
Fan et al. Microbiome          (2025) 13:133  
https://doi.org/10.1186/s40168-025-02118-6

RESEARCH Open Access

© The Author(s) 2025. Open Access This article is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 
International License, which permits any non-commercial use, sharing, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons licence, and indicate if 
you modified the licensed material. You do not have permission under this licence to share adapted material derived from this article or 
parts of it. The images or other third party material in this article are included in the article’s Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To 
view a copy of this licence, visit http://creativecommons.org/licenses/by-nc-nd/4.0/.

Microbiome

Fecal microbiota transplantation 
for hypertension: an exploratory, multicenter, 
randomized, blinded, placebo‑controlled trial
Luyun Fan1†, Junru Chen2,3†, Qi Zhang4†, Jie Ren5†, Youren Chen6†, Jinfeng Yang7†, Lu Wang1†, Zihong Guo8, 
Peili Bu9, Bingpo Zhu10, Yanyan Zhao11, Yang Wang11, Xiaoyan Liu12, Wenjie Wang13, Zhenzhen Chen1, 
Qiannan Gao13, Lemin Zheng3* and Jun Cai1* 

Abstract 

Background  On the basis of the contribution of the gut microbiota to hypertension development, a novel strat-
egy involving fecal microbiota transplantation (FMT) has been proposed to treat hypertension, but its efficacy 
has not been investigated in the clinic.

Methods  In a randomized, blinded, placebo-controlled clinical trial (2021/03–2021/12, ClinicalTrials.gov, 
NCT04406129), hypertensive patients were recruited from seven centers in China, and received FMT or placebo 
capsules orally at three visits. The patients were randomized at a 1:1 ratio in blocks of four and stratified by center 
by an independent statistician. The intention-to-treat principle was implemented, as all randomized participants 
who received at least one intervention were included. The primary outcome was the decrease in office systolic blood 
pressure (SBP) from baseline to the day 30 visit. Adverse events (AEs) were recorded through the 3-month follow-
up to assess safety measures. Alterations in BP, the fecal microbiome, and the plasma metabolome were assessed 
via exploratory analyses.

Results  This study included 124 patients (mean age 43 years, 73.4% men) who received FMT (n = 63) or placebo 
(n = 61) capsules. The numbers of participants who experienced AEs (13 (20.6%) vs. 9 (14.8%), p = 0.39) and the pri-
mary outcome (6.28 (11.83) vs. 5.77 (10.06) mmHg, p = 0.62) were comparable between the groups. The FMT group 
presented a decrease in SBP after 1 week of FMT, with a between-arm difference of − 4.34 (95% CI, − 8.1 to − 0.58; 
p = 0.024) mmHg, but this difference did not persist even after repeated intervention. After FMT, shifts in microbial 
richness and structure were identified and the abundance of the phyla Firmicutes and Bacteroidetes was altered. 
Decreases in the abundances of Eggerthella lenta, Erysipelatoclostridium ramosum, Anaerostipes hadrus, Gemella 
haemolysans, and Streptococcus vestibularis and increases in the abundances of Parabacteroides merdae, Prevotella 
copri, Bacteroides galacturonicus, Eubacterium sp. CAG 180, Desulfovibrio piger, Megamonas hypermegale, Collinsella ster-
coris, Coprococcus catus, and Allisonella histaminiformans were identified and correlated with office SBP. Those species 
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were also correlated with responding and inversely office SBP-associated metabolites including tyrosine, glutamine, 
aspartate, phenylalanine, methionine, serine, sarcosine, and/or asparagine.

Conclusions  Safety but unsustainable BP reduction was observed in the first trial of the effects of FMT on hyperten-
sion. Additional intervention studies on specific microbes with metabolite-targeting and BP-modulating features are 
needed.

Keywords  Fecal microbiota transplantation, Hypertension, Microbiome, Metabolome

Background
Hypertension is a prevalent disease affecting approxi-
mately 1.28 billion people aged 30–79 years worldwide. 
Despite the diverse new pharmacological and other treat-
ment options that have been developed, few hyperten-
sion treatments are available in the clinic. Only 23% of 
women and 18% of men achieve adequate blood pressure 
(BP) control [1], and approximately 8.5 million global 
deaths [2]. Indeed, novel therapeutic approaches are 
urgently needed to prevent comorbidities and death in 
hypertensive patients. 

Many studies support the role of the microbiota in BP 
homeostasis, including indirect associations, cause‒and‒
effect relationships, and even interventional relationships 
[3, 4]. Microbial dysbiosis occurs in both animal models 
and diverse cohorts in hypertensive and prehyperten-
sive states [3, 5–7]. Under germ-free (GF) conditions, 
hypertension cannot be induced by angiotensin II [8]. 
Our previous study was the first to establish the ability 
of fecal microbiota transplantation (FMT) from hyper-
tensive patients to modulate the gut microbiome and ele-
vate BP in animals maintained under GF conditions [7]. 
Notably, hypertensive phenotypes can be transferred via 
different models: (1) FMT from stroke-prone spontane-
ously hypertensive rats (SHRs) into control Wistar-Kyoto 
(WKY) rats [9]; (2) FMT from mice with angiotensin 
II-induced hypertension lacking prebiotic fiber into GF 
mice through short-chain fatty acid (SCFA) reduction 
through short chain fatty acid (SCFA) reductionthrough 
short chain fatty acid (SCFA) reduction [10]; and (3) 
FMT from high-salt-induced hypertension (hSIH) mod-
els into normotensive controls, with increased corticos-
terone levels but reduced Bacteroides and arachidonic 
acid, and vice versa [11]. Specific microbes also affect 
with the bioactivity and/or metabolism of antihyperten-
sive medications [12, 13]. The hypothesis of BP regula-
tion via microbiota intervention is thereby proposed.

To date, multiple methods for gut microbiome modula-
tion, such as prebiotics, probiotics, and antibiotics, have 
been explored. Meta-analysis of the effects of prebiot-
ics [14] and probiotics [15] on hypertension treatment 
revealed modest changes in systolic BP of − 0.9 (95% CI 
− 2.5 to − 0.6) mmHg and − 2.05 (95% CI − 3.87 to − 0.24) 
mmHg, respectively. A case study revealed a decrease 

in BP in patients with resistant hypertension after the 
use of broad-spectrum antibiotics (vancomycin, cipro-
floxacin, and rifampin) [16]. In animals with DOCA-
salt-induced hypertension, high-fiber diet consumption 
and the administration of acetate, a SCFA produced by 
the gut microbiota via fiber fermentation, were found to 
decrease BP and protect target organs [17]. Additionally, 
the efficacy of probiotics such as Lactobacillus and Bifi-
dobacterium in treating hypertension are being assessed 
through ongoing preclinical and clinical studies [13, 18]. 
However, the specific microorganisms associated with 
hypertension pathogenesis are currently unknown, which 
greatly hinders the identification of agents for hyperten-
sion treatment via the above approaches.

