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Berberine (BBR) has been demonstrated to exert cardiovascular protective effects by 
regulating gut microbiota. However, few studies examine the effect of BBR on the gut 
microbiota in hypertension. This study aims to investigate the role of BBR in regulating 
microbial alterations and vascular function in hypertension. C57BL/6 J mice were infused 
with Ang II (0.8 mg/kg/day) via osmotic minipumps and treated with BBR (150 mg/kg/
day) or choline (1%) for 4 weeks. Blood pressure was detected by tail-cuff measurement 
once a week. Abdominal aorta pulse wave velocity (PWV) and endothelium dependent 
vasodilatation were measured to evaluate vascular function. Vascular remodeling was 
assessed by histological staining of aortic tissue. The fecal microbiota was profiled using 
16S ribosomal DNA (rDNA) sequencing. Plasma trimethylamine (TMA)/trimethylamine-N-
oxide (TMAO) and hepatic FMO3 expression were measured. We found that BBR treatment 
significantly alleviated the elevated blood pressure, vascular dysfunction, and pathological 
remodeling in Ang II-induced hypertensive mice, while choline treatment aggravated 
hypertension-related vascular dysfunction. 16S rDNA gene sequencing results showed 
that BBR treatment altered gut microbiota composition (reduced the Firmicutes/
Bacteroidetes (F/B) ratio and increased the abundances of Lactobacillus). Moreover, BBR 
inhibited FMO3 expression and plasma TMA/TMAO production in hypertensive mice. 
TMAO treatment increased the apoptosis and oxidative stress of human aortic endothelial 
cells (HAECs) and aggravated Ang II-induced HAECs dysfunction in vitro. These results 
indicate that the protective effect of BBR in hypertension might be attributed (at least 
partially) to the inhibition of TMAO production via regulating the gut microbiota.
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INTRODUCTION

Hypertension is the primary risk factor of atherosclerotic 
cardiovascular disease (ASCVD) and a public health problem 
worldwide. The development of hypertension is a complex 
process involving both genetic and environmental risk factors. 
Benefit from the advancement of sequencing technology in 
recent years, emerging evidence reveal that the gut microbiota 
plays an important role in the development and pathogenesis 
of hypertension (Muralitharan et  al., 2020; Avery et  al., 2021). 
Study of both hypertensive patients and rat models demonstrated 
that gut microbial dysbiosis, including depletion of bacterial 
richness and increased F/B ratio, was closely associated with 
hypertension (Yang et al., 2015). In contrast to wild-type C57BL/6 
mice, germ-free C57BL/6 mice were protected from Ang 
II-induced vascular endothelial and smooth muscle dysfunction 
and blood pressure elevation (Karbach et al., 2016). Furthermore, 
elevated blood pressure was observed in germ-free C57BL/6 
mice transplanted with fecal from hypertensive human donors, 
which indicates direct effect of gut microbiota on hypertension 
(Li et  al., 2017). Similar results were also reported in germ-free 
rats (Joe et  al., 2020). These findings implicate that the gut 
microbiota is closely involved in the development of hypertension.

Recent studies suggest that gut microbiota regulates vascular 
function and blood pressure through altering the production 
of metabolites (Poll et  al., 2020). Gut microbiota-derived 
metabolite trimethylamine-N-oxide (TMAO) is now recognized 
as a potentially cardiovascular risk factor (Schiattarella et  al., 
2017; Dannenberg et  al., 2020). Foods enrich in choline, 
phosphatidylcholine, and carnitine, such as red meat, eggs, 
and fish, can be  digested and converted to trimethylamine 
(TMA) by gut microbiota, which is further metabolized into 
TMAO by FMO (flavin monooxygenases), especially by FMO 
isoform 3 (FMO3) in the liver. Accumulating evidence 
demonstrate that TMA, TMA-producing bacteria, and TMAO 
are bound up with hypertension (Hoyles et  al., 2018; Zhang 
et  al., 2021). A recent study reported that TMAO induced 
aortic stiffening and increased systolic blood pressure with 
aging in mice and humans (Brunt et al., 2021). A meta-analysis 
of large population showed that there was a significant positive 
dose-dependent association between circulating TMAO and 
prevalence of hypertension (Ge et  al., 2020). Moreover, gut 
microbiota metabolite TMAO is showed to facilitate Ang 
II-induced vasoconstriction and hypertension (Jiang et al., 2021). 
Hence, TMAO is emerged as a potential therapeutic target 
for hypertension and vascular dysfunction.

