groups had higher BP and higher proportions of partici-
pants with hypertension than other ethnic groups. Body mass index
was lowest in Dutch (25.5+4.4kg/m?) and in the South Asian
Surinamese groups (26.6 + 4.5 kg/m?). Diabetes prevalence was high-
est in South Asian Surinamese participants (23.9%) and lowest in
Dutch participants (4.8%).

Microbiota composition and blood
pressure

The BP variance that was explained by gut microbiota composition is
shown in Table 2, stratified for the different subgroups. In the total
population, the explained variance of BP levels by microbiota com-
position was 4.4% for SBP and 4.3% for DBP. Explained variance was
higher in younger subjects (5.3% for both SBP and DBP) than in older
subjects (2.5% for SBP; 1.4% for DBP), and higher in women (3.9%
for SBP; 2.2% for DBP) than in men (1.8% for SBP; 0.3% for DBP).
There was a clear difference in explained variance between Dutch

(4.8% for SBP; 0.4% for DBP) and other ethnic groups (<0.8% for
SBP; <0.5% for DBP). The correlations between alpha diversity of gut
microbiota and BP (Supplementary material online, Supplement S3)
showed the same pattern as the explained variance with stronger
correlations in young, female, and Dutch subgroups.

In the total study population, the best-predicting ASVs were
Roseburia spp., Clostridium sensu stricto spp., Roseburia hominis,
Romboutsia spp., Streptococcus spp., and Ruminococcaceae NK4A214
spp. (Supplementary material online, Supplement S4). The abundance
of the best-predicting ASVs was negatively associated with both SBP
and DBP, except for Streptococcus spp. and Klebsiella spp., as shown in
Figure 1. In addition, the correlation plot showed significant collinear-
ity between the best-predicting ASVs. In the regression analyses, the
effect of these ASVs ranged between a 6.0 mmHg lower and
3.0mmHg higher SBP (Figure 2, Supplementary material online,
Supplement S5), with increasing effect sizes for higher abundance in
most of the ASVs. Roseburia spp. was both the best predictor from
the machine learning model and had the largest absolute effect on BP:
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Table 2 Explained variance of blood pressure by
microbiota composition for different subgroups

Microbiota composition (explained
variance in %)

Group SBP Res SBP DBP Res DBP
All subjects 4.44 222 4.30 2.05
Younger (<50) 531 3.11 534 2.81
Older (>50) 2.51 1.75 1.40 0.87
Men 1.82 141 0.32 1.41
Women 3.89 1.90 2.23 1.30
Dutch 476 0.60 0.40 na.
SA Surinamese n.a. 0.64 n.a. 0.09
Afr Surinamese n.a. 0.74 na. 0.08
Ghanaian na. na. na. na.
Moroccan 0.77 0.42 n.a. 0.64
Turkish na. na. 0.48 0.62

Explained variance in % of the gut microbiome composition for blood pressure.
Colours indicate levels of explained variance.

Afr Surinamese, African Surinamese; DBP, diastolic blood pressure; n.a., explained
variance in these models was negative, meaning that these models had no predict-
ive power; res, residuals adjusted for age, sex, BMI; SA Surinamese, South Asian
Surinamese; SBP, systolic blood pressure.

the middle and highest tertile were associated with a lower SBP of,
respectively, 2.3 mmHg (95%Cl 1.2-3.5) and 6.0 mmHg (95%Cl 4.9
7.1). The effect of the ASV abundance on BP was attenuated when
adjusting for confounders, including use of medication, but remained
significant for most predictors, ranging between a 4.1 mmHg lower
and 1.5 mmHg higher SBP. In this model, we found for the second
tertile of Roseburia spp., a 1.9 mmHg (95%Cl 0.8-3.0) lower SBP,
while participants in the upper tertile had a 4.1 mmHg (95%Cl 3.0
5.2) lower SBP.

