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Introduction: Hypertension remains the leading
modifiable risk factor attributable to 10.8 million
premature deaths. Hence the study of hypertension and
gut microbiome as a therapeutic target is very important.
Yet the links between the gut microbiome and long-term
incidence of hypertension are unknown.

Aim: This study assessed the association between gut
microbiome and incident hypertension.

Method: The study sample consisted of 3311
nonhypertensive individuals (60.7% women) aged 25–74
years who were drawn from the general population in
Finland. In the baseline examination performed in the year
2002, the participants underwent a health examination
and provided a stool sample. The gut microbiome was
assessed using shallow shotgun metagenomic sequencing.
Microbiome analyses were performed with Cox
proportional hazards model.

Results: In total, 675 participants developed hypertension
over a follow-up period of nearly 20years. In multivariable-
adjusted models, overall gut microbiome composition was
not related to risk of future hypertension. Eight genera,
including Agathobaculum, Blautia_A_141780,
Blautia_A_141781, Mediterraneibacter_A_155590,
Enterocloster, Bariatricus, CAG-317–146760, and CAG-
628 were significantly associated with incident
hypertension in the age-adjusted and sex-adjusted models,
but none remained significant in the multivariable-adjusted
models. No functional pathways were associated with
hypertension risk.

Conclusion: Our results do not provide strong evidence
for an association between the gut microbiome and risk of
future hypertension, especially after adjusting for
covariates that are known to influence the gut
microbiome.

Keywords: gut microbiome, hypertension, prospective
study

Abbreviations: ANCOM-BC2, Analysis of Compositions of
Microbiomes with Bias Correction 2; CI, confidence
interval; CLR, centered log-ratio; CMD, cardiometabolic
disease; FDR, false discovery rate; FPQ, Food Propensity
Questionnaire; HFC, healthy food choices; HR, hazard
ratio; PCoA, Principal Coordinate Analysis; PERMANOVA,
Permutational Multivariate Analysis of Variance
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INTRODUCTION
C
ardiometabolic diseases (CMD) are the leading
cause of death globally. CMD represents 32% of
deaths of which 85% were due to heart attack and

stroke [1]. The latest Global Burden of Cardiovascular Dis-
eases and Risk 2022 study reported that ischemic heart
disease, ischemic stroke, and hypertensive heart disease
remain the leading cause of death globally. Hypertension
is the leading modifiable risk factor attributable to 10.8
million premature deaths [2]. In Finland, approximately
twomillion adult Finns have elevated blood pressure, which
translates to approximately only one in five adults having
ideal blood pressure levels [3]. Hypertension screening is
highly effective in Finland as approximately 85% of Finns
aged 20–75+ years reported having their blood pressure
measured in the past 12months [4].

The gut microbiome has been extensively studied in
associationwith cardiometabolic diseases. For example, the
influence of bacteria has long been suggested to contribute
to inflammation in atherogenesis and subsequently to cor-
onary artery disease [5]. An interesting study characterized
the microbiome and metabolome of individuals ranging
from healthy, having only metabolic syndrome but without
ischemic heart disease, to people with ischemic heart
disease, and found that major alterations in the gut micro-
biome and metabolome may be detected long before a
clinical onset of ischemic heart disease [6]. Furthermore,
there have been evidence of cardiac dysfunction aggravat-
ed by gut microbes and microbe-mediated metabolites
through the gut–kidney–heart axis [7,8]. These studies
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suggest a pathophysiology mechanism where gut microbes
and metabolites are involved in the process of cardiac
dysfunction over a long period of time that eventually leads
to a cardiac event.

In the case of hypertension, evidence from epidemio-
logical, clinical, and animal studies suggests that gut micro-
biome dysbiosis is associated with increased odds of
hypertension [9,10]. Several reviews in this domain have
summarized how blood pressure is regulated by gut
microbes, the effect of microbe-derived metabolites on
hypertension, and the overall interactions between the
gut microbiome and host metabolism and immune system
[11,12]. However, most previous studies on the links be-
tween the gut microbiome and hypertension have used
small cross-sectional study samples [13]. In a meta-analysis
conducted by Cai et al. in 2023, we can clearly see several
studies with less than 100 study participants. These studies
are still valuable yet caution must be exercised when
drawing conclusions from under-powered studies [14].

Furthermore, cross-sectional studies are subjected to
selection bias as only individuals who have developed
the disease, or in this case, have hypertension are investi-
gated [15]. As a diagnosis of hypertension usually affects the
patient’s dietary habits and medication, it is challenging to
control for these factors after the diagnosis has been made
without further introducing bias into the study [15,16].
Hence, the use of prospective cohort studies, where healthy
participants are prospectively followed until overt disease
develops could provide a higher level of evidence towards
causality than cross-sectional case–control studies [17].

In this study, we assessed the association between the
gut microbiome and incident hypertension in a large,
prospective Finnish cohort of 3311 normotensive individu-
als who were followed up for incident hypertension over a
median of 19.8years.

METHODS

Study sample and study flow
The FINRISK studies are population-based health examina-
tion surveys that have been carried out quinquennially in
Finland since 1972. The FINRISK 2002 cohort was a strati-
fied random sample of the Finnish population aged be-
tween 25 and 74 years drawn from the national population
register in 2002 [18]. Participants were randomly drawn
from the national population register from six geographic
regions in Finland. In the year 2002, the Finnish population
was more than 99% white. We did not collect data on race or
ethnicity. Before the baseline examination, the participants
filled in a questionnaire on demographics, health-related
behaviours, diet, and cardiovascular and general health. Parti-
cipants thenunderwent aphysical examinationat a local study
site,whereheight,weight, andbloodpressurewere recorded.
Blood sampleswere collected after a 4-h fasting period. At the
end of the baseline examination, the participants received a
stool collection kit for faecal sampling.

The original number of invited participants was 13500,
and 8798 individuals participated in the health examination
(overall participation rate 65.5%). A total of 7355 (80.2%)
provided a stool sample for microbiome analysis. The
exclusion criteria were individuals with a low (N<50
2 www.jhypertension.com
000) metagenome read count (n=7); pregnancy at the time
of baseline investigation (n=43); antibiotic use 1 month
before stool sample collection (n=257); participants with
prevalent hypertension at baseline (n=3263); and incom-
plete covariate data (n=474). Thus, a total of 3311 normo-
tensive individuals at baseline were included in the
analysis. The participants were followed up for incident
hypertension using nationwide register data until 31 De-
cember 2022 (Fig. 1).

The study has been approved by the Coordinating Ethi-
cal Committee of the Helsinki and Uusimaa Hospital District
(decision number 87/2001). All participants have signed an
informed consent.

Microbiome sampling and data processing
Stool samples were collected in 50ml Falcon tubes and
mailed overnight to the Finnish Institute for Health and
Welfare during the winter months [19]. The samples were
frozen in �20 8C until 2017. DNA was extracted, and shal-
low shotgun metagenomics sequencing was performed at
University of California San Diego using a standard Earth
Microbiome Project protocol [20]. Samples were sequenced
on Illumina Hi-Seq 4000 at 2�150bp read length. Sequen-
ces were then mapped to the Greengenes2 database [21].
Functional pathways were annotated using MetaCyc data-
base through the HUMAnN (v 3.0.1) pipeline [22,23]. The
data was imported in R as a TreeSummarizedExperiment
container, and processed using the mia R/Bioconductor
framework [24–26].

Outcome variable
Incident hypertension was defined as having a hyperten-
sion-related diagnosis code in the Hospital Discharge or
Causes-of-Death registers [27]. In addition, incident hyper-
tension was defined as having a special reimbursement
code for hypertension or a minimum of three drug pur-
chases with the Anatomical Therapeutic Chemical codes for
dihydropyridine calcium-channel blockers (CCBs) or thia-
zide diuretics in the Drug Reimbursement Register (Sup-
plementary Table S1, http://links.lww.com/HJH/C907).
CCBs or thiazide diuretics drug purchases was chosen as
indicators for hypertension as unlike other medications
used for treating hypertension, these two groups of phar-
maceuticals are almost solely used to treat hypertension.