Berberine (BBR), a natural plant alkaloid extracted from 
Berberis vulgaris and Coptis chinensis (Huanglian), has been 
widely used to treat bacterial-caused diarrhea in China (Kong 
et  al., 2020; Yang et  al., 2021). Given the poor oral 
bioavailability and extremely low maximum plasma 
concentration of BBR, the gut microbiota is considered as 
a crucial mediator that regulates the pharmacokinetic and 
biological effects of BBR recently (Lyu et  al., 2017; Pan 
et  al., 2019; Habtemariam, 2020). BBR has been reported 
as a clinically effective remedy for metabolic disorders 
(including diabetes and dyslipidemia) by altering gut 

microbiota (Wang et  al., 2017; Zhang et  al., 2020b). In 
addition, studies from others and our group showed that 
BBR treatment improved vascular endothelial functions and 
blood pressure in hypertension (Wang et  al., 2009; Cheng 
et  al., 2013; Zhang et  al., 2020a). However, the roles of the 
gut microbiota and microbiota-derived metabolite in 
BBR-related beneficial effects on vascular function in 
hypertension have not yet been unveiled. Therefore, our 
study aimed to decipher the detailed mechanism by which 
microbial alterations and microbiota-derived metabolites 
mediated the therapeutic effect of BBR in hypertension.

MATERIALS AND METHODS

Animal Model
All animal experimental procedures were carried out in strict 
accordance with the recommendations in the Guide for the 
Care and Use of Laboratory Animals and were approved by 
the IEC for Clinical Research and Animal Trials of the First 
Affiliated Hospital of Sun Yat-sen University (approval number: 
[2021]048). C57BL/6 J mice (8 weeks, male) were provided from 
animal research center of the first affiliated hospital of Sun 
Yat-sen University (Guangzhou, China) and maintained at 
22–24°C, 50% relative humidity, with a 12 h light/dark period. 
C57BL/6 J mice were fed with a standard chow diet and randomly 
assigned to six groups (n = 5 for each group). The mini osmotic 
pump (MODEL 2004, ALZET, United States) was subcutaneously 
implanted into mice to deliver either saline or Ang II (0.8 mg/
kg/day) for 4 weeks. The 1% choline chloride (Sigma, 
United States) was administered via drinking water for 4 weeks. 
BBR chloride (Sigma, United  States) was given at a dosage of 
150 mg/kg/day for 4 weeks by intragastric administration.

Blood Pressure Measurement
The blood pressure measurement was performed as described 
previously (Zhang et al., 2020a). Noninvasive detection of blood 
pressure by tail-cuff measurements was performed once a week 
at the approximate same time using the Softron BP-2010A 
tail-cuff system. The duration of experiment was exactly 4 weeks.

Endothelium Dependent Vasodilatation
Measurement of vessel tension in mice was performed as 
described previously (Zhang et al., 2020a). Briefly, mice thoracic 
aorta was cut transversally in 3 mm ring segments. All fat and 
connective tissues were carefully dissected. Each ring was placed 
inside a 5-ml heated bath filled with KHS (37°C), gassed with 
a mixture of 95% O2 and 5% CO2, and suspended between 
two L-shaped steel hooks. Vasorelaxation was assayed by organ 
chamber (DMT 620 M, Denmark). Experiments were initiated 
by obtaining a reference contractile response to 75 mmol/L 
KCl. Endothelial dependent vascular relaxation was tested after 
pre-constriction with 1 uM phenylephrine. Once the vessels 
reach a steady state contraction, increasing concentrations of 
acetylcholine (ACh; 10−9 to 10−5 mol/L) were administered, and 
the response to each concentration of drug was recorded.
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Abdominal Aorta Pulse Wave Velocity
At the end of the experiment, pulse wave velocity (PWV) in 
mice from each group were detected by Vevo3100 Ultrasound 
Machine (FUJIFILM VisualSonics, Canada) as reported previously 
(Wu et  al., 2021). Briefly, mice with abdominal hair removed 
were anesthetized with 2.5% isoflurane and maintained with 
1.5% isoflurane and fixed in a 37°C pre-heated platform with 
a heart rate of 400–550 bp. MX400 (30 MHz) probes for mice 
were placed longitudinally below the sternum and xiphoid 
process to get the full image of the abdominal aorta in both 
B mode and M mode. The PWV was calculated by the formula: 
length of abdominal aorta (distal time delay-proximal time 
delay). Images were taken in both B/M mode, followed by the 
PWV via Vevo® LAB software (FUJIFILM VisualSonics, Canada).