Faecal short-chain fatty acid levels and

blood pressure

Matching of Dutch subjects on age, sex, and BMI resulted in 100 sub-
jects with low SBP and 100 subjects with high SBP (Supplementary
material online, Supplement $6). Consistent with the data from the
full cohort, subjects with low BP had higher abundance of Roseburia
spp. (P=0.0047), Roseburia hominis (P=0.047), and Ruminococcaceae
spp. (P=0.045). Differences of faecal SCFA levels are shown in
Figure 3. Low SBP subjects had significantly lower faecal levels of acet-
ate (P=0.022) and propionate (P=0.006), and there was a trend of
lower butyrate levels (P =0.072). In addition, faecal SCFA levels were
negatively correlated with the top 10 ASVs, and positively with SBP
and DBP (Supplementary material online, Supplement S7).

Discussion

Our main finding is that gut microbiota composition is associated
with BP and that the explained BP variance was widely divergent be-
tween ethnic groups. Associations between the gut microbiota and
BP remained essentially unchanged after correcting for possible con-
founders, including BMI. Remarkably, while SCFA-producing

microbes were associated with lower BP, increased faecal SCFA lev-
els were associated with higher BP. In line with this finding, SCFA-
producing microbes were negatively correlated with faecal SCFA lev-
els. The current study extends previous findings in cohort studies by
evaluating the association between gut microbiota composition and
BP in a large multi-ethnic cohort using machine learning prediction
models."**

We found that, in the complete cohort, machine learning models
based on gut microbiota composition explained 4.4% and 4.3% of the
variance in SBP and DBP. Regression models showed that in the top
tertiles of microbiota predictors SBP was 4-6 mmHg lower com-
pared with the lowest tertile. This is a similar effect size compared
with the effect of genetic or lifestyle risk factors on SBP in the UK
Biobank.* Based on recent meta-analyses of randomized controlled
trials, this corresponds to an overall cardiovascular risk reduction of
8-12%.2" After correction for BMI, explained variance of SBP and
DBP was attenuated to 2.2% and 2.1%. In line with these findings, in
the regression analyses the effects were attenuated towards a differ-
ence of 2-4mmHg after correction for BMI and other covariates,
suggesting that the effect is only partly driven by BMI.

In the analysis of the top predictors, the finding that SCFA-
producing microbes are associated with lower BP is in line with two
studies of microbiota composition and hypertension that found
lower abundances of either Ruminococcaceae spp. or Roseburia spp. in
subjects with higher BP."?° Moreover, comparable to our results,
higher abundances of Klebsiella spp. and Streptococcaceae spp. have
been previously associated with higher BP.'%?

Previous analyses of HELIUS and other cohorts have shown signifi-
cant ethnic differences in gut microbiota composition.'*** We add
that there are substantial differences in the association of gut micro-
biota and BP between ethnicities, sexes, and ages, as we observed the
highest explained variance in the young, female, and Dutch sub-
groups. In addition to differences in microbiota composition, this
could relate to age, sex, and ethnic-specific effects in the underlying
aetiology of hypertension. At younger age, lifestyle and genetic fac-
tors are important determinants, while at older age SBP increases
and DBP decreases as a consequence of arterial stiffness.* In add-
ition, multiple studies have shown that older individuals and individu-
als of African descent are more salt-sensitive, suggesting that they
have a more volume-dependent hypertension phenotype.®> Earlier
findings from animal models pointed towards a relation between the
gut microbiota and salt-sensitive BP driven by abundance of
Lactobacillus spp.*® In contrast, we observed a lower explained vari-
ance in older, Ghanaian, and African Surinamese subjects, and
Lactobacillus spp. was not among the top predictors in these models
nor in the model with all subjects. We therefore could not confirm
the association between gut microbiota composition and salt-
sensitivity in susceptible populations.

Faecal SCFA levels were higher in subjects with higher BP, which is
in line with previous results from other cohort studies that examined
the relation between faecal SCFAs and BP.3? These positive associa-
tions between BP and faecal SCFA levels in our cohort seem to con-
flict with the negative associations found between BP and SCFA-
producing microbes. However, faecal SCFA levels are not a direct
measure of intestinal SCFA production but rather a net result of
SCFA production after subtracting SCFA absorption.”” We found
consistent correlations in the subgroup with faecal SCFA levels in
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Colours indicate direction and strength of each correlation.