Variable definitions
A nurse measured blood pressure three times after a 5-min
rest in sitting position using a standard mercury sphygmo-
manometer with a 1-min rest between the measurements.
Blood pressure was considered as the mean of the three
measurements. Prevalent hypertension was defined as a
SBP at least 140mmHg, a DBP at least 90mmHg, self-
reported use of antihypertensive medication, or a regis-
ter-based diagnosis of hypertension prior to baseline (see
‘Outcome variable’ for definition of register-based hyper-
tension).

BMI was defined as weight (kg) divided by the square of
height (m). Smoking was self-reported and categorized into
two groups: current smokers; and nonsmokers if individu-
als did not smoke in the past 6 months. Healthy food
Volume 44 � Number 0 � Month 2026

http://links.lww.com/HJH/C907


CE: ; JH-D-25-01174; Total nos of Pages: 9;

JH-D-25-01174

Gut microbiome and incident hypertension
choices (HFC) were defined as a composite score from the
sum of a Food Propensity Questionnaire (FPQ) responses
to food items that ranges from 9 to 745, whereby higher
scores indicate higher number of healthy food choices
made per month [28]. Prevalent cardiovascular disease
and diabetes type 1 and 2 were defined using data from
nationwide Hospital Discharge Register, and Drug Pur-
chase and Reimbursement Register (Supplementary Table
S1, http://links.lww.com/HJH/C907). Cardiovascular diag-
noses in these registers have been validated and shown to
have good coverage and accuracy [27,29].

Statistical analysis
Alpha diversity measures can be seen as a summary statistic
of diversity in a single group (within-group diversity, i.e.
participants with incident hypertension). Alpha diversity
was calculated at species level using Shannon and observed
richness index. Higher alpha diversity has been in some
cases been associated with improved health outcomes [30].
Beta diversity measures dissimilarity of microbial commu-
nities between individual samples. This can be used to
measure differences in community composition between
participants with and without hypertension. We used the
standard Bray-Curtis dissimilarity index at the species level
with relative abundance. Beta diversity quantifies commu-
nity-level (multivariate) differences. This can be further
complemented by differential abundance analysis, which
quantifies (univariate) differences in individual taxa. Dif-
ferential abundance analyses were performed at the family,
genus, and species levels. To reduce noise, mitigate tech-
nical variability, and improve the statistical power of down-
stream analyses, microbial taxa were filtered in differential
abundance analyses for presence in at least 5% of the
population at a relative abundance of more than 0.1%
[31].Microbial abundance were centred log-ratio (CLR)
transformed to account for sparsity and compositional
nature of microbiome data.

The relationship between species composition and inci-
dent hypertension was visualized with Principal Coordinate
Analysis (PCoA).We measured differences in species-level
community composition using PERMANOVA with 999 per-
mutations (Bray–Curtis index) [32]. Permutational Multivar-
iate Analysis of Variance (PERMANOVA) compares
differences between two groups by first calculating the
dissimilarity between each sample and then comparing
the centroids of each group for differences [32]. In this
case, PERMANOVA assessed differences in microbial com-
munity composition of individuals with and without inci-
dent hypertension, and quantified what fraction each
covariate explained differences in the microbiome compo-
sition [33]. Analysis of the functions predicted based on
metagenome composition focused on pathways that were
assigned to a species andwere prevalent in at least 5% of the
population. We did not filter by abundance to capture more
pathways, as the samples were shallow sequenced where
many pathways may be underrepresented. After applying
the above filters, the total number of functional pathways
included in the analysis was 1515. Due to the high sparsity
of the pathway abundance data, we performed the analysis
by dichotomizing the pathway abundance (present versus
Journal of Hypertension
absent), or normalizing functional pathways using inverse
rank transformation.