A strategy for modulating the entire gut microbial 
composition via FMT from healthy donors to recipients 
was developed. FMT has been officially recommended as 
a treatment for recurrent and resistant Clostridium dif-
ficile infection since 2013 [19] and was developed to treat 
intestinal and extraintestinal noncommunicable diseases 
such as inflammatory bowel disease (IBD), melanoma, 
obesity, metabolic syndrome, and diabetes [20–24]. 
Notably, a newly developed route for FMT allows for sus-
tained administration with fewer adverse effects (AEs) 
than invasive delivery approaches [21, 25]. In the present 
study, we conducted a randomized, blinded, placebo-
controlled trial to assess the effects and safety of oral 
FMT on hypertension. As exploratory analyses, altera-
tions in the fecal microbiome and plasma metabolome in 
response to the intervention, as well as the correlations of 
these changes with alterations in BP, were assessed.

Methods
Study overview and participants
A randomized, blinded, placebo-controlled clinical trial 
of FMT [26] (Supplementary Materials) that included 
126 patients with hypertension was conducted between 
2021/03/17 and 2021/12/24 at seven centers in China, 
including Fuwai Hospital, Chinese Academy of Medical 
Science, Fuwai Yunnan Cardiovascular Hospital, Qilu 
Hospital of Shandong University, the Second Affiliated 
Hospital of Shantou University Medical College, People’s 
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Hospital of Ji Xian District, Shanxi Bethune Hospital, and 
South University of Science and Technology Hospital.

Eligible participants were 18–60 years of age, provided 
written informed consent, and were initially diagnosed 
with grade one hypertension (or had not received anti-
hypertensive medications for at least 1  month), defined 
as three measurements of 140 mmHg ≤ office systolic 
BP (SBP) < 160 mmHg and/or 90 ≤ office diastolic BP 
(DBP) < 100 mmHg on different days, according to the 
“2010 Chinese Guidelines for Prevention and Treatment 
of Hypertension” [27]. Patients were excluded if they 
used antibiotics, probiotics, or antihypertensive agents 
within 1  month before the study; if they had partici-
pated in other clinical trials of hypertension within the 
last 3 months; or if they were diagnosed with secondary 
hypertension. Other exclusion criteria included severe 
hepatic or renal diseases, stroke, coronary revasculariza-
tion, myocardial infarction, NYHA class III–IV heart fail-
ure, sustained atrial fibrillation, severe valvular diseases, 
dilated or hypertrophic cardiomyopathy, rheumatic or 
congenital cardiac disease, cognitive impairment or 
severe neuropsychiatric comorbidities, and pregnancy 
and/or lactation, as assessed by investigators.

Scheduled visits occurred at baseline and on day 1, day 
7, day 14, day 30, day 60, and day 90. Fecal and blood 
samples were collected and stored at − 80 °C in a freezer 
for metagenomic and metabolomic profiling. Printed 
case report forms (CRFs) and an electronic data capture 
systems (EDC) system (http://​47.​107.​145.​115/​fmtEDC/) 
with information on demographic features, cardiovascu-
lar disease (CVD) risk factors, office BP, and other meas-
ures, including 24-h ambulatory BP monitoring (ABPM) 
data, electrocardiography data, routine blood and urine 
test results, C-reactive protein (CRP) levels, the results 
of liver and renal function analyses, fasting blood glu-
cose (GLU) and lipids, brachial–ankle pulse wave velocity 
(baPWV) and the ankle–brachial index (ABI), randomi-
zation and capsule prescription information, 24-h dietary 
recall data, sample collection information, comorbid dis-
eases, and treatment data, and AE data, were prepared.

This investigator-initiated trial, registered on Clinical-
Trials.gov (NCT04406129, 28 May 2020), was approved 
by the Ethics Committee of Fuwai Hospital, Chinese 
Academy of Medical Sciences (approval NO. 2020–1334, 
14 April 2020), and all collaborating implementation 
centers. Written informed consent was obtained before 
participant enrollment.

Randomization and blinding
Randomization allocation sequencing was performed at 
a 1:1 ratio in blocks of four and stratified by center by an 
independent statistician via SAS 9.4 software (SAS Insti-
tute, Cary, NC, USA). Staff from the Medical Research 

& Biometrics Center, National Center for Cardiovascu-
lar Diseases, generated the random codes, and only an 
independent staff member from the responsible center 
maintained the codes that were incorporated into the 
EDC system and created sealed emergency envelopes 
for each participant. Packaged intervention capsules are 
prepared in accordance with the Good Clinical Practice 
(GCP) guidelines. Study participants and all personnel 
who recruited and followed up with participants and col-
lected and analyzed data, including investigators, patient 
care providers, and/or data analysts, were blinded to the 
treatment conditions.

Donor screening and FMT capsule manufacturing
Seventeen rigorously selected healthy volunteer donors 
provided stool for all participants in accordance with the 
current consensus [28–30]. Prospective donor candi-
dates sequentially underwent questionnaire interviews; 
psychological tests; physical examinations; and blood, 
stool, and urea laboratory tests to exclude the possibility 
of transmissible infectious diseases and potential dysbi-
osis-related diseases. Each fresh stool sample weighing 
100–200 g was put into a cold storage box (4–8 °C) 
immediately after collection and delivered to the Orien-
tal Yeekang laboratory within 1  h. Each collection from 
a single donor was mixed with precooled normal saline, 
filtered, centrifuged, lyophilized, and finally placed into 
20–35 FMT capsules, which were coded, stored at − 80 
°C, and delivered via dry ice. Each capsule contains col-
lection from a single donor. At each visit, each patient 
receives capsules from a single donor. However, patients 
can receive FMT capsules from up to three different 
donors at the different visits to ensure the diversity and 
stability of transplantation. The protocol is presented in 
detail in the “Supplementary Material for Donor Screen-
ing and FMT Capsule Manufacturing.”

Interventions
Eligible participants were randomized to the “FMT cap-
sule” group or the “placebo capsule” group. One course 
of coded capsules (20 capsules per visit, 1–3 × 1012 bac-
teria per FMT capsule) was given on days 1, 7, and 14 
after randomization, and medication adherence and AEs 
were classified via the Common Terminology Criteria for 
Adverse Events (CTCAE) (Version 4.03) recorded. The 
placebo capsules contained identically appearing powder 
without donor stool or any active drug. The participants 
fasted for 4 h prior to and 2 h after the intervention. The 
capsules were recovered in a 37 °C water bath and taken 
orally under clinical supervision, with a 100% compliance 
rate.

http://47.107.145.115/fmtEDC/
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Outcomes
The primary outcome was defined as the change in office 
SBP from baseline to the day 30 visit. Office BP measure-
ments were performed in accordance with the Chinese 
Hypertension Guideline [27], after participants in seated 
position resting for at least 5 min and be measured two 
times at each arm with at least 1 min apart (and the third 
time if over 5  mmHg difference observed between the 
previous measurements) by trained clinic staffs. The arm 
with higher BP readings was measured in follow-up vis-
its. Office BP levels were calculated using the average of 
readings. The secondary outcomes were other indicators 
related to BP evaluation, safety concerns, and the poten-
tial mechanisms, including (1) office SBP and DBP; (2) 
average SBP and DBP measured via 24-h ABPM; (3) the 
ABI, baPWV, GLU levels, blood lipid levels, and body 
mass index (BMI); (4) the number of participants that 
experienced AEs; and (5) fecal microbiota and plasma 
metabolites, as determined via metagenomic and metab-
olomic analysis.