which SCFA-producing bacteria were both negatively correlated
with BP and with faecal SCFA levels. Therefore, we hypothesize that
higher microbial SCFA production up-regulates intestinal SCFA ab-
sorption resulting in relatively lower levels of SCFAs excretion in
faeces.?®

The observed differences in SCFA levels between subjects with
high and low BP and the multiple SCFA-producing microbes provide
further evidence for the hypothesis that SCFAs have a role in BP
regulation. Animal studies have shown that SCFAs can have disparate
effects on BP depending on the receptors involved. Free fatty acid
receptors (FFAR) are G-protein coupled receptors that can be found
in a variety of tissues, including the kidney and renal artery, and causes
arterial vasodilation in response to propionate, acetate, and butyr-
ate” In contrast, a BP elevating effect is mediated by the SCFA

receptor Olfr78 in mice through renin release from granules in the
renal juxtaglomerular apparatus.”’ The human analogue of this olfac-
tory receptor is OR51E2, which responds to propionate and acetate,
but not butyrate.” It has been suggested that OIfr78 and OR51E2
serve as a negative feedback loop for the BP-lowering effects of the
FFARs, specifically FFAR3.>? Future intervention studies with oral
SCFAs could further unravel the cross-talk between the different
SCFA and BP regulation in humans.

To our knowledge, this is the first study to assess the relation be-
tween gut microbiota composition and BP across different ethnic
groups. We used a large population-based sample with standardized
BP measurements for our analysis. Faecal samples were obtained
using a standardized protocol from participants without diarrhoea
and prior antibiotics use and analysed using 16S rRNA sequencing,
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Figure 2 Linear regression coefficients with 95%-confidence intervals per tertile of amplicon sequence variant counts for top 10 predictors of sys-
tolic blood pressure (SBP) derived from gut microbiota composition, with the lowest tertile as reference. Left side: crude model (correcting for age
and sex); right side: additional correction for body mass index, smoking, use of antihypertensive medication, and history of diabetes.
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Figure 3 Comparison of short-chain fatty acid (SCFA) levels between high vs. low blood pressure (BP) subgroups (boxes: median with interquartile
range; bars: minimum and maximum). Differences tested with Mann—Whitney U tests.
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Take Home Figure Analysis of the association between gut microbiome composition and blood pressure using a machine learning model. Left
panel shows data processing pipeline; right panel the variance in systolic blood pressure explained by microbiota composition, and the microbial pre-

dictors for blood pressure.

which is a widely used and reproducible method to determine micro-
biota composition.>® For the main analysis, we used machine learning
prediction models with nested cross-validation, which enabled us to
simultaneously include the complete processed sequencing results in
the models while minimizing the risk of overfitting. We corrected for
BMI using residuals after fitting a regression model, which could lead
to an additional random error in the corrected values. However,
both correction for covariates in the regression analyses and the cor-
relations between alpha diversity and BP yielded similar results.
While the machine learning results could be hampered by the use of
BP-lowering drugs or glucose-lowering medication, effects remained
significant after correction in the regression model. In the analyses of
SCFA levels, we matched the low and high BP groups for age, sex,
and BMI. However, significant differences in BMI remained after
matching, which could have affected our results. Lastly, the cross-
sectional design of this study complicates causal interpretation of the
observed associations. In that regard, we expect that prospective
data from the HELIUS cohort study will enable us to assess the longi-
tudinal relation between gut microbiota composition and the devel-
opment of hypertension. If a longitudinal relation can be confirmed
such that changes in microbiota are found to precede and be propor-
tional to changes in BP, potential therapeutic strategies that could be
considered include supplementation of (a combination of) specific
bacterial strains, modulating gut metabolites such as SCFAs, faecal
microbiota transplantation, or antibiotic treatment.

In conclusion, we found a consistent association between gut
microbiota composition and BP, with large differences in explained
variance between age and ethnic subgroups. Future studies should
take ethnic differences into account when studying the gut micro-
biota in relation to BP. The observed associations between SCFA-
producing microbes and BP provide further evidence for the

hypothesis that SCFAs play a role in BP regulation. Intervention stud-
ies with SCFAs could provide more insight in the underlying mechan-
ism of these metabolites on BP.

Supplementary material
Supplementary material is available at European Heart Journal online.
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