Aortic Tissue Staining
Descending thoracic aorta at the same location for each sample 
was fixed in 4% paraformaldehyde. After paraffin embedding, 
Aortic tissue were cut into 6 μm sections and stained with 
hematoxylin–eosin (HE), masson trichrome and elastic van gieson 
(EVG). The thickness and expression of elastic fibers in the 
aorta were measured by image viewing software (NDP.view2).

16S rDNA Sequencing and Microbial 
Diversity Analysis
To investigate the microbiota community composition after 
BBR treatment, bacterial 16S rDNA gene sequencing assay 
was performed as previously described (Shi et  al., 2021). 
Briefly, fresh mice feces were collected and quickly frozen 
in liquid nitrogen and then stored at −80°C. Microbial DNA 
was isolated and purified using the HiPure Stool DNA Kits 
(Magen, Guangzhou, China) according to manufacturer’s 
protocols. Extracted DNA was used as a template to amplify 
the bacterial 16S rDNA V3-V4 region with barcode-indexed 
primers 341F (5’-CCTACGGGNGGCWGCAG-3’) and 806R 
(5’-GGACTACHVGGGTATCTAAT-3’). The amplicons were 
normalized, pooled, and sequenced on the Illumina platform 
by Guangzhou Genedenovo Biotechnology Co. (Guangzhou, 
China). All chimeric tags were removed using UCHIME algorithm, 
and finally obtained effective tags for further analysis. The effective 
tags were clustered into operational taxonomic units (OTUs) 
with ≥97% similarity threshold. The representative sequence for 
each OTU was selected and the taxonomic information was 
annotated using RDP classifier and the SILVA database. The 
analysis was performed at each taxonomical level (Phylum, Class, 
Order, Family, and Genus) separately. Both alpha and beta diversity 
analysis were performed based on the output normalized data.

Plasma TMA/TMAO Detected by 
HPLC-MS/MS
The plasma TMA/TMAO was assessed using high-performance 
liquid chromatography with tandem mass spectrometry 
(HPLC-MS/MS). Briefly, 10 μl d9-TMA/TMAO (Toronto 
Research Chemicals Inc., Toronto, Canada) was added to 100 
uL plasma; then 300 μl of acetonitrile was added for protein 
precipitation, vortexed for 1 min, centrifuged at 1,000 rpm, 4°C 

for 5 min; finally, 200 μl of the remaining supernatant was 
analyzed after injection into a Waters Atlantis HILIC 
Silica column.

Western Blotting
Liver protein was extracted and quantified using RIPA lysis 
buffer (Beyotime Biotechnology, China) containing protease 
inhibitors and BCA assay kit (Thermo Fisher Scientific, 
United  States) separately. Protein extracts were separated via 
SDS-PAGE and transferred to polyvinylidene difluoride membranes 
(Roche, Indianapolis, IN, United States). The primary antibodies 
used were anti-FMO3 antibody (Proteintech, United  States) and 
anti-GAPDH antibody (Proteintech, United States). Protein bands 
were visualized using an ECL chemiluminescence system (Thermo 
Fisher Scientific, United States) analyzed using Image J software.

Cell Culture and Treatment
Human aortic endothelial cells (HAECs) were purchased from 
iCell Bioscience Inc. (Shanghai, China). Cells were cultured at 
37°C and 5% CO2 in endothelial cell medium ECM (ScienCell, 
United States) supplemented with 10% fetal bovine serum (Gibco, 
CA, United  States). Cells from passages between 3 and 8 were 
used in the study. Cells were treated with TMAO (Sigma, 
United  States) and Ang II (Sigma, United  States) dissolved in 
sterile ultrapure water and cultured for 48 h for cell experiment.

Detection of Apoptosis
Apoptosis rate of HAECs induced by TMAO was detected with 
Annexin V-FITC/propidium iodide (PI) Apoptosis Detection Kit 
(BD Biosciences). According to manufacturer’s instructions, the 
cells were harvested by centrifugation (300 g/5 min), washed with 
cold PBS and 1× binding buffer. After that, cells were resuspended 
in 200 μl 1 × binding buffer and incubated with Annexin V-FITC 
(5 μl) and PI (10 μl) at room temperature in the dark for 20 min. 
The cells were added 300 μl 1 × binding buffer and tested by 
flow cytometry (Cytoflex, Beckman Coulter, United  States). The 
apoptosis ratio is equal to the sum of early and late apoptosis ratio.

ROS and NO Assessment
Total intracellular reactive oxygen species (ROS) and nitric 
oxide (NO) levels were determined using DCFH-DA (Beyotime, 
China) and DAF-FM DA (Beyotime, China), respectively. 
According to the manufacturer’s instructions, HAECs were 
resuspended with diluted DCFH-DA or DAF-FM DA at a cell 
concentration of 1–2 × 106/ml, and incubated at 37°C for 20 min. 
Invert and mix the tube every 3–5 min to make the probe 
and the cells fully contact, and then wash the cells two times 
with serum-free cell culture medium to fully remove the 
fluorescent dyes that have not entered the cells. Fluorescence 
intensities of cellular ROS and NO were determined by flow 
cytometry (Cytoflex, Beckman Coulter, United  States).

HAECs Transwell Migration
A total of 3 × 104 HAECs were resuspended in 250 μl serum-
free ECM and pipetted into the upper section of a Boyden 
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chamber (Corning, United  States). The Boyden chamber was 
placed in a 24-well culture dish containing 500 μl ECM 
supplemented with 10% FBS. After 24 h incubation at 37°C, 
the non-migrating cells in the upper chamber were removed 
carefully using a cotton swab. The transmigrated cells were 
fixed with 4% paraformaldehyde for 15 min and 0.3% crystal 
violet for another 15 min for further enumeration and analysis.

HAECs Wound Healing
Make a scratch wound across each well of the 6-well plate 
using a 200 μl pipette tip. Wash three times with serum-free 
ECM to remove loosely held cells. Then each well was added 
to low serum ECM medium and incubated for 12 h. The scratch 
healing was recorded by photographing under an inverted 
microscope (×200 magnification). Compare 0 and 12 h images 
and calculate area of the wound closed using image J software.

HAECs Tube Formation
For tube formation assay, Matrigel matrix (Corning, United States) 
was warmed up at 4°C overnight. After completely thawed, 
Matrigel (80 μl) was plated to 96-well plates at the same level 
to distribute evenly and incubated for 1 h at 37°C. 4 × 104 HAECs 
were resuspended with complete ECM and placed on the top 
of the Matrigel. Following incubation at 37°C for 12 h, each 
well was imaged directly under a microscope, and an average 
of tubules was counted from three to five random fields.

Statistical Analysis
All data were presented as means ± standard deviation (SD). 
Comparisons between two groups were analyzed by two-tailed 
Student t test. Statistical significance of multiple groups was 
assessed by one-way analysis of variance (ANOVA) followed 
by Tukey’s test. The linear correlations between variables were 
analyzed by Pearson’s correlation analysis. Two-tailed values 
of p of less than 0.05 were considered as statistically significant. 
The analyses were performed using the software GraphPad 
Prism version 8.0 (GraphPad Software Inc., United  States).

RESULTS

BBR Lowers Blood Pressure in Ang 
II-Induced Hypertensive Mice
To investigate the antihypertensive effect of BBR, the blood 
pressure was measured in Ang II-induced hypertensive mice with 
or without BBR treatment. Both systolic blood pressure (SBP) 
and diastolic blood pressure (DBP) were increased in Ang II-infused 
mice. BBR treatment significantly lowered the blood pressure in 
Ang II-infused mice (Figures  1A,B). Choline treatment alone 
had marginal effects on blood pressure. However, hypertension 
was aggravated by choline in the Ang II-infused mice, which 
was ameliorated by the supplementation of BBR (Figures  1A,B). 
Compared with the AngII group, the blood pressure of AngII+BBR 
group was reduced by 13.0/7.4 mmHg (mean SBP/DBP) after 
4 weeks of BBR treatment. Blood pressure in choline+AngII+BBR 
group was 15.2/9.6 mmHg lower than that in choline+AngII group.

BBR Ameliorates Vascular Dysfunction 
and Pathological Remodeling in Ang 
II-Induced Hypertensive Mice
To evaluate endothelial function, ACh-induced endothelium 
dependent vasodilation of aortic ring was performed. Our 
results showed that the endothelium-dependent vasodilation 
was significantly impaired in AngII group compared with the 
Control group. Importantly, BBR treatment markedly ameliorated 
the impaired endothelium dependent vasodilation induced by 
Ang II (Figure  1C). To further assess the effect of BBR on 
vascular function, we  examined the PWV of abdominal aorta 
by ultrasound (Figure  1D). The PWV of abdominal aorta was 
increased after 4 weeks of Ang II infusion and significantly 
attenuated by BBR treatment (Figure 1E). To evaluate the effect 
of BBR on vascular remodeling induced by Ang II stimulation, 
the thickness and expression of elastic fibers in the aorta were 
determined by HE, Masson, and EVG staining (Figure  2A). 
The media thickness of the aorta was increased by Ang II 
infusion and decreased by BBR treatment (Figure  2B). BBR 
treatment also restored Ang II-reduced elastin in aorta, suggesting 
an improved arterial elasticity (Figure 2C). In addition, choline 
treatement aggravated Ang II-induced PWV and thickness of 
aorta, which was ameliorated by the BBR treatment. These 
results indicated that a protective role of BBR in Ang II-induced 
vascular dysfunction and pathological remodeling.

BBR Alters the Gut Microbiota Community 
Composition
To elucidate whether BBR can remodel the gut microbiota 
diversity and composition, 16S rDNA gene V3-V4 sequence 
analysis was performed to analyze 15 fecal samples. The 
alpha diversity indices (Rank Abundance distribution 
curve,  Chao1, Shannon, and Simpson) were calculated 
(Supplementary Figure 1). The Shannon and Simpson indices 
of the gut microbiota community in AngII+BBR group had 
a higher trend than that of the AngII group, but they were 
not statistically significant (p = 0.095). Based on unweighted 
UniFrac distance matrices at OTU level, the beta diversity 
was  assessed by principal coordinates analysis (PCoA) and 
Similarity (ANOSIM) analysis. The PCoA and ANOSIM analysis 
showed dramatic changes in microbial communities after BBR 
treatment (AngII+BBR vs. AngII, ANOSIM R = 0.88, p = 0.013), 
indicating a significant shift in the gut bacterial diversity 
and  composition after BBR administration, which Ang II 
has  a  relative slight  impact on the diversity of the gut 
microbiota  (Control vs. AngII, ANOSIM R = 0.36, p = 0.048) 
(Figure 3A; Supplementary Figure 2). Bacteroidetes, Firmicutes, 
Verrucomicrobia, and Proteobacteria were the main phyla in 
all groups at the phylum level, accounting for 92% of the gut 
microbiota community. A relatively lower abundance of 
Firmicutes was observed in the AngII+BBR groups (29.12%) 
than in either Control (32.34%) or AngII (34.45%) groups, 
while the relative abundance of Bacteroidetes was much higher 
in the AngII+BBR groups (47.26%) compared to Control 
(40.77%) or AngII (43.44%) groups (Figure  3B). An increased 
F/B ratio has been widely considered as a signature of gut 
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dysbiosis. Oral administration of BBR was capable of reducing 
Firmicutes and increasing Bacteroidetes, which led to the 
reduction of F/B ratio (Figure  3C). Moreover, we  found that 
BBR administration resulted in an increase in the abundances 
of Lactobacillus, among which Lactobacillus_gasseri is the 
most prominent species, followed by Lactobacillus_murinus, 
Lactobacillus_reuteri and Lactobacillus_johnsonii_FI9785 
(Figures  3D,E). In summary, we  demonstrated that BBR 
administration reshaped the microbiota composition in Ang 
II induced hypertensive mice by regulating the microbial 
diversity, F/B ratio and the abundances of Lactobacillus.

BBR Inhibited TMAO Synthesis in Ang 
II-Induced Hypertensive Mice
To investigate whether BBR affected TMAO synthesis, plasma 
TMA/TMAO levels were analyzed. We  observed a significant 
lower TMA/TMAO level in the AngII+BBR groups than in 
the Control group and AngII group. Addition of choline for 

4 weeks significantly increased the levels of TMA and TMAO; 
however, this was reversed by BBR administration 
(Figures 4A,B). Our results suggested that BBR reduced TMAO 
synthesis levels in C57BL/6 J mice. TMAO production is 
dependent on gut microbiota which can metabolize dietary 
choline to TMA. The TMA is then metabolized by enzymes 
of the FMO3 in the liver. We therefore determined the expression 
of FMO3 in the liver. Western blotting of liver proteins showed 
that treatment with BBR resulted in a significant decrease in 
protein levels of FMO3 (Figures 4C,D). These results indicated 
that the BBR-induced reduction in TMAO levels is partly due 
to its regulation of FMO3  in the liver. Moreover, correlation 
analysis showed that the TMAO level was positively and linearly 
associated with the PWV, media thickness of the aorta, and 
SBP, and negatively associated with the endothelium dependent 
vasodilation (Figure  4E). These results suggested that 
BBR-induced reduction of TMAO was associated with the 
improved vascular function and structure in Ang II-induced 
hypertensive mice.

A

D E

B C

FIGURE 1 | BBR lowers blood pressure and attenuates impaired endothelium dependent vasodilation and elevated PWV in Ang II induced hypertensive mice. 
(A) Systolic blood pressure (SBP), (B) diastolic blood pressure (DBP), and endothelium dependent vasodilation (C) of mice from each group. (D) Representative 
images of abdominal aorta PWV by ultrasound in each group. (E) Quantitative analysis of PWV in each group. n = 5 for each group; *p < 0.05 vs. AngII group, 
#p < 0.05 vs. Choline+AngII group, $p < 0.05 vs. AngII group.
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TMAO Promotes the Apoptosis and 
Oxidative Stress of HAECs
We further explored the underlying mechanism of TMAO-
mediated vascular endothelial dysfunction. HAECs were treated 
with various concentrations of TMAO (0, 125, 250, 500, and 
1,000 μmol/L) and apoptosis ratio, intracellular ROS and NO 
were analyzed. Our data showed increase in both apoptosis 
ratio (Figures  5A,B), intracellular ROS levels (Figure  5C) and 
a decrease in intracellular NO (Figure 5D) in a dose-dependent 
manner in HAECs treated with TMAO.

TMAO Aggravates Ang II-Induced HAECs 
Dysfunction in vitro
To study the effects of TMAO and Ang II on the vascular 
endothelium, HAECs were treated with TMAO (500 μmol/L) 
and Ang II (2 μmol/L) and then the in vitro functions were 
evaluated, including transwell migration, wound healing and 
tube formation (Figure  6A). The in vitro functions of HAECs 
were both significantly impaired under TMAO and Ang II 
treatment, and TMAO aggravated HAECs dysfunction when 
combined with Ang II (Figure  6B).

DISCUSSION

In recent years, the role of BBR in the prevention and treatment 
of ASCVD is drawing increasing attention (Cai et  al., 2021). 
In the present study, we  found that BBR treatment lowered 
the blood pressure and ameliorated the vascular dysfunction 
and pathological remodeling in the Ang II-induced mice. 
We  also found that choline aggravates Ang II-induced blood 
pressure, PWV and thickness of aorta, which was ameliorated 
by the BBR treatment. More importantly, this beneficial effect 
of BBR was attributed to the inhibition of TMAO production 
via regulating gut microbiota and FMO3 expression in the 
liver. Our study demonstrated for the first time that gut 
microbiota is a critical mediator of BBR-mediated vascular 
protection in hypertension.

Gut microbiota plays an important role in the initiation, 
development, and establishment of hypertension (Muralitharan 
et  al., 2020). Gut microbial dysbiosis, decreases in the 
microbial richness and increases in the F/B ratio, is associated 
with hypertension (Yang et  al., 2015; Adnan et  al., 2017; 
Robles-Vera et  al., 2020). Karbach et  al. demonstrated that 
the absence of gut microbiota protects mice from Ang 

A B

C

FIGURE 2 | BBR restores the thickness and elastic fiber of aorta in Ang II induced hypertensive mice. (A) HE, Masson, and EVG staining of Aortic tissue in each 
group. Quantitative analysis of media thickness (B) and elastic fiber lamina (C) of aorta from each group. n = 5 for each group; *p < 0.05.
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II-induced hypertension, vascular dysfunction (Karbach et al., 
2016). In the present study, our data shows significant 
difference in the composition of microbial communities 
between AngII+BBR groups and AngII groups by PCoA 
and ANOSIