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Abstract

Background There is mounting evidence supporting the role of the microbiota in
hypertension from experimental studies and population-based studies. We aimed to
investigate the relationship between specific characteristics of the gutmicrobiome and24-h
ambulatory blood pressure measurements.
Methods The association of gut microbial species and microbial functions, determined by
shotgun metagenomic sequencing of fecal samples, with 24-h ambulatory blood pressure
measurements in 3695 participants and office blood pressure was assessed in
multivariable-adjusted models in 2770 participants without antihypertensive medication
from the Swedish CArdioPulmonary bioImage Study.
Results Gut microbiome alpha diversity was negatively associated with diastolic blood
pressure variability. Additionally, four microbial species were associated with at least one of
the 24-h blood pressure traits. Streptococcus sp001556435 was associated with higher
systolic blood pressure, Intestinimonasmassiliensis andDysosmobacter sp001916835with
lower systolic blood pressure, Dysosmobacter sp001916835 with lower diastolic blood
pressure, and ER4 sp900317525 with lower systolic blood pressure variability. Moreover,
office blood pressure data from a subsample without ambulatory blood pressure
measurements replicated the association of Intestinimonas massiliensiswith systolic blood
pressure and Dysosmobacter sp001916835 with diastolic blood pressure. Species
associated with 24-h blood pressure were linked to a similar pattern of metabolites.
Conclusions In this large cross-sectional analysis, gut microbiome alpha diversity
negatively associates with diastolic blood pressure variability, and four gut microbial
species associate with 24-h blood pressure traits.

Hypertension is estimated to have contributed to 10.8 million deaths
globally in 2019 through its impact on cardiovascular and renal disease
development1. Yet, our understanding of hypertension pathophysiology is
incomplete, although it has been hypothesized that the gut microbiota
affects the blood pressure (BP) regulation mediated through microbiota-
derived metabolites and interactions with the immune system2. Evidence
supporting the role of the microbiota in hypertension is based on experi-
mental and observational studies. Germ-free mice transplanted with fecal

material from hypertensive human donors showed higher systolic (SBP)
and diastolic BP (DBP) than mice transplanted with material from a nor-
motensive donor3. Plasma metabolites derived or modified by the gut
microbiota, including trimethylamine N-oxide (TMAO) and short-chain
fatty acids (SCFA), have been suggested to affect blood pressure through
chemosensory receptors4–6.

In 4672 participants from the HEalthy Life In an Urban Setting
(HELIUS) study, where the gut microbiota was characterized using the 16S
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Plain language summary

High blood pressure is a major risk factor for
heart disease and stroke. Recent research
suggests that bacteria in the gut may
influence blood pressure, but more studies
are needed. In this study, we analyzed data
from3695people inSwedenwhoworea24-h
blood pressure monitor and provided stool
samples for gut microbiome analysis—a
method that identifies the types and abun-
dance of microorganisms in the sample. We
found that people with greater gut bacteria
diversity had more stable blood pressure.
Additionally, four specific bacterial species
were linked to blood pressure levels; three
were associated with lower blood pressure,
while one was linked to higher levels. These
findings suggest that gut bacteria may play a
role in regulating blood pressure. Future
research could explore whether changing the
gut microbiome might help prevent or treat
high blood pressure.
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amplicon method, inverse associations of SCFA-producing bacteria with
SBPwere observed7. However, findings were inconsistent across ethnicities.
Another large study based on shallowmetagenomics sequencing in samples
from 6953 participants of the FINRISK 2002 study identified mainly posi-
tive associations between 45 microbial genera and BP. Studies applying
methods resulting in a higher resolution of the microbiome are anticipated
to provide more specific results.

Moreover, while SBP andDBPmeasured at the test centers constitute a
snapshot of BP, ambulatory blood pressuremonitoring (ABPM) provides a
more representative measurement of SBP and DBP. ABPM is not affected
bywhite-coat hypertension, and it captures nocturnalBP.ABPMcanalsobe
used to estimate the variability of BP, often defined as the standard deviation
(SD) of SBP and DBP, and has been reported as an independent risk factor
for cardiovascular disease8. However, there is a lack of population-based
studies investigating the association between the gut microbiota and BP
using ABPM for capturing BP and BP variability.

In this study of participants without antihypertensive medication, we
find that gut microbiome alpha diversity is negatively associated with DBP
variability and identify fourmicrobial species associatedwith 24-h BP traits.
Specifically, Streptococcus sp001556435 associates with higher SBP, while
Intestinimonas massiliensis andDysosmobacter sp001916835 associate with
lower SBP, and Dysosmobacter sp001916835 also with lower DBP. Addi-
tionally, ER4 sp900317525 is linked to reduced SBP variability. These
associations are replicated in office BPmeasurements and are supported by
consistent metabolic profiles, suggesting a potential role of specific gut
microbiota in blood pressure regulation.

Methods
Study population
The Swedish CArdioPulmonary bioImage Study (SCAPIS) cohort is a
prospective observational study with the baseline investigation con-
ducted in 2013–2018, including 30,154 individuals invited from a ran-
dom extract from the population register of individuals aged 50–64
living in 6 counties across Sweden, including 2–3 visits to the respective
study centers9. We used data from the baseline investigation from the
Uppsala (n = 4839) and Malmö (n = 4977) centers with available fecal
metagenomics data (Supplementary Fig. S1). We excluded 2458 parti-
cipants who had a prescription for antihypertensive medication in the
last 12 months in the Swedish Prescribed Drug Register (ATC codes
in Supplementary Methods) before the first baseline visit and 893 par-
ticipants with missing information on at least one covariate or missing
blood pressure measurement. A subset of the remaining 6465 indivi-
duals (n = 4007) was provided with equipment for ABPM. However,
data from 312 individuals did not pass the quality control10, and thus,
leaving 3695 individuals who formed the ABPM subsample with high-
quality ABPM data, no antihypertensive medication, and complete data
on covariates for the main analysis. The remaining 2770 participants
with no antihypertensive medication and complete data on covariates
and valid office BP measurements formed the non-ABPM subsample.
All participants provided written informed consent. The study was
conducted in accordance with the Declaration of Helsinki. The Swedish
Ethical Review Authority approved the Swedish CardioPulmonary
bioImage Study (DNR 2010-228-31M) and the present study (DNR
2018-315).

Blood pressure measurements
Participants of the ABPM subsample were instructed to apply the ABPM
device (Labtech EC-3H/ABP, Labtech Ltd, Debrecen, Hungary) in the
morning and to remove it 24 h later. SBP and DBP were measured every
30min during the day, and every 90min during the night in participants
fromtheUppsala center10. SBPandDBPweremeasuredautomatically every
30min for participants from the Malmö center. Office BP was measured
after fiveminutes of rest in supine position using an automatic device at the
brachial artery (OmronM10-IT,OmronHealthcareCo. Ltd, Kyoto, Japan).
Details are provided in Supplementary Methods.

Fecal sample processing and metagenomic sequencing
Fecal samples were collected for microbiome analysis11. At the first visit,
participants received a fecal sample collectionkit containingbarcoded tubes,
gloves, re-sealable plastic bags, paper collectionbowls, and instructions from
the SCAPIS study center. Participants were instructed to collect fecal
samples at home and to store the tubes in sealed plastic bags in their home
freezer until the second visit to the study center, where theywere then stored
for amaximumof 7days at−20 °Cuntil theywere transferred to the−80 °C
freezers at the central biobank. The samples were shipped on dry ice to
CmbioA/S (Copenhagen,Denmark),whereDNAextraction,metagenomic
shotgun sequencing, and bioinformatics analyses were performed11. DNA
extraction was performed utilizing NucleoSpin 96 Soil kits, with each
extraction round incorporating both negative and positive controls to
ensure methodological rigor. Following DNA fragmentation and library
preparation, shotgun metagenomic sequencing was conducted using the
Illumina Novaseq 6000 system (Illumina, USA), yielding an average
sequence depth of 25.3 million read pairs for the Uppsala samples and 26.3
million read pairs for Malmö samples. Metagenomic sequence data were
analyzed using the Clinical Microbiomics Human Microbiome Profiler
(CHAMP) with the Clinical Microbiomics Human Microbiome Reference
(HMR05) gene catalog12, resulting in species-level relative abundance esti-
mates of eukaryotes and prokaryotes. Prokaryotic species were annotated
using theGenomeTaxonomyDatabase (GTDB) release 214. A total of 4594
microbial species were identified. Of these, 268 species met our inclusion
criteria of having a relative abundance >0.01% in more than 30% of study
participants. We applied centered-log ratio (CLR) transformation on the
species relative abundances after an addition of a universal pseudo-value
equal to the lowest non-zero abundance. After the CLR transformation,
those values that were originally zero were replaced with the minimal non-
zero transformed value for each species. This replacement ensured that all
values that were equal to zero before the transformation would have an
equally low value after the transformation. A rarefied species abundance
table was generated through random sampling of 190,977 gene counts per
sample. Microbial diversity was comprehensively evaluated using three
alpha diversity metrics calculated from the rarefied abundance table. The
functional potential profile of the gut microbiota was determined by
assigning genes to 103 metabolic pathways comprising the gut metabolic
modules (GMM)13. A species was considered to carry a GMM if it carried at
least two-thirds of the KEGG (Kyoto Encyclopedia of Genes andGenomes)
Orthology of amodule. Formodules with three or fewer steps, all steps were
required. Formodules with alternative paths, only one path had to fulfill the
criterion.

De-identified de-hosted metagenomic sequencing data for SCAPIS
samples can be accessed from the European Nucleotide Archive under
accession number PRJEB51353, as detailed in Dekkers et al.11.

Plasma metabolites sample collection and processing
Blood specimens were obtained from study participants who fasted over-
night prior to their clinical visit. All collected samples underwent plasma
separation before being preserved at −80 °C within the facility’s bior-
epository before being transported to the analytical laboratory atMetabolon
Inc. (Durham,NorthCarolina) for comprehensivemetabolomic evaluation.
Details are given in the Supplementary Methods and in Dekkers et al.11.

Other phenotypes
Information on smoking, country of birth, previous diagnosis of diabetes
and inflammatory bowel disease (Crohn’s disease and ulcerative colitis), use
of antidiabetic and antihyperlipidemic medications, and diet was based on
questionnaire information. Smoking was categorized as either current
smoker or non-smoker. Country of birth was categorized as Scandinavia
(Sweden, Denmark, Norway, or Finland), non-Scandinavian Europe, Asia,
and other. The MiniMeal-Q food frequency questionnaire14 was used to
estimate total energy intake and energy-adjusted fiber intake. Energy-
adjusted fiber intake was determined by calculating the amount of con-
sumed fiber per 1000 kcal of energy. Diet data from women reporting
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energy intake values < 500 or >5000 kcal/day, and men reporting <550 or
>6000 kcal/day were excluded as they were likely misreported.

Urinary sodium (Architect c16000; Abbott Laboratories, Abbott Park,
IL, USA) and creatinine (enzymatic method) were analyzed by Clinical
Chemistry at Uppsala University Hospital, Uppsala, Sweden, from the
morning fasting spot urine samples collected at the first visit15,16. As a sur-
rogate for sodium intake, the 24-h sodiumexcretionwas estimatedbased on
the spot urinary sodium using the Kawasaki formula17. Because of the
skewed distribution, we used a natural logarithm transformation on sodium
intake for adjustment in the regression model.

Information on antibiotics use was extracted from the Swedish Pre-
scribedDrugRegister 6monthspreceding the visit 1. Protonpump inhibitor
(PPI) use was defined as participants with measurable omeprazole and/or
pantoprazole levels in plasma from metabolomics data.

Statistics and reproducibility
Main analysis. All the statistical methods were performed using R
(version 4.3.1). We used the distance-based multivariate analysis of
variance (D-MANOVA) on the species Bray-Curtis dissimilarity matrix
to quantify the proportion of variance explained in gut microbiome
composition from blood pressure measures (GUniFrac R package). A
baseline model was first constructed including age, sex, country of birth,
technical source of variation stemming from DNA extraction plates
where the samples from the two study centers (Uppsala andMalmö)were
analyzed on different plates, smoking, fiber intake, total energy intake,
estimated sodium intake, use of antidiabetic medication, use of anti-
hyperlipidemic medication, and body mass index (BMI). Office SBP and
DBP were then added, in separate models, to assess their contribution to
microbiome variance, followed by the inclusion of the respective 24-h BP.
The proportion of variance explained (pseudo-R²) was estimated for each
model, and statistical significance was assessed for each model compar-
ison using a pseudo-F-test. Four different 24-h BP outcomes were
assessed: mean SBP and DBP, and variability of SBP and DBP, which is
measured as the SD of the respective trait. A series of linear regression
models were applied in the ABPM subsample to assess the association of
microbiome diversity (Shannon diversity index) and species with these
four outcomes, one at a time. A false discovery rate (FDR) of 5% using
Benjamini–Hochberg method was applied based on P values from each
phenotype18.

We first applied amodel with adjustment for age, sex, country of birth,
smoking, fiber intake, total energy intake, estimated sodium intake, use of
antidiabetic medication, use of antihyperlipidemic medication, BMI, and
technical source of variation in Model 1. The selection of these covariates
was made using d-separation criteria applied on a directed acyclic graph
assisted by the DAGitty, version 3.0, software (www.dagitty.net; Supple-
mentary Fig. S2)19. In Model 2, all covariates from Model 1 were included
except BMI. We assessed the enrichment for genera and GMMs using the
gene set enrichment analysis method20 from the fgsea R package. For the
enrichment analysis, the rankedP values of the associations between species
and 24-h BP outcomes were stratified by effect direction from Model 1.

Weused a complete case approach, analyzing the3695 individualswith
complete data on these phenotypes. To validate the findings and assess the
generalizability of associated species, we repeated the analysis in Model 1
using office BP measurements in the non-ABPM subsample. Partial
Spearman correlations were used for the association between 1302 meta-
bolites and BP-signature species in Model 1 with adjustment for age, sex,
country of birth, technical source of variation,metabolomics delivery batch,
andBMI in those 5742 individualswhohadmetabolomics analysis available
from the 6465 participants included in themain analysis. The 10 annotated
metabolite associations with a BP-signature species with the lowest adjusted
P values were selected for visualization.

Sensitivity analysis. To ensure the associations were not driven by
influential observations, unscaled dfbeta values were calculated using
dfbeta's R function for each association. For an association to be

considered reliable, the P value after excluding the most influential value
had to be <0.05, and the direction of the regression coefficient had to
remain unchanged. The following sensitivity analyses were performed in
Model 1: (1) exclusion of participants with a dispensed antibiotics pre-
scription within 6 months before the visit 1; (2) exclusion of participants
with inflammatory bowel disease; (3) adjustment for PPI usage; (4)
additional adjustment for 10 first principal components derived from
genotyping.

Reporting summary
Further information on research design is available in the Nature Portfolio
Reporting Summary linked to this article.

Results
Baseline characteristics
The ABPM subsample included 2937 participants recruited in Uppsala
(mean age 57.3 (SD 4.4) years, 24-h SBP/DBP 122 (10.8)/76 (7.4) mmHg)
and 758 participants recruited in Malmö (57.0 (4.3) years, 24-h SBP/DBP
122 (11.8)/75 (8.0)mmHg) (Table 1). The non-ABPM subsample consisted
of 195 participants from Uppsala (57.5 (4.7) years, office SBP/DBP, 124
(15.9) /77 (10.7) mmHg) and 2575 participants from Malmö (56.9 (4.2)
years, office SBP/DBP, 120 (15.9)/73 (9.5) mmHg) (Table 1). Self-reported
comorbidities were similar in Uppsala andMalmö, but a higher proportion
of current smokers was noted in Malmö (14.4% in ABPM subsample and
17.9% in non-ABPM subsample) than in Uppsala (8.2% in ABPM sub-
sample and 7.7% in non-ABPM subsample).

Contributionofofficeand24-hbloodpressure togutmicrobiome
variance
D-MANOVA analysis showed that office BP variables explained a small
proportion of gut microbiome variance in addition to the baseline model
(baseline pseudo-R²: 5.58%; baseline and office BP: 5.62% for SBP,
pincrement = 0.003 and 5.63% for DBP, pincrement < 0.001). Adding 24-h SBP
and 24-h DBP to these models further increased variance explained (5.67%
for 24-h SBP, pincrement < 0.001, 5.66% for 24-h DBP, pincrement < 0.020).

Gut microbiota alpha diversity is negatively associated with dia-
stolic blood pressure variation
The association between alpha diversity (Shannon diversity index) and
blood pressure outcomes was examined in both ABPM and non-ABPM
subsamples using two adjusted statistical models. In Model 1, increased
alpha diversity was associated with decreased 24-h DBP variability
(β =−0.32 95% CI: −0.59 to−0.06, Table 2). No association was detected
with 24-h SBP and DBP, SBP variability, or office BP inModel 1. However,
in Model 2, which did not include BMI as a covariate, increased alpha
diversity was associated with lower 24-h SBP and DBP, reduced SBP and
DBP variability, and lower office SBP andDBP in both the ABPMand non-
ABPM subsamples.

Specific metagenomics species were associated with blood
pressure
We further explored the associations between 268microbial species and 24-
h BP outcomes (Fig. 1). InModel 1, which included an adjustment for BMI,
we identifiedDysosmobacter sp001916835 as negatively associated with 24-
h SBP and 24-h DBP, Streptococcus sp001556435 positively associated with
24-h SBP, and Intestinimonas massiliensis negatively associated with 24-h
SBP (Supplementary Data 1). No genera or GMMs were enriched for
associations after accounting for multiple testing at 5% FDR (Supplemen-
tary Data 2 and 3).

In Model 2, which excluded BMI as a covariate, 76 species were
associated with 24-h SBP, and 51 species were associated with 24-h DBP.
The top finding for negative associations with both SBP and DBP was
Intestinimonas massiliensis. Conversely, among the top species positively
associated were Streptococcus sp001556435 for SBP and Faecalibacterium
prausnitzii for DBP (Supplementary Data 4). Office BP data from the
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non-ABPM subsample replicated the association of Intestinimonas massi-
liensis with SBP and Dysosmobacter sp001916835 with DBP (Fig. 2). The
comparison of estimates in Model 1(BMI-adjusted) and Model 2 (BMI-
unadjusted) is shown in Supplementary Fig. S3.

Specific metagenomics species were associated with blood
pressure variability
InModel 1,which includedan adjustment for BMI, ER4 sp900317525, from
the family Oscillospiraceae, was negatively associated with SBP variability,
while no species were found to be associated with DBP variability (Sup-
plementary Data 1). In Model 2, 52 species were associated with SBP
variability, with ER4 sp900317525 as the topfinding for negative association
and Blautia A wexlerae for positive associations (Supplementary Data 4).
Additionally, 18 species were associated with DBP variability in Model 2,
with ER4 sp900317525 as the top finding for negative association and
Roseburia intestinalis for positive association (Supplementary Data 4). No
genera or GMMs were enriched for associations after accounting for mul-
tiple testing at 5% FDR (Supplementary Data 2 and 3).

Sensitivity analyses confirmed robust associations between gut
microbial species and blood pressure
We performed sensitivity analyses to assess the robustness of the associa-
tions between species and 24-h BP outcomes. For associated species,
removing themost influential observation provided similar coefficients and
P values < 0.05. Analyses excluding participants who had used antibiotics in
the previous 6 months or had inflammatory bowel disease, adjustment for
PPI use, or genetic principal components provided consistent estimates and
P values (Supplementary Data 5 and Supplementary Fig. S4).

Species associated with 24-h BPwere linked to a similar pattern
of metabolites
We assessed the associations between the 4 BP-associated species from
Model 1 with 1302 plasma metabolites using the partial Spearman corre-
lation, adjusting for age, sex, BMI, and technical source of variation (Sup-
plementary Data 6). The 10most strongly associated annotatedmetabolites
are presented in Supplementary Fig. S5, showing a similar metabolite
association pattern for the 3 species associated with lowered BP and BP

Table 1 | Descriptive characteristics of participants in Swedish CArdioPulmonary bioImage Study (SCAPIS) in the Uppsala and
Malmö centers

ABPM subsample non-ABPM subsample

Uppsala (n = 2937) Malmö (n = 758) Uppsala (n = 195) Malmö (n = 2575)

Age, years 57.3 (4.4) 57.0 (4.3) 57.5 (4.7) 56.9 (4.2)

Female, n (%) 1556 (53.0%) 403 (53.2%) 103 (52.8%) 1418 (55.1%)

Country of birth, n (%)

Scandinavia 2628 (89.5%) 568 (74.9%) 170 (87.2%) 2064 (80.2%)

Europe 124 (4.2%) 128 (16.9%) 12 (6.2%) 324 (12.6%)

Asia 118 (4.0%) 45 (5.9%) 10 (5.1%) 129 (5.0%)

Other 67 (2.3%) 17 (2.2%) 3 (1.5%) 58 (2.3%)

Current smoker, n (%) 241 (8.2%) 109 (14.4%) 15 (7.7%) 462 (17.9%)

Body mass index, kg/m2 26.4 (4.1) 26.7 (4.2) 27.0 (4.3) 26.7 (4.3)

Fiber intake, g/1000 kcala 18.6 [13.3;25.5] 17.9 [12.4;25.8] 19.6 [13.6;25.4] 17.9 [12.3;24.9]

Total energy intake, kcal/daya 1633 [1298;2050] 1612 [1236;2112] 1640 [1227;2052] 1594 [1244;2078]

Diabetes, n (%) 58 (2.0%) 11 (1.5%) 6 (3.1%) 57 (2.2%)

Medication for diabetes, n (%) 49 (1.7%) 10 (1.3%) 3 (1.5%) 44 (1.7%)

Antihyperlipidemic medication, n (%) 85 (2.9%) 21 (2.8%) 6 (3.1%) 88 (3.4%)

Proton pump inhibitor, n (%) 54 (1.8%) 23 (3.3%) 3 (1.5%) 68 (3.5%)

Antibiotics treatmentb, n (%) 282 (9.6%) 71 (9.4%) 20 (10.3%) 284 (11.0%)

Inflammatory bowel disease, n (%) 39 (1.3%) 1 (0.1%) 3 (1.5%) 30 (1.2%)

24-h BP record

SBP (mmHg) 122 (10.8) 122 (11.8) — —

DBP (mmHg) 76 (7.4) 75 (8.0) — —

Variability of SBP (mmHg) 15 (4.0) 14 (3.7) — —

Variability of DBP (mmHg) 12 (3.4) 11 (3.0) — —

Office BP measurement

SBP (mmHg) 123 (15.1) 121 (16.5) 124 (15.9) 120 (15.9)

DBP (mmHg) 76 (9.5) 74 (9.9) 77 (10.1) 73 (9.5)

Urine sodium (mmol/L)a 55.3 [33.3;86.2] 47.5 [24.7;76.9] 52.5 [33.1;86.0] 44.7 [24.1;76.3]

Creatinine (mmol/L)a 124 [73.5;180] 113 [54.6;163] 137 [78.1;187] 109 [54.3;164]

Estimated 24-h urine sodium (mg/day)ac 3119 [2359;3970] 3147 [2395;4049] 3048 [2297;3967] 3081 [2375;3919]

Participantshadmetagenomicsdata andwerenot takingbloodpressuremedication.Bloodpressuremeasurementswere conducted in twosubsamples, theambulatory bloodpressuremonitoring (ABPM)
and non-ABPM subsamples.
ABPM ambulatory blood pressure monitoring, BP blood pressure, SBP systolic blood pressure, DBP diastolic blood pressure, n number of participants. Continuous variables are presented as mean
(standard deviation) or median (interquartile range) as appropriate.
aThe median and quartile 1 and 3 are presented.
bAntibiotics treatment in the previous 6 months.
cEstimated 24-h urine sodium was based on Kawasaki formula.
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variability, respectively: I. massiliensis, ER4 sp900317525, and Dysosmo-
bacter sp001916835, e.g., with negative associations with microbial meta-
bolites isoursodeoxycholate, imidazole propionate, andpositive associations
withmicrobial metabolites p-cresol sulfate and phenylacetylglutamine. The
metabolite association pattern was inverse for Streptococcus sp001556435, a
species positively associated with SBP.

Discussion
The current study of 3695 participants is the first large population-based
study to describe the relationship of the human gut microbiota with 24-h
ABPM. Analysis revealed inverse correlations between microbial alpha
diversity and DBP variability over 24 h after adjustment for covariates,
including BMI. At the species level, we identified four bacterial species
associated with ABPM measurements. Streptococcus sp001556435 was
associated with higher SBP, Intestinimonas massiliensis with lower SBP,
Dysosmobacter sp001916835 with lower SBP and DBP, and
ER4 sp900317525with lower SBP variability.Metabolomic analysis of these
four BP-signature species revealed correlations with specific microbial-
derived plasma metabolites, particularly isoursodeoxycholate, p-cresol
sulfate, and imidazole propionate, suggesting potential mechanistic path-
ways linking gut microbiota to blood pressure regulation.

The current GTDB representative species for Streptococcus
sp001556435 corresponds to S. salivarius in the NCBI nomenclature.
Higher abundance of S. salivarius in the oralmicrobiotawas associatedwith
an increased risk of incident hypertension in 1215 postmenopausal
women21. Similarly, Streptococcus spp.was associatedwithhigher SBP in the
HELIUS study, which used 16S rRNA gene amplicon sequencing to
examine the gut microbiota of 4672 participants from the municipality of
Amsterdam8. Similarly, Streptococcus sp001556435 was associated with
higher BP in the present study. In the HELIUS study, increased Roseburia
spp. and R. hominis abundance were inversely associated with SBP. How-
ever, in the present study, we found a positive association between R. inu-
linivorans and SBP in the statisticalmodel, not adjusting for BMI (Model 2).
This divergence in findings between the HELIUS study and ours could be
due to differences in the ethnic groups under investigation and differences
between individual species within the genus Roseburia.

Intestinimonasmassiliensis,whichwas associatedwith lower SBP in the
present study, was inversely associated with prevalent left ventricular dia-
stolic dysfunction in 1996 participants from the Hispanic Community
Health Study/Study of Latinos22. Hypertension is a well-established cause of
left ventricular diastolic dysfunction23. The production of SCFA by the gut
microbiota has been suggested to affect the host BP24–27. I. massiliensis can
produce theSCFAbutyrate28. Similarly,Dysosmobacter sp001916835,which
was associated with lower SBP and DBP in the present study, belongs to
Oscillospiraceae family, also a known butyrate producer. However,

increased fecal concentrations of SCFAhave beendescribed in subjects with
elevated SBP in theHELIUS study8 aswell as in other studies26,27. Despite the
positive associations between serum and fecal SCFA and BP in some
observational studies, animal studies have produced opposite results. Oral
supplementation of acetate led to a reduction in SBP and DBP in hyper-
tensive mice models29, and intracolonic or intravenous administration of
butyrate produced a reduction in BP in rats30.

We found that an increased gut microbiome alpha diversity was
associated with lower DBP variability. Additionally, we found a member of
the Oscillospiraceae family, ER4 sp900317525, to be negatively associated
with SBPvariability after adjusting forBMI,while no specieswas found tobe
associated with DBP variability after adjusting for BMI.Oscillospiraceae are
known butyrate producers and have previously been negatively associated
with obesity and inflammatory bowel disease31,32. Our findings add to these
results, proposing an inverse BMI-independent association with blood
pressure variability. SinceBPvariability is recognized as an independent risk
factor for cardiovascular events33, this finding indicates the potential
importance of the gut microbiome in cardiovascular health. A previous
study involving 69 participants revealed that higher levels of Alistipes fine-
goldii and Lactobacillus spp. were associatedwith lower BP variability, while
Prevotella and Clostridium spp. correlated with higher variability34.

The study revealed striking differences in the effect estimates between
Model 1 (BMI-adjusted) and Model 2 (BMI-unadjusted), where the BMI
adjustment attenuated all assessed associations. The attenuation was more
prominent for 24-hSBPand24-hDBPphenotypes than for the variabilityof
SBP and DBP phenotypes. The substantial differences observed between
BMI-adjusted and unadjusted results can be attributed to two key factors.
First, BMImay serve as a proxy indicator for lifestyle factors or unmeasured
confounding variables that simultaneously influence bothmicrobial species
composition and blood pressure35. Second, since certain microbial species
can potentially affect host adiposity36, BMI might function as a mediator in
the relationship between gut microbiota and blood pressure regulation.
Given the well-established causal relationship between elevated BMI and
hypertension37–39, future longitudinal studies with comprehensive data
collection are essential to elucidate whether specific gut microbiota species
influence blood pressure through BMI-mediated pathways.

The present study has several strengths. This is the first large
population-based study to investigate the relationship of the gut
microbiota with 24-h ABPM measurements. As elaborated above, 24-h
ABPM provides a more precise and comprehensive assessment of BP
compared to office measurements. The identified species-BP associa-
tions weremore strongly associated with 24-h BP compared to office BP,
and 24-h BP added information to the multivariable model, including
office BP. Additionally, the gut microbiota was assessed using deep
shotgun metagenomics, enabling species-level resolution detection of

Table 2 | Association between alpha diversity (Shannon diversity index) and blood pressure (24-h BPoutcomes and officeBP) in
the ABPM and non-ABPM subsamples

Outcome Model 1 Model 2

Size Estimate (95% CI) Size Estimate (95% CI)

ABPM subsample

24-h SBP 3695 −0.41 (−1.24, 0.42) 3695 −1.60 (−2.48, −0.73)

24-h DBP 3695 −0.29 (−0.87, 0.28) 3695 −0.94 (−1.53, −0.34)

Variability of 24-h SBP 3695 −0.30 (−0.62, 0.02) 3695 −0.47 (−0.79, −0.16)

Variability of 24-h DBP 3695 −0.32 (−0.59, −0.06) 3695 −0.49 (−0.76, −0.22)

Non-ABPM subsample

Office SBP 2770 −1.27 (−2.69, 0.15) 2770 −2.70 (−4.15, −1.26)

Office DBP 2769 −0.44 (−1.31, 0.42) 2769 −1.59 (−2.49, −0.70)

BP blood pressure, ABPM ambulatory blood pressure monitoring, SBP systolic blood pressure, DBP diastolic blood pressure, CI confidence interval.
Model 1: Adjusted for age, sex, country of birth, and technical source of variation, smoking, fiber intake, total energy intake, sodium intake, usage of antidiabetic drugs, usage of antihyperlipidemic drugs,
and bodymass index. Model 2: Adjusted for age, sex, country of birth, and technical source of variation, smoking, fiber intake, total energy intake, sodium intake, usage of antidiabetic drugs, and usage of
antihyperlipidemic drugs.
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Fig. 1 | Association betweenmetagenomic species and 24-h blood pressure traits.
Association between metagenomic species and 24-h blood pressure measurements and
their variability from multivariable regression analyses in 3695 individuals from the
SCAPIS study is shown. In Model 1, adjustment was made for age, sex, country of birth,
technical variation, smoking, fiber intake, total energy intake, estimated sodium intake,
use of antidiabetic medication, use of antihyperlipidemic medication, and body mass
index. Model 2 was adjusted for Model 1 covariates except BMI. Y-axis shows the species

name, and the internal identification number (hMGS.number) in parentheses. The
prevalence of the metagenomic species in all samples is presented. The color scale ranges
from −1 (dark blue, indicating higher negative correlation) to 1 (dark red, indicating
higher positive correlation), with white representing no correlation (0). Abbreviations:
SBP 24-h systolic blood pressure, DBP 24-h diastolic blood pressure, SBP-SD variability
of 24-h SBP, DBP-SD variability of 24-h DBP. ** indicates associations with FDR< 5%,
while * indicates associations with P value < 0.05.
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gut microbiota composition. Moreover, the extensive survey of covari-
ates made it possible to adjust for several potential confounders. We also
excluded participants with antihypertensive medication usage, defined
by ATC codes, to avoid identifying associations confounded by hyper-
tension treatment.

There are, however, limitations that need to be considered. First, this
study has a cross-sectional design, and causality cannot be inferred.
Moreover, we cannot rule out collider bias by selection on health-seeking
behavior, residual confounding, or reverse causation. For instance, partici-
pants with higher blood pressure might have received recommendations of
lifestyle modifications that could affect the gut microbiota. Second, formal
mediation analysis for BMI was not possible due to lack of temporal pre-
cedence in the present study. We expect to be able to address the long-
itudinal associations between gut microbiota and BP in follow-up
examinations of SCAPIS. Third, the dietary assessment was based on a self-
reported questionnaire that may be affected by recall and reporting bias.
Misclassification of dietary intake has been related to factors that are rele-
vant for the gut microbiota composition, such as sex, age, or obesity40.
Therefore, we cannot exclude the possibility of differential misclassification
of the dietary covariates dependent on the exposure, which would result in
residual confounding or additional distortion of estimates. Fourth, while we
replicated the associations of Intestinimonas massiliensis with SBP and
Dysosmobacter sp001916835 with DBP using office BP in an independent
subsample, several validation aspects remain important. Our findings
regarding BP variability would benefit from replication in cohorts with 24-h
BP data, as this measurement cannot be captured through office visits.
Future longitudinal studies with repeated microbiota sampling and BP
measurementswouldbeparticularly valuable fordeterminingwhether these
microbial associations are stable over time or represent transient fluctua-
tions, and for clarifying potential causal pathways, especially regarding BMI
as a possible mediator. Fifth, although we estimated salt intake using urine
sodium from spot samples, thismethod has been shown to have individual-
level inconsistencies when compared with 24-h urine samples41. Sixth, fecal
metagenomics, while powerful for describing a snapshot of the microbial
community, does not accurately capture the gut microbiota species that
reside closer to themucosalmembrane42 or in the small intestines43, which is
a limitation of most population-based studies on gut microbiota.

In conclusion, in our large population-based sample, the associations
between the gut microbiota, plasma metabolites, and 24-h BP were investi-
gated.We identified four gutmicrobiota species associatedwith 24-hABPM.
Our findings on the role of human gut microbiota and its downstream
metabolites in BP regulation provide potential targets for future research.

Data availability
SCAPIS data are not publicly available due to privacy and ethical restric-
tions. Access to pseudonymized SCAPIS phenotype and genotype data can
be applied for from the SCAPISDataAccessBoard (https://www.scapis.org/
data-access/) and requires ethical approval from the SwedishEthical Review
Board. The source data underlying all figures used to generate the results are
available at https://github.com/MolEpicUU/24hBP-mgs.
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