We studied the association between incident hyperten-
sion and alpha diversity using Cox proportional hazards
model. Analysis of compositions of microbiomes with bias
correction 2 (ANCOM-BC2) is a statistical method to identify
taxa that has different abundance for the outcome of
interest, that is incident hypertension, compared to normo-
tensive participants. In this study, cox proportional hazards
model and ANCOM-BC2 with default settings were used to
investigate the links between microbial taxa-associated and
incident hypertension [33]. Despite ANCOM-BC2 not being
designed for time-to-event analyses, we wanted to examine
if there were overlaps in significant taxa found in the Cox
models. The associations between pathway abundance and
incident hypertension were conducted using Cox propor-
tional hazards models.

All analyses were adjusted for age and sex or age, sex,
BMI, diabetes type 1 and 2, healthy food choices, cardio-
vascular disease, and smoking. A sensitivity analysis was
conducted by removing BMI from the alpha diversity anal-
ysis to determine the confounding effect BMI may have on
the model. P values in differential abundance analyses and
functional pathway analysis were corrected for multiple
testing using False Discovery Rate (FDR, Benjamini–Hoch-
berg correction). Cox proportional hazards model assump-
tions were tested using scaled Schoenfeld residuals. Two-
sided P values less than 0.05 were considered statistically
significant. Analyses were conducted using R version 4.3.3
and mainly using mia package 1.15.17 [25].

Code availability statement
The source code and full list of R packages used for the
analyses and figures are available at https://doi.org/
10.5281/zenodo.15773611.

RESULTS

The characteristics of the study population are summarized
in Table 1. The mean age of study participants was 43.4�
11.9years, and 60% were women. Over a median follow-up
of 19.8years, 675 participants developed hypertension. We
performed a sensitivity analysis to check for selection bias,
as we had to exclude a number of participants with missing
covariates. We observed no differences in the baseline
characteristics between included and excluded partici-
pants, with the exception for DBP (P=0.04, Supplemental
Table S2, http://links.lww.com/HJH/C907).

Alpha and beta diversities
In age-adjusted and sex-adjusted models, alpha diversity
(Shannon) was not associated with incident hypertension
[hazard ratio, 0.93; 95% confidence interval (CI), 0.87–1.00;
P=0.05; two-tailedWald test for Cox regression coefficient].
The results were similar in themultivariable-adjustedmodel
(Fig. 2; hazard ratio, 0.99; 95% CI, 0.92–1.07; P=0.84).
Observed richness was also not associated with incident
hypertension in both models (results not shown).

Community dissimilarity was visualized on PCoA. Micro-
biome composition of individuals who developed incident
www.jhypertension.com 3
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FINRISK 2002 (n=8798)

Stool sample provided (n=7355)

Final number of participants 
included (n=3311)

Excluded:
(i) Low metagenome read count 

(n=7)
(ii) Pregnant (n=43)

(iii) Antibiotic use before stool 
collection (n=257)

(iv) Prevalent hypertension 
(n=3270)

(v) Incomplete covariate data 
(n=467)

FIGURE 1 Flow chart of participant inclusion.
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hypertension were similar to those who did not (Fig. 3). We
used PERMANOVA to assess the importance of each covar-
iate, including beta diversity, on risk of incident hyperten-
sion. Incident hypertension was significantly associated
with beta diversity (P=0.03; F-statistic; age-adjusted and
sex-adjusted), but the model explained less than 0.1% of the
variance in gut microbiome species composition. The mul-
tivariable-adjusted model explained 2% of the variance, but
incident hypertension did not significantly contribute to the
model (P=0.56, Supplementary Table S3, http://links.lww.
com/HJH/C907). These results suggest that beta diversity is
not associated with incident hypertension.
4 www.jhypertension.com
Differential abundance analysis
After prevalence filtering to remove rare taxa and reduce
data sparsity, 258 species, 171 genera, and 49 families
remained for analysis. In age-adjusted and sex-adjusted
Cox models, eight microbial genera, namely Agathobacu-
lum, Blautia_A_141780, Blautia_A_141781, Mediterra-
neibacter_A_155590, Enterocloster, Bariatricus, CAG-
317–146760, and CAG-628 were significantly associated
with incident hypertension (FDR<0.03 for all; two-tailed
Wald test for Cox regression coefficient; Table 2). However,
these associations were nonsignificant in the multivariable-
adjusted models (FDR�0.39 for all; Table 2). At the family
Volume 44 � Number 0 � Month 2026
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TABLE 1. Baseline characteristics of the study sample