Sample size
A sample size of 120 hypertensive patients (PASS Version 
15) [26] yielded 80% statistical power to demonstrate a 
5 mmHg difference in SBP of the “FMT capsule” group 
superior to the “placebo capsule” group (standard devia-
tion of 8.6 mmHg) at a one-sided alpha level of 0.025 and 
a 20% rate of loss to follow-up.

DNA extraction and metagenomic sequencing
Total DNA was extracted using the cetyltrimethylam-
monium bromide (CTAB) method, and all the samples 
were sequenced on the Illumina NovaSeq 6000 platform, 
with 2 × 150-bp paired-end reads. The DNA quality was 
evaluated with a NanoDrop spectrophotometer, a Qubit 
2.0 fluorometer, and agarose gel electrophoresis (AGE). 
Quality control for raw sequencing reads was performed 
with Trimmomatic (V0.36). Considering the possibility of 
host contamination in the samples, the clean data were 
aligned to the human reference genome hg19 with SOA-
Paligner (V2.21, parameters: − r 2−m 200 − × 400). After 
removing host reads, taxonomical and functional profil-
ing were performed using MetaPhlAn (version 3.0.13) 
and HUMAnN3 (v3.0.0) with default parameters.

Metabolomic profiling
Untargeted metabolite screening was performed on a 
Q Exactive HFX Orbitrap mass spectrometer (Thermo, 
CA). The resulting raw spectrogram was processed 
using TraceFinder 3.2 (ThermoFisher). For analysis of 
amino acids and trimethylamine N-oxide (TMAO)-
related metabolites, processed samples were injected 
onto a silica column (2.0 * 150 mm, Luna 5u Silica 100 

A; Phenomenex, Torrance, CA) at a flow rate of 0.4 ml/
min using an LC- 20 AD Shimadazu pump system and 
a SIL- 20 AXR autosampler interfaced with an API 
6500Q-TRAP mass spectrometer (AB SCIEX, Framing-
ham, MA). For analysis of SCFA, samples were sepa-
rated on an Agilent DB-WAX capillary column (30 m × 
0.25 mm ID × 0.25 µm) for gas chromatography, and an 
Agilent 7890 A/5975 C gas chromatography‒mass spec-
trometer was used for GC‒MS analysis. MSD ChemSta-
tion software was used to extract the chromatographic 
peak area and retention time.

Statistical analysis of clinical outcomes
All tests were performed using SAS software(version 
9.4). The intention-to-treat principle was implemented, 
as all randomized participants that received at least one 
intervention were included, and per-protocol analysis 
was used for sensitivity analysis. For superiority analysis, 
primary analysis was performed with a one-sided alpha 
level of 0.025. Other analyses were a two-sided level of 
0.05. Categorical variables are presented as counts (per-
centages) and were compared between arms via the 
likelihood ratio chi-square test or Fisher’s exact test. Con-
tinuous variables are presented as means (SDs), medians 
(IQRs), or confidence intervals (CIs) and were analyzed 
via Student’s t test or the Wilcoxon rank sum test. For the 
primary analysis, analysis of covariance (ANCOVA) was 
performed, adjusting for the center effect, baseline effect, 
and interaction term if significant (p < 0.05). A post hoc 
mixed-effects model was performed after unblinding 
for sensitivity analysis. Fixed effects included the treat-
ment group, center, baseline effect, and interaction term 
if significant (p < 0.05). The non-nested random intercept 
referred to batch effects (individuals receiving capsules 
from the same donor). The last observation carried for-
ward (LOCF) method was used for missing data in the 
primary analysis and sensitivity analysis, including the 
complete case (CC) and data using the multiple imputa-
tion (MI, 100 imputations) methods. Subgroup analyses 
based on age, sex, BMI, baseline SBP and DBP, history 
of diabetes or hyperlipidemia, and 10-year risk of CVD 
were performed. For secondary outcomes, t tests were 
used to compare continuous data between arms at visits 
and within groups. The number of AEs was compared via 
the likelihood ratio chi-square test or Fisher’s exact test.

Statistical analysis of metagenome and metabolome
All analyses were performed using R (version 4.3.2). 
The following differences in response to FMT interven-
tion were analyzed (Fig. S1): (1) differences between the 
FMT and placebo groups; (2) differences within the FMT 
group between the baseline and follow-up timepoints; 
and (3) parallel intergroups at baseline. The correlations 
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of changes in various parameters with changes in office 
SBP were also analyzed. Alpha diversity indices were 
calculated for different species. Beta diversity analysis 
was conducted using the Bray‒Curtis distance matrix. 
The Wilcoxon rank sum test and paired Wilcoxon rank 
sum test were used to identify differences in microbes 
and metabolites between and within groups, respec-
tively. Features with a false discovery rate (FDR) adjusted 
p-value < 0.05 (corrected via the Benjamini–Hochberg 
method) were considered significantly different. Partial 
Spearman’s correlations (pSRCs) were evaluated, adjust-
ing for age, sex, BMI, center, hypertension course, previ-
ous history of antihypertensive medication use, baseline 
office SBP and DBP, and baseline phenotype level. Cor-
relations with a p-value < 0.05 were considered statisti-
cally significant. Office SBP-related features that changed 
both within the FMT group and between groups were 
then included in a zero-inflated beta regression (ZIBR) 
model to identify differences in abundance or the pres-
ence of features between groups over time. Features 
with an adjusted p-value < 0.05 (corrected via the Ben-
jamini–Hochberg method), according to the group beta 

regression model, group logarithmic model, or group 
joint model, were considered significantly different. The 
functional enrichment of the metabolites was assessed 
using MetaboAnalyst. Intracenter, cross-center, and 
leave-one-center-out (LODO) validations of office SBP-
related differentially abundant genera/species were per-
formed for the FMT and control samples collected at 
D7, D14, D30, D60, and D90 using xMarkerFinder. For 
multiomics analyses, namely, correlation analyses among 
clinical phenotypes, metabolite levels, and microbial 
abundance, pSRC analysis was performed as previously 
described. The protocol and statistical analysis plan are 
described in detail in the Supplementary Materials.

Results
Baseline characteristics
Among 180 patients assessed for eligibility (Fig.  1), 124 
participants received at least one dose of intervention 
and were included in the intention-to-treat analysis; 
there were 63 patients in the FMT group and 61 patients 
in the placebo group; and the patients in the two groups 
had comparable hypertension courses of 2.18 (2.78) and 

Fig. 1  Flow diagram of the trial of FMT for hypertension



Page 6 of 18Fan et al. Microbiome          (2025) 13:133 

2.03 (3.26) years, respectively. The treatment compliance 
rate of patients in the two groups was 100%. Baseline fea-
tures, including demographics; previous antihypertensive 
agent use; office BP levels; ABPM measurements; atrial 
stiffness; previous medical history; living habits; inflam-
matory markers levels; GLU, lipid, and creatinine (CREA) 
levels; CVD risk; and dietary habits and components but 
not office DBP levels, were balanced across arms(Tables 1 
& S1). The mean ages of the recruited participants 
were 41.8 (9.3) and 44.2 (9.0) years. Males accounted 
for 47 (74.6%) and 44 (72.1%) of the patients, and the 
mean office BP and 24-h BP levels were 146.1/94.2 vs. 
147.6/95.9 mmHg and 137.8/90.2 vs. 139.2/90.9 mmHg, 
respectively.