Incident hypertension

Characteristic Overall Yes No P

N 3311 675 2636 –

Age (years) (95% CI) 43.4 (43.0–43.8) 47.3 (46.4–48.2) 42.4 (42.0–42.8) <0.001

Women [n (%)] 1986 (60.0%) 394 (58.4%) 1592 (60.4%) –

BMI (95% CI) 25.6 (25.5–25.7) 27.4 (27.1–27.7) 25.1 (25.0–25.2) <0.001

Diabetes [n (%)] 80 (2.4%) 25 (3.7%) 55 (2.1%)

SBP (mmHg) (95% CI) 122.0 (121.7–122.3) 126.0 (125.3–126.7) 121.0 (120.6–121.4) <0.001

DBP (mmHg) (95% CI) 73.6 (73.3–73.9) 76.5 (75.9–77.1) 72.9 (72.6–73.2) <0.001

Healthy food choicesa (95% CI) 191.0 (188.1–193.9) 187.0 (180.1–193.9) 192.0 (188.8–195.2) 0.21

Cardiovascular disease [n (%)] 63 (1.9%) 21 (3.1%) 42 (1.6%) –

Smoking [n (%)] 876 (26.5%) 202 (29.9%) 674 (25.6%) –

Shannon diversity (95% CI) 4.12 (4.11–4.13) 4.11 (4.08–4.14) 4.13 (4.11–4.15) 0.38

Observed richness (95% CI) 1060 (1053–1067) 1080 (1064–1096) 1060 (1052–1068) 0.04

CI, confidence interval.
aHigher healthy food choices indicate more healthy food choices made per month.
P-value calculated by Chi-square test.

Gut microbiome and incident hypertension
level, Alkalibacilaceae, Anaerovoracaceae, Butyricicocca-
ceae, CAG-138, Eggerthellaceae, and UBA660 were signifi-
cantly associated with incident hypertension in the age-
adjusted and sex-adjusted models (FDR=0.04 for all, Sup-
plemental Table S4, http://links.lww.com/HJH/C907), but
not in the multivariable-adjusted models (FDR�0.63 for
all). Similar results were observed in the species-level
analyses, as the results were nonsignificant after adjusting
for multiple variables (FDR�0.07 for all; Supplemental
Table S5, http://links.lww.com/HJH/C907). As a sensitivity
analysis, we also examined the differential abundance
between individuals with and without incident hyperten-
sion using ANCOM-BC2. In this analysis, a lower relative
abundance of the genus CAG-628 was associated with
incident hypertension in the age-adjusted and sex-adjusted
models (Supplemental Table S6, http://links.lww.com/
HJH/C907; log-fold change, �0.34; SE, 0.10; FDR=0.04;
two-sided Z test using the test statistic W (log-fold change
divided by standard error). This result was robust as it
passed the sensitivity analysis, a default setting in
ANCOM-BC2 to test for false positives due to the addition
of pseudocounts [33]. ANCOM-BC2 analysis at the species
and family level did not yield any significant results
FIGURE 2 The multivariable-adjusted association between alpha diversity (Shannon index

Journal of Hypertension
(Supplemental Tables S7 and S8, http://links.lww.com/
HJH/C907).

Pathway analysis
One unintegrated pathway linked to Eubacterium hallii
was significantly associated with incident hypertension
after dichotomization of the functional pathways (hazard
ratio, 1.78; 95% CI, 1.38–2.31; FDR=0.02; two-tailed Wald
test for Cox regression coefficient) in the age-adjusted and
sex-adjusted Cox models. However, this finding is not
informative, because that classification is merely the total
abundance of genes that did not contribute to any pathways
for E. hallii[23]. No pathways remained significant after
adjusting for multiple covariates independent of whether
the pathway activities were analysed using dichotomized or
inverse-ranked normalized data (Supplemental Tables S9
and S10, http://links.lww.com/HJH/C907).

DISCUSSION

This study is the first to investigate the association of the gut
microbiomewith incident hypertension in a large, prospective,
longitudinal cohort.Overamedian follow-upof19.8years, 20%
) and incident hypertension.
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FIGURE 3 Principal Coordinate Analysis plot showing the dissimilarity in microbiome composition between participants with and without incident hypertension.

Yeo et al.
of the 3311 study participants developed hypertension. The
overall gut microbiome composition of participants who had
developed hypertension 20years later was similar to people
who did not develop hypertension. We also did not observe
microbial taxa or functional profiles associated with risk of
hypertension later in life.

Large cohort studies such as Coronary Artery Risk De-
velopment in Young Adults, CARDIA (n=529), Estonian
TABLE 2. The associations between microbial genera and incident hy

Genus HR

Age-adjusted and sex-adjusted model
Agathobaculum 1.23

Blautia_A_141780 1.21

Blautia_A_141781 1.20

CAG_317_146760 1.27

Mediterraneibacter_A_155590 1.28

CAG_628 0.94

Enterocloster 1.14

Bariatricus 1.17

Multivariable- adjusted model
Eubacterium_G 0.87

Merdousia 1.05

Allobacillus 1.06

Anaerostipes 1.08

Ruminococcus_C_58660 0.87

Senegalimassilia 1.05

Ellagibacter 1.03

Gabonibacter 1.06

Intestinimonas 0.89

Massilistercora 1.13

HR, hazard ratio; CI, confidence interval; FDR, false discovery rate corrected P for two-tailed Wa
age, sex, BMI, diabetes, healthy food choices, cardiovascular disease, and smoking.

6 www.jhypertension.com
Microbiome Cohort (n=2509), TwinsUK (n=2737),
Healthy Life In an Urban Setting (HELIUS, n=4672), and
FINRISK 2002 (n=6953) have previously examined the
cross-sectional associations between the gut microbiome
and blood pressure [34–38]. The Estonian Microbiome
Cohort reported gut dysbiosis to be significantly associated
with hypertension. However, the machine learning predic-
tion model whereby microbiome is included as a predictor
pertension in Cox proportional hazards models

95% CI FDR

1.10–1.37 0.02

1.09–1.35 0.02

1.09–1.32 0.02

1.11–1.45 0.02

1.12–1.48 0.02

0.90–0.97 0.02

1.06–1.24 0.02

1.06–1.30 0.03

0.8.–0.95 0.39

1.02–1.09 0.39

1.01–1.12 0.69

1.01–1.16 0.69

0.78–0.98 0.69

1.01–1.09 0.69

1.00–1.06 0.78

1.00–1.12 0.78

0.80–1.00 0.78

1.00–1.27 0.78

ld test for Cox regression coefficient. Multivariable-adjusted models were adjusted for
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for disease did not perform any better than conventional
predictors such as age, sex, and BMI [35]. In the HELIUS
study, the authors also used machine learning model to
explain variance of gut microbiome and blood pressure.
This approach explained 4% of blood pressure variance in
age-adjusted and sex-adjusted models but only 2.1–2.2%
after adjusting for covariates [37].

The CARDIA study reported positive associations be-
tween the gut microbiome and hypertension, but the
significance of this association attenuated greatly after
adjusting for covariates, and especially for BMI [34]. We
observed a similarly strong association of BMI to the gut
microbiome in our sensitivity analysis. Obesity is corollary
to hypertension, both strong risk factors for metabolic
syndrome and can eventually lead to cardiovascular dis-
eases. Studies have shown obesity to be collectively asso-
ciated with hypertension and with the gut microbiome
[7,14]. Gut microbiome dysbiosis in association with obe-
sity reflects metabolic dysfunction. BMI should thus al-
ways be included as a covariate to disentangle obesity
from the outcome of interest, in this case, hypertension.
For example, the TwinsUK study reported associations
between gut microbiome and common diseases, but after
adjusting for BMI, gut microbiome was not related to
prevalent hypertension [39]. In a cross-sectional study
of gut microbiome and blood pressure using FINRISK
2002 data, the number of genera associated with blood
pressure was reduced by 59% after adjusting for BMI.
These cross-sectional studies seem to imply that although
a cross-sectional association between blood pressure and
gut microbes exists, the inclusion of BMI as a covariate
strongly attenuates this association. It also appears that gut
microbiome features in obesity may have a strong associ-
ation with dietary fibres, thus the importance of adjusting
for dietary effects in gut microbiome models as we have
done in this study [7,40,41].

Animal studies have also demonstrated that gut
microbes can modulate blood pressure [10,12,42]. In a
study by Li et al. [43] in 2017, germ-free mice developed
elevated blood pressure after receiving faecal microbiota
transplant from a hypertensive human donor, clearly
demonstrating that gutmicrobes are involved inmediating
blood pressure changes. Furthermore, a recent study
demonstrated that administration of two probiotic strains
effectively replenished bacterial strains lost in hyperten-
sive mice, thereby mitigating fructose-induced hyperten-
sion [44]. Evidence is also pointing towards microbe-
mediatedmetabolites being drivers of host blood pressure
through the renin–angiotensin–aldosterone-related and
immune-related pathways [12,45]. However, despite these
promising results from in-vivo and in-vitro studies sug-
gesting a role for microbial mechanistic pathways and
microbe-mediated metabolites in modulating host blood
pressure, human studies have not always agreed [42]. A
preliminary interventional trial involving 20 treatment-
naive hypertension patients demonstrated that consuming
prebiotic starch released high levels of acetate and buty-
rate and observed a decrease in 24-h blood pressure [45].
Conversely, oral administration of butyrate increased 24-h
blood pressure in a double-blind randomized placebo-
controlled trial that involved 23 hypertension patients [46].
Journal of Hypertension
Our prospective cohort study did not find strong evidence
of gut microbial taxa or functional pathways associated
with incident hypertension. However, this does not mean
that such taxa are not associated with current hyperten-
sion, either as cause or effect, andmay be a point for future
research.

Human microbiome sequencing and analysis techniques
are rapidly improving. Therefore, despite conflicting prior
reports and the negative results from this study, further
research in this area is still needed. Future studies should
focus on improving the robustness of study designs for a
more efficient translation from association studies and
animal models to human intervention studies. For example,
animal studies could be designed to more accurately reflect
actual human physiology, overcoming earlier design flaws
[47]. Multilaboratory and international collaborations
should also be encouraged to reduce the number of under-
powered clinical human studies [47].

Common limitations of microbiome-health association
studies, such as a small sample size, the use of short read
sequencing, and 16S amplicon sequencing instead of meta-
genome sequencing, have increasingly been addressed
over the years, and this current study has the novel aspect
of being the first prospective cohort study in this domain
[34,37–39]. However, we also acknowledge that the study
sample was drawn from the Finnish general population,
thus limiting the global generalizability of our results.
Nonetheless, the overall composition is still fairly similar
to gut microbiome compositions from Western countries
where the top genera identified were Bacteroides, Prevo-
tella, and Alistipes[19,48,49]. Another limitation of the study
is that information about stool consistency, a known con-
founder in microbiome research was not collected in 2002
during the baseline examination [50].

Also, themicrobiome data were shallow sequencedwith
short-read technology, making functional annotation chal-
lenging and potentially resulting in some pathways being
underrepresented or even missed. In addition, we did not
have gut or plasma metabolite data available for more
detailed functional characterization. Stool sampling and
sequencing were also only performed at a single time point
in the year 2002. Several studies have shown that the gut
microbiome is highly stable over the long term, especially in
the absence of fatty liver disease and diabetes [51,52].
However, repeated stool sampling could improve the study
design and increase the odds of detecting associations
between the gut microbiome and incident cardiovascular
disease should such associations exist [53]. The study de-
sign is also limitedwith the absence of absolute abundances
of microbial taxa, which could provide more insights.
Finally, clinical re-examinations were not performed in
the present project. For a more accurate assessment of
incident hypertension, repeated measurement of blood
pressure would be preferred to confirm the diagnosis.
Instead, we relied on national hospital discharge and drug
reimbursement registers for diagnoses of incident hyper-
tension, which may lead to under diagnosis of incident
hypertension cases.

In conclusion, in this first-ever prospective study with
long-term follow-up on the associations between the gut
microbiome and incident hypertension, we observed a
www.jhypertension.com 7
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weak association in age-adjusted and sex-adjusted models
but no associations in multivariable-adjusted models. We
observed eight microbial genera associated with incident
hypertension in age-adjusted and sex-adjusted Cox models.
CAG-628 was associated with incident hypertension when
an age-adjusted and sex-adjusted ANCOM-BC2 model was
used. Functional pathways were also not associated with
incident hypertension. Our prospective cohort study does
not support a strong association between the gut micro-
biome and risk of future hypertension.
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35. Aasmets O, Krigul KL, Lüll K, Metspalu A, Org E. Gut metagenome
associations with extensive digital health data in a volunteer-based
Estonian microbiome cohort. Nat Commun 2022; 13:869.

36. Louca P, MompeoO, Leeming ER, Berry SE, Mangino M, Spector TD, et
al. Dietary influence on systolic and diastolic blood pressure in the
TwinsUK Cohort. Nutrients 2020; 12:1–12.

37. Verhaar BJH, Collard D, Prodan A, Levels JHM, Zwinderman AH,
Backhed F, et al. Associations between gut microbiota, faecal short-
chain fatty acids, and blood pressure across ethnic groups: the HELIUS
study. Eur Heart J 2020; 41:4259–4267.

38. Palmu J, Salosensaari A, Havulinna AS, Cheng S, InouyeM, Jain M, et al.
Association between the gut microbiota and blood pressure in a
population cohort of 6953 individuals. J Am Heart Assoc 2020; 9:
e016641.

39. Jackson MA, Verdi S, Maxan ME, Shin CM, Zierer J, Bowyer RCE, et al.
Gut microbiota associations with common diseases and prescription
medications in a population-based cohort. Nat Commun 2018; 9:1–8.
Journal of Hypertension
40. Delzenne NM, Bindels LB, Neyrinck AM, Walter J. The gut microbiome
and dietary fibres: implications in obesity, cardiometabolic diseases
and cancer. Nat Rev Microbiol 2025; 23:225–238.

41. Duncan SH, Belenguer A, Holtrop G, Johnstone AM, Flint HJ, Lobley
GE. Reduced dietary intake of carbohydrates by obese subjects results
in decreased concentrations of butyrate and butyrate-producing bac-
teria in feces. Appl Environ Microbiol 2007; 73:1073–1078.

42. O’Donnell JA, Zheng T, Meric G, Marques FZ. The gut microbiome and
hypertension. Nat Rev Nephrol 2023; 19:153–167.

43. Li J, Zhao F, Wang Y, Chen J, Tao J, Tian G, et al. Gut microbiota
dysbiosis contributes to the development of hypertension.Microbiome
2017; 5:14.

44. Zhang Y, Zheng T, Ma D, Shi P, Zhang H, Li J, et al. Probiotics
Bifidobacterium lactis M8 and Lactobacillus rhamnosus M9 prevent
high blood pressure via modulating the gut microbiota composition
and host metabolic products. mSystems 2023; 8:e0033123.

45. Jama HA, Rhys-Jones D, Nakai M, Yao CK, Climie RE, Sata Y, et al.
Prebiotic intervention with HAMSAB in untreated essential hyperten-
sive patients assessed in a phase II randomized trial.Nat Cardiovasc Res
2023; 2:35–43.

46. Verhaar BJH, Wijdeveld M, Wortelboer K, Rampanelli E, Levels JHM,
Collard D, et al. Effects of oral butyrate on blood pressure in patients
with hypertension: a randomized, placebo-controlled trial. Hyperten-
sion 2024; 81:2124–2136.
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