Primary outcome
The changes in office SBP from baseline to day 30 were 
parallel between arms, with decreases of 6.28 (11.83) 
mmHg in the FMT arm and 5.77 (10.06) mmHg in the 
placebo arm (p = 0.62, Table  2). Sensitivity analysis of 
the complete dataset and via MI methods for missing 

data revealed consistent observations, as did per-proto-
col analysis and post hoc analysis using the linear mixed 
model with random effects of donors’ effects (Table S2).

Notably, a significant change of 7.65 (95% CI 0.78–
14.51) mmHg in office SBP change was observed in par-
ticipants aged over 48 years old (Table 2), with a decrease 
in SBP of 12.81 (13.07) in the FMT group and 5.14 (10.21) 
in the placebo group (p = 0.029). However, no difference 
was observed in other subgroup analyses, including sub-
group analyses based on sex, BMI, baseline SBP and DBP, 
history of diabetes or hyperlipidemia, or 10-year risk of 
CVD. Interestingly, an increasing difference between the 
FMT and placebo arms was observed for baseline SBP 
(3.44 (11.01) versus 7.21 (11.98) for baseline SBP < 143.7 
mmHg, 5.65 (10.06) versus 4.80 (9.38) for baseline SBP 
143.7– < 149 mmHg, and 11.28 (13.50) versus 5.76 (9.70) 
for baseline SBP ≥ 149 mmHg), despite not reaching sta-
tistical significance (Table 2).

Table 1  Baseline characteristics of the study participants

Categorical data are compared between groups using likelihood ratio chi-square test or Fisher’s exact test. Continuous variables are compared between groups using 
two sample t-test

BMI, body mass index; HTN, hypertension; SBP, systolic blood pressure; CRP, c reactive protein; WBC, white blood cell

Characteristic FMT group (N = 63) Placebo group (N = 61)

Age, years 41.8 ± 9.3 44.2 ± 9.0

 < 38 23 (36.5%) 14 (23.0%)

38– < 48 22 (34.9%) 21 (34.4%)

 ≥ 48 18 (28.6%) 26 (42.6%)

Sex, No. (%)

  Female 16 (25.4%) 17 (27.9%)

  Male 47 (74.6%) 44 (72.1%)

  BMI, kg/m2 26.27 ± 3.79 26.73 ± 3.10

  Years with HTN, years 2.18 ± 2.78 2.03 ± 3.26

Office blood pressure

  Systolic, mmHg 146.1 ± 5.13 147.6 ± 5.88

  Diastolic, mmHg 94.2 ± 4.95 95.9 ± 3.41

Distribution of SBP, mmHg

  < 143.7 28 (44.4%) 15 (24.6%)

  143.7– < 149 17 (27.0%) 22 (36.1%)

  ≥ 149 18 (28.6%) 24 (39.3%)

24 h mean blood pressure

  Systolic, mmHg 137.8 ± 7.62 139.2 ± 8.83

  Diastolic, mmHg 90.2 ± 5.02 90.9 ± 5.82

Inflammatory markers

  CRP, mg/L 2.04 ± 2.35 2.16 ± 2.89

  WBC count, × 10^9/L 6.69 ± 1.89 6.19 ± 1.71

  Serum creatine, μmol/L 79.75 ± 15.50 79.39 ± 15.60

  Fasting serum glucose, mmol/L 5.48 ± 0.79 5.65 ± 1.06
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Secondary outcomes
There were no significant differences between arms in 
secondary outcomes, i.e., BP-related indices (SBP, DBP, 
24 h SBP, 24 h DBP, day SBP, day DBP, night SBP, and 
night DBP) assessed in office or by ABPM from baseline 
to follow-up timepoints beginning at day 30, i.e., the ter-
mination of intervention (Table S3). Notably, significant 
heterogeneity existed in office SBP on day 7, the visit 
after the first intervention, with an office SBP of 138.9 
(9.4) mmHg in the FMT group and 143.2 (11.7) mmHg in 
the placebo group. A trend toward a lower level of office 
SBP after FMT gradually decreased between groups over 
time: − 4.34 (95% CI, − 8.1 to − 0.58, p = 0.024) on day 7, 
− 3.46 (95% CI, − 7.52 to 0.59, p = 0.09) on day 14, − 2.16 
(95% CI, − 6.24 to 1.92, p = 0.30) on day 30, − 0.95 (95% 
CI, − 5.12 to 3.22, p = 0.65) on day 60, and − 0.92 (95% CI, 
− 5.16 to 3.33, p = 0.67) on day 90 (Fig. 2A).

To explore the potential effects of microbiota modu-
lation on cardiometabolic health and arterial stiffness, 
changes in CRP, GLU and lipid levels, BMI, baPWV, and 
the ABI from baseline to the day 90 visit were meas-
ured. However, no significant difference was observed 
(Table S3).

AEs
No serious AEs or differences in AEs between arms were 
observed throughout the study. There were a total of 13 
(20.6%) participants that experienced 15 AEs in the FMT 
arm assessed, including one with diarrhea, four with 
hyperlipidemia, five with hyperuricemia, one with ele-
vated GLU level, three with an abnormal urinary micro-
albumin‒CREA ratio, and one with a hive. In the placebo 
group, 9 (14.8%) participants experienced a total of 13 
AEs, including seven cases of hyperlipidemia, two cases 
of hyperuricemia, one case of elevated GLU level, one 
case of constipation, and two cases of an abnormal uri-
nary microalbumin‒CREA ratio (Table 3).

Changes in microbial diversity
To elucidate the potential mechanisms underlying the 
effect of microbial intervention on BP, metagenomic 
profiling of samples collected at all visits was performed. 
The bacterial richness (number of species) incrementally 
increased within the group from baseline to day 14 after 
FMT, persisted until day 30, and day 60, but recovered on 
day 90, and was distinct from that of the placebo group 
at specific visits (Fig.  2B). However, bacterial evenness 
revealed by the Shannon, Pielou, and Simpson indices 
was comparable between the groups (adjusted p > 0.05), 
which indicates that the microbial structure in hyperten-
sive recipients was resistant to one course of interven-
tion (Fig.S2). From PERMANOVA analysis, shifts from 
baseline in the microbial structure within the FMT group 
occurred after the intervention (Fig.S3), with changes 
detected at the day 30, 60, and 90 visits (p < 0.05). The 
microbial structure changed between the groups over 
a similar period (Fig.  2E). There were no differences in 
alpha or beta diversity across visits within the placebo 
group (Fig.S3).

Engraftment of donor microbiota after FMT
Distinctions in microbial structure between donor and 
FMT recipients, which were assessed via the Bray‒Cur-
tis distance, were consistently observed throughout the 
study (Fig.S4); however, the microbiome composition 
was altered in recipients, indicating that a single course 
of FMT is insufficient to restore a normal microbial com-
position in hypertensive patients. The main differentially 
abundant phyla (Fig.  2C) in hypertensive patients [31], 

Table 2  Primary outcome measure of office SBP

The covariance analysis with adjusting center, baseline effect, and interactive 
term between the center and treatment group (if applicable) is used in above 
analysis. The baseline refers to the baseline office SBP. Mean and SD are 
presented. Difference and 95% CI of change in office SBP are estimated by 
ANCOVA in ITT dataset after missing data imputed by LOCF method

Outcome FMT group (N = 63) Placebo group (N = 
61)

P value

Primary outcome, office SBP, mmHg

  Baseline 146.05 ± 5.13 147.61 ± 5.88

  Day 30 139.78 ± 11.04 141.93 ± 11.81

  Change 6.28 ± 11.83 5.77 ± 10.06 0.62

Subgroup analysis, change in office SBP (baseline–Day 30), mmHg

Age, years

  < 38 4.38 ± 10.04 6.20 ± 12.18 0.63

  38– < 48 2.91 ± 10.81 6.27 ± 8.72 0.35

  ≥ 48 12.81 ± 13.07 5.14 ± 10.21 0.029

Sex

  Female 8.34 ± 15.14 7.59 ± 10.94 0.43

  Male 5.57 ± 10.58 5.07 ± 9.74 0.88

BMI, kg/m2

  18.5– < 24 3.47 ± 9.32 5.50 ± 13.24 0.98

  ≥ 24 7.15 ± 12.36 5.83 ± 9.48 0.43

Baseline office SBP, mmHg

  < 143.7 3.44 ± 11.01 7.21 ± 11.98 0.20

  143.7– < 149 5.65 ± 10.06 4.80 ± 9.38 0.16

  ≥ 149 11.28 ± 13.50 5.76 ± 9.70 0.11

Baseline office DBP, mmHg

  < 93.5 6.31 ± 13.25 6.54 ± 10.09 0.72

  93.5– < 97.5 2.37 ± 9.85 5.90 ± 10.73 0.29

  ≥ 97.5 8.72 ± 10.92 5.24 ± 9.76 0.16

10-year risk of CVD on the basis of Framingham risk scoring

  < 15% 5.09 ± 11.68 5.96 ± 10.58 0.84

  ≥ 15% 8.82 ± 12.04 5.51 ± 9.47 0.30
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Fig. 2  Office SBP and microbial diversity after FMT and placebo intervention. A The line plots show changes in office SBP (upper) and differences 
(lower) between the FMT (red line) and control (CTL, blue line) arms over the follow-up period. The means and S.D.s are presented. The 95% 
confidence intervals (CIs) of the difference between two groups were calculated by normal approximation for continuous variables. Intragroup 
analysis was performed via two-sample t tests.B Changes in alpha diversity revealed by the number of species. Between- (upper) and within-group 
differences (lower) were analyzed via the Wilcoxon rank sum test (*, p < 0.05). C Bar chart revealing seven phyla of donors and hypertensive 
participants. D Heatmap showing changes in four differential phyla in the FMT group compared with donors over the follow-up period. The p values 
were obtained through the Wilcoxon rank sum test with FDR adjustment (*, adjusted p < 0.05; +, adjusted p < 0.01). FC, fold of change. E Principal 
coordinate analysis (PCoA) presents intragroup differences in beta diversity evaluated by the Bray‒Curtis distance. The p values were obtained 
through permutational multivariate analysis of variance (PERMANOVA)
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Firmicutes and Bacteroidetes, were parallel between the 
FMT group and donors (adjusted p > 0.05) after interven-
tion but the changes were reversed after day 30 (Fig. 2D & 
S4 C). Within-group alterations in phyla after FMT also 
reached statistical significance at the day 30 visit, with 
a decreased abundance of Firmicutes and an increased 
abundance of Bacteroidetes; the latter phylum was neg-
atively correlated with office and 24-h SBP but was not 
significantly different from that in the placebo group (Fig.
S4B). Additionally, changes in the abundance of 11 (55%) 
of the top 20 abundant genera were observed in response 
to FMT, although these changes were not maintained 
after the intervention ceased (Fig. S5).

Changes in microbial composition and correlations 
with clinical phenotype
Through MetaPhlAn analysis, 218 species and 97 genera 
were identified across 748 samples covering 17 donors, 
124 participants, and 7 visits. A total of 17 differential 
genera were detected between arms and within the FMT 
arm from baseline (Fig.S6 A, Table S5). Partial Spearman 
correlation analysis (Fig. 3C, Table S6) revealed that the 
abundances of four genera whose abundance decreased, 
Eggerthella, Anaerostipes, Leuconostoc, and Erysipela-
toclostridium were correlated with office SBP. Among 
them, Erysipelatoclostridium comprising strains pro-
ducing IgA proteases [32], a feature we observed in the 
renal microbiota of hypertensive hosts [33], presented 
with pathogenic features of bacterial invasion in immu-
nocompromised individuals. Genera increased in abun-
dance (Fig. 3C&S7 A) have been identified and reversely 

associated with office SBP, including Desulfovibrio, Prevo-
tella, Allisonella, and Phascolarctobacterium, the genera 
also decreased in individuals with nonalcoholic fatty liver 
disease [34] and responds to the antidiabetic agents met-
formin and berberine [35].

Notably, 35 species differed within the FMT group 
and between arms (Fig.S6B, Table S5). Among them, 14 
species correlated with office SBP (Fig.  3D, Table  S6). 
The differential genera and species that responded to 
FMT were identified to coexist in both the donors and 
FMT recipients at baseline (Fig.S8). The abundances of 
Parabacteroides merdae, Bacteroides galacturonicus, 
Eubacterium sp. CAG 180, Prevotella copri, Desulfovi-
brio piger, Megamonas hypermegale, Collinsella sterco-
ris, Coprococcus catus, and Allisonella histaminiformans 
were increased after FMT and were negatively correlated 
with office SBP. The abundances of Erysipelatoclostrid-
ium ramosum, Anaerostipes hadrus, Gemella haemoly-
sans, Eggerthella lenta, and Streptococcus vestibularis, 
decreased after FMT, were presented with BP-elevating 
features. Interestingly, the increases of Parabacteroides 
merdae, Prevotella copri, and the decrease of Eggerthella 
lenta were consistently observed in abundance and/or 
prevalence within the FMT group (Fig.  3D), compared 
with donors (Fig.S8). These findings were repeatedly con-
firmed between the intervention groups through ZIBR 
models for longitudinal change evaluation (Fig. 3A&B).

Validation of microbial changes across clinical centers
To assess the reproducibility of the differential microbes 
as biomarkers across study centers, intra-center, cross-
center, and leave-one-center-out (LODO) prediction vali-
dations were performed using the complete set of FMT 
and control samples via random forest classifier models 
(Fig.S9, Table  4&S4&S16). The average area under the 
curve (AUCs) using the profile of 8 genera were 0.75, 
0.60, and 0.68 at the day 7 visit; 0.71, 0.56, and 0.66 at 
the day 14 visit; 0.76, 0.65, and 0.71 at the day 30 visit; 
0.83, 0.56, and 0.61 at the day 60 visit; and 0.68, 0.52, and 
0.61 at the day 90 visit, for intra-center, cross-center, and 
LODO predictions, respectively. For validation using the 
profile of 14 species, the AUCs were 0.72, 0.57, and 0.66 
on day 7; 0.70, 0.55, and 0.58 on day 14; 0.80, 0.58, and 
0.64 on day 30; 0.91, 0.64, and 0.73 on day 60; and 0.78, 
0.64, and 0.71 on day 90, for intra-center, cross-center, 
and LODO predictions, respectively. The AUCs during 
follow-up visits were improved after removing center 4, 
ranging from 0.74 to 0.93, 0.62 to 0.76, and 0.61 to 0.78 
for the 14 species; and from 0.70 to 0.87, 0.55 to 0.72, 
and 0.64 to 0.75 for the 8 genera, for intra-center, cross-
center, and LODO predictions, respectively.

Table 3  Adverse events related to the study interventions

Categorical data are compared between the two groups using likelihood ratio 
chi-square test or Fisher’s exact test. Hyperlipidemia (defined as low density 
lipoprotein-cholesterol ≥ 3·4 mmol/L, triglyceride ≥ 1·7 mmol/L, total cholesterol 
≥ 5·2 mmol/L), elevated fasting serum glucose (defined as fasting glucose > 6·1 
mmol/L), hyperuricemia (defined as uric acid > 420 μmol/L), abnormal urinary 
mALB/Cr (microalbumin to creatinine ratio, defined as > 30 mg/gCr)

FMT group (N = 63) Placebo 
group (N = 
61)

P value

Participants 13 (20.6%) 9 (14.8%) 0.39

Total adverse events 15 (23.8%) 13 (21.3%)

Hyperlipidemia 4 (6.3%) 7 (11.5%) 0.31

Hyperuricemia 5 (7.9%) 2 (3.3%) 0.44

Elevated fasting serum 
glucose

1 (1.6%) 1 (1.6%) 1.00

Abnormal urinary mALB/
Cr

3 (4.8%) 2 (3.3%) 1.00

Hives 1 (1.6%) 0 (0.0%) 1.00

Diarrhea 1 (1.6%) 0 (0.0%) 1.00

Constipation 0 (0.0%) 1 (1.6%) 0.49
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Microbial function analysis via KEGG orthology
Although no inter-group differences were detected, the 
KEGG ortholog (KO) structure (Fig. S10&S11) was sig-
nificantly altered within the FMT group at the day 7, 
14, and 30 visits, prior to microbial structure altera-
tions (Fig.  1E&S3). HUMAnN2 analysis revealed that 
4338 KOs and 210 KOs were altered within the FMT 
group and between arms, and that 97 KOs (Fig. 3E&S12, 
Table  S7), which partially overlapped with BP-related 
KOs identified in a previous cohort [36], were associated 
with office SBP. The main annotated species included 
Parabacteroides merdae, Desulfovibrio piger, Bacteroides 
galacturonicus, Coprococcus catus, Eggerthella lenta, 

Anaerostipes hadrus, and Streptococcus vestibularis 
(Fig.  3E&S13, Table  S8). The following KEGG pathways 
(Fig.  4C, Table  S9) were annotated: (1) production of 
metabolites, such as alanine, aspartate, glutamate, lysine, 
serine, cysteine, methionine, phenylalanine, tyrosine, 
and tryptophan; (2) persistence factors associated with 
genetic processing (i.e., DNA repair and recombination 
proteins); (3) environmental communication (i.e., ABC 
transporters and two-component systems); and (4) viru-
lence factors such as peptidoglycan biosynthesis and cati-
onic antimicrobial peptide (CAMP) resistance.

Fig. 3  Alterations in microbiome profile after FMT and placebo intervention. A Box plot showing the relative abundance of examples of differential 
species, including Parabacteroides merdae, Prevotella copri, and Eggerthella lenta, between the FMT (red) and control (blue) arms across visits 
on the basis of a zero-inflated beta regression (ZIBR) model, adjusted p < 0.05. B The bar plot shows the percentage of participants with species 
from Fig. 3A present in the FMT and control (CTL) arms across visits. C‒D Heatmap showing office SBP-related, differential genera (C, upper) 
and species (D, lower) that changed within the FMT arm and between the FMT and control arms (left), as well as their correlations with office 
SBP over follow-up visits (right), adjusted for age, sex, BMI, center, hypertension disease course, previous history of antihypertensive medication, 
and baseline office SBP and DBP, using partial Spearman correlation analysis (*, adjusted p < 0.05; +, adjusted p < 0.01). FC, fold of change. E A total 
of 97 office-SBP-associated KOs changed both within the FMT group and between groups from Fig. S12; the KEGG pathways and the corresponding 
office SBP-associated, differential species from Fig. 3D annotated from those KOs are shown
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Alterations in plasma metabolites after the FMT 
intervention
To explore the effects of FMT on the metabolic pro-
files, untargeted metabolomic analysis via LC‒MS was 
performed on 60 randomly selected participants (30 in 
each group based on a block of 4) at baseline and at the 
day 30 and day 90 visits, with 4696 metabolites identi-
fied (Fig.S1B). The metabolic structure determined via 
PCoA could barely discriminate between the FMT and 
placebo groups at each visit, indicating stable or recov-
ered circulating metabolites 1  month after FMT (Fig. 
S14). However, the levels of 33 metabolites, such as 
derivatives of acetate, butyric acid, glutamic acid, phe-
nylalanine, lysine, carnitine, kynurenic acid, indoles, 
and steroids annotated to lipid and amino acid metabo-
lism, were altered within the FMT group and between 
groups (Fig. 4B, Tables S10–S12).

Then, targeted mass spectrometry of KO-annotated, 
untargeted profiling, and previously reported hyper-
tension-related metabolic pathways of amino acids, 
TMAO and SCFA [13], was performed on samples 
from all participants at baseline, and at the day 30 and 
day 90 visits (Fig.S15, Table  S13). Among them, glu-
tamine, aspartate, asparagine, tyrosine, phenylalanine, 
methionine, serine, and sarcosine were altered both 
within the FMT group and between arms, correspond-
ing to microbial KOs alterations and/or responding 
metabolites from untargeted analysis. The level of these 
eight metabolites increased after FMT prescription 
and were inversely correlated with office SBP (Fig. 4D, 
Table S14). Additionally, changes in the levels of aspar-
agine, phenylalanine, methionine, serine, and sarcosine 
were repeatedly confirmed via ZIBR models (Fig. 4A).

In contrast, the levels of TMAO pathway-related 
metabolites and SCFA, metabolites that are thought 
to be associated with hypertension, were not differ-
ent between the FMT group and the placebo group 
(Figs  .4D&S15), although changes within the FMT 
group were observed. SCFA such as acetic acid, propi-
onic acid, and butyric acid were decreased within the 
FMT group and positively associated with office SBP. 
TMAO precursors such as choline, betaine, and carni-
tine were increased within the FMT group and nega-
tively correlated with office SBP at the day 30 visit.

Correlations among the levels of all targeted metabo-
lites, the abundance of differentially abundant microbes, 
and office SBP level were then explored (Figs  .4D&S15, 
Table S15). The abundances of opportunistic pathogens, 
including Eggerthella lenta, Erysipelatoclostridium ramo-
sum, Anaerostipes hadrus, Streptococcus vestibularis, and 
Gemella haemolysans, which were negatively associated 
with the levels of the aforementioned differentially abun-
dant amino acids and/or TMAO precursors but posi-
tively correlated with the level of butyric acid, decreased 
after FMT. The opposite change was observed for the 
levels of those metabolites, and the abundance of species 
such as Bacteroides galacturonicus, Prevotella copri, Des-
ulfovibrio piger, Parabacteroides merdae, and Allisonella 
histaminiformans increased after FMT.

Discussion
This is the first randomized, blinded, multicenter, clini-
cal trial of FMT for primary hypertension treatment 
(Fig.  5). A short-term decrease in BP amelioration was 
detected, with a significant between-arm difference of 
− 4.34 (95% CI, − 8.1 to − 0.58) mmHg within the first 
week of FMT intervention, but this difference did not 
persist after intervention termination or until the day 
30 visit. Subgroup analysis revealed that those aged over 
48 years significantly benefited from FMT even at the 
1-month follow-up, with an intergroup difference of 7.65 
(95% CI, 0.78–14.51) mmHg. The oral capsules used in 
this study were prepared with freeze-dried microbiota, 
which were found to be equally effective as fresh micro-
biota in rCDI treatment [37]. The use of frozen materials 
and capsulized FMT techniques allows for accessibility, 
which is restricted by comprehensive and strict donor 
selection processes, the avoidance of infectious agents, 
and the need to follow guidelines and expert consensus 
when preparing materials for FMT [28–30] (Supplemen-
tary Materials), as well as safety and compliance, particu-
larly among patients with chronic disorders requiring 
repeated intervention, as it does not require endoscopy. 
In line with our observations, a recent retrospective study 
of 73 Chinese hypertensive patients receiving invasive 
microbiota transplantation reported a reduction of 5.09 

Table 4  Average AUCs for intra-center, cross-center, and 
leave-one-center-out prediction validations on FMT and control 
samples

Prediction validations are performed using xMarkerFinder on FMT and CTL 
samples at D7, D14, D30, D60, and D90 visits

AUC​, area under the curve, LODO leave-one-center-out

Validation method Average AUCs at visits

D7 D14 D30 D60 D90

Based on 14 species

  Intra-center 0.72 0.70 0.80 0.91 0.78

  Cross-center 0.57 0.55 0.58 0.64 0.64

  LODO 0.66 0.58 0.64 0.73 0.71

Based on 14 species excluding center 4

  Intra-center 0.74 0.76 0.82 0.93 0.80

  Cross-center 0.64 0.62 0.67 0.76 0.74

  LODO 0.70 0.61 0.70 0.78 0.75
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(15.51) mmHg in the office SBP (p = 0.009) during the 
first hospital stay of a median of 8 (5–10) days; however, 
this reduction could not be maintained until the 1-month 
follow-up, with a changed SBP of 2.23 (17.54) mmHg (p = 
0.28) [38]. Four clinical trials of FMT for obesity and/or 
metabolic syndrome also yielded data on BP changes [23, 
39–41]. These changes were out of statistical significance 
after isolated FMT intervention via capsules or invasive 

tubes [39–41]. However, the use of oral FMT capsules in 
combination with high-fermentable or low-fermentable 
fiber supplementation decreased office SBP level over 12 
weeks [23]. Interestingly, high-fiber diet modulates gut 
microbiota function and high-fermented diet intervene 
microbiota diversity and host inflammation [42]. Strate-
gies such as fiber (prebiotics), and fermented products 
(postbiotics) such as acetate, presented with promising 

Fig. 4  Changes in metabolic features after FMT and placebo intervention. A Bar plot showing the relative abundance of metabolites, 
including asparagine, methionine, phenylalanine, sarcosine, and tyrosine, identified through the ZIBR model with FDR adjusted p-value < 0.05, 
on the basis of the eight office SBP-associated, differentially abundant metabolites from targeted metabolomic profiling within the FMT 
group and between arms from Fig. S15. B Venn diagrams present differentially abundant metabolites within the FMT group and between the 
group after intervention at the day 30 visit (left, 693 metabolites) and the day 90 visit (right, 1165 metabolites) from untargeted metabolomic 
profiling analysis. C Bar plot showing that the KEGG pathways annotated from 97 office SBP-associated KOs changed both within the FMT 
group and between the groups (Fig. S12). Between-group differences and within-group differences were analyzed via the Wilcoxon rank sum 
test and paired Wilcoxon rank sum test, respectively, with the p value adjusted by the FDR. D Heatmaps showing 31 metabolites changed 
within the FMT group and/or between groups (medium) from targeted metabolomic profiling analysis for amino acids, TMAO pathway-related 
metabolites, and SCFA; and their correlations with the 14 office-SBP-related differential species after interventions at the day 30 visit (left); 
and their correlations with office SBP over the study period (right), adjusted for age, sex, BMI, center, hypertension disease course, previous 
history of antihypertensive medication, and baseline office SBP and DBP, using partial Spearman correlation analysis. Between-group differences 
and within-group differences were analyzed via the Wilcoxon rank sum test and paired Wilcoxon rank sum test, respectively, with FDR adjustment (*, 
p < 0.05; +, p < 0.01). FC, fold of change
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results in hypertension intervention from animal mod-
els [17]. An insight to restoration of microbial functional 
network rather than merely the compositional changes is 
important.

In this study, we identified 8 genera and 14 species 
responding to FMT interventions. Upon replication 
analysis, the differential, office SBP-related microbes suc-
cessfully discriminated the FMT group from the control 
group across centers, except for center 4 from Shandong 
Province. Possible explanations include the following: (1) 
a relatively high salt diet, which was previously reported 
to contribute to hypertension and to affect the gut micro-
biota [11, 43] (Shandong is one of the largest salt-produc-
ing and salt-consuming provinces [44, 45] in China); and 
(2) the proximity of center 4 to the ocean. Opportunis-
tic pathogens such as Eggerthella lenta, which is capable 
of causing extraintestinal infections such as bacteremia, 
abscesses, or endocarditis, decreased after FMT, and 
showed BP-elevating features during visits. In contrast, 
among the species whose abundance was increased after 
FMT, Parabacteroides merdae maintained inverse cor-
relations with office SBP over the study period. Recent 
studies have revealed the cardiovascular-protecting effect 
of Parabacteroides merdae, which attenuates atheroscle-
rotic plaque in animals and resists cardiovascular damage 
via the degradation of branched chain amino acids such 

as leucine, isoleucine, and valine [46]. Additionally, we 
observed that the abundance of Prevotella copri, a spe-
cies with pathogenic potency in rheumatoid arthritis [47, 
48], was inversely correlated with BP over time. Interest-
ingly, Prevotella copri has been identified as a positive 
indicator of postprandial glucose and cardiometabolic 
metabolism [49]; is more common in non-Western pop-
ulations that consume high-fiber and low-fat diets [50]; 
and is the dominant taxon in the heathy microbiota of 
malnourished young individuals fed formula [51]. Strain-
specific preferences for diverse metabolic patterns have 
been reported for Prevotella copri (i.e., carbohydrate 
metabolism, BCAA production via protein metabolism, 
and succinate production) [50, 52], which may explain 
the controversial impacts of Prevotella copri on diseases, 
deserving stepwise explorations.

Microbial function after FMT was also analyzed in 
this study. Alterations in KOs occur prior to alterations 
in microbial structure, and KOs were shared among the 
above differential microbes. In addition to features related 
to within-host adaptation and virulence, we observed 
that altered microbial KOs were mainly involved amino 
acid-related pathways. After metabolomic profiling anal-
ysis, the levels of glutamine, aspartate, phenylalanine, 
tyrosine, serine, methionine, sarcosine, and asparagine 
were confirmed to be increased within the FMT group 

Fig. 5  Structured graphical abstract of the study. This is the first multicenter randomized, blinded, placebo-controlled clinical trial to explore 
the safety and efficacy of FMT in treating hypertension. FMT via oral capsules is safe for hypertension treatment, with self-limiting or mild AEs 
observed, and is comparable with the placebo. However, FMT has only a 1-week BP-attenuating effect that is eliminated with intervention 
termination and does not support our hypothesis for the primary outcome of office SBP change at the day- 30 follow-up. Alterations 
and interactions of 8 genera, 14 species, 97 KOs, and 8 amino acids in response to FMT and with BP-affecting features were identified via multiomics 
analysis of metagenomic, untargeted and targeted metabolomic data
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and within groups, and these metabolites were found to 
interact with differential species after FMT. Community-
based cohorts indicated an inverse association among 
glutamine levels and cardiometabolic factors such as BP 
and cardiovascular mortality risk [53, 54]. Recent in vivo 
and clinical studies have revealed the ability of glutamine 
to lower BP and protect against left ventricular hyper-
trophy [53, 55]. Moreover, glutamine interferes with the 
gut microbiota via multiple mechanisms [56–58], i.e., 
(1) reducing the Firmicutes-to-Bacteroidetes ratio; (2) 
increasing the abundance of the Prevotella genus; (3) 
increasing immunoglobulin A levels, promoting intesti-
nal bacterial aggregation; and (4) limiting bacterial trans-
location in patients and animal models. Similarly, we 
observed associations of the levels of metabolites such 
as aspartate and tyrosine with clinical phenotypes and 
species. A Mendelian randomization study suggested a 
genetically predicted inverse association between aspar-
tate levels and BP [59]. Tyrosine, a nonessential aromatic 
amino acid derived from phenylalanine, is the precursor 
of neurotransmitters such as catecholamines and dopa-
mine, linking gut–brain communication, and reduces 
BP in SHRs in which norepinephrine is released in the 
brain [60]. Microbe‒metabolite interactions and their 
functions in BP modulation are therefore indicated and 
deserve further exploration.

Interestingly, this study revealed that SCFA levels 
decreased within the FMT arm and were positively asso-
ciated with office SBP. These observations align with a 
recent cross-sectional study of 241 Hong Kong Chinese 
individuals that reported elevated total SCFA, propionic 
acid, and acetic acid levels in the blood of hypertensive 
individuals [61]. Notably, there is a conflicting phenome-
non regarding the direction of associations between fecal 
SCFA and BP levels [62, 63], and the oral administration 
of SCFA decreases BP levels in animal models [10, 17]. 
In addition, although the protective role of SCFA has also 
been observed in patients cohorts and animal models of 
other cardiometabolic diseases, including type 2 diabe-
tes, metabolic syndrome, and obesity. In clinical trials, 
FMT combined with supplementation of fibers, which 
can ferment SCFA [23], or probiotics alone [64] barely 
improved clinical parameters of evaluating glucose toler-
ance and insulin resistance. Possible explorations and val-
idation of the asymmetry between blood SCFA levels and 
BP are needed, and may involve studies on SCFA-sensing 
receptors, bidirectional inflammation-related effects, and 
endothelial functions.

Although the changes in the abundance of the pri-
mary differentially abundant phyla in our recipi-
ents, Firmicutes and Bacteroidetes, were in parallel 
with those in donors after FMT, these changes were 
reversed after intervention termination and at the day 

30 follow-up visit. One-course FMT intervention in our 
study did not influence the evenness or significant simi-
larity of microbial structure between donors and recipi-
ents, although it changed the microbial composition 
and function in the FMT recipients. Additionally, the 
differential taxa between and within arms after inter-
vention were present in both donors and recipients at 
baseline, which aligns with a perspective for preadapta-
tion, enabling engraftment with similar microbial taxa 
[65, 66]. This indicated the resistance of the recipient 
microbiome, corresponding to the short-term decrease 
in BP observed. Meta-analyses of clinical trials on BP 
regulation via prebiotics or probiotics [14, 15, 67] have 
found that factors, such as the intervention duration 
(≥ 8  weeks or ≥ 4 weeks), multiple species, consump-
tion dose (≥ 1011 or ≥ 2 × 1010 colony-forming units 
per day), age (< 60 years), and diabetes mellitus comor-
bidity, affect decreases in BP. Moreover, the issue of 
samples from mixed donors’ batch or a single donor 
for recipients remains to be explored [65, 66]. Indeed, 
a clinical trial (ClinicalTrials.NCT05608447) involv-
ing repeated FMT interventions used in this study is 
currently being conducted to explore the medium-
term effects of FMT on primary hypertension. Further 
studies on anchoring donors using high-throughput 
sequencing and machine learning approaches may 
lead to the development of matching interventions via 
microbiota transfer.

Limitations
This study has several limitations. This multicenter 
study included only Chinese patients from a limited 
geographical region, which may limit the general-
izability of the study observations to individuals of 
diverse races or genetic backgrounds. The sample size 
from each center was limited to allow validation across 
multiple centers. Data on the metabolomic profiles of 
plasma at days 7, 14, and 60 are lacking because of ethi-
cal considerations and the invasiveness of blood sam-
ple collection, constraining more profound analysis of 
alterations in the levels of metabolites over time and 
their potential interactions with microbe species, par-
ticularly in the period during which the BP decreased 
early after FMT intervention. The follow-up period was 
3  months, and information on the long-term safety of 
FMT is limited. In addition, a one-course FMT inter-
vention was administered at three visits over 2  weeks; 
these visits were designed to occur early in the study, 
with limited available references on oral FMT cap-
sule treatment, which may explain in part the resil-
ience of the host microbiota in hypertensive patients. 
Additionally, the reproducibility of FMT capsules can 
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be influenced by the donors and laboratories used, 
despite the use of general guidelines or expert con-
sensus, which may affect the clinical ability of FMT to 
treat diseases and deserve caution. Finally, this study 
used MetaPhlAn3 and HUMAnN3 for microbial taxa 
and function analysis. For future research endeav-
ors that aim to perform a more in-depth analysis of 
specific microbial genomes, the metagenome-assem-
bled genomes are recommended into the analytical 
framework.

Conclusion
In this first randomized clinical study of FMT in patients 
with hypertension, one course of treatment via oral FMT 
capsules presented similar safety concerns as the placebo 
did within 3 months of follow-up and resulted in a short-
term BP reduction after intervention initiation; however, 
this decrease was gradually reversed over time. Multi-
omics analysis revealed alterations in the microbiome 
composition, functional KOs, and changes in specific 
amino acid levels in response to FMT. Further studies 
involving more intense modulation of the gut microbiota 
in patients with hypertension and explorations of the 
antihypertensive mechanisms of specific microbes with 
metabolite-targeting abilities are recommended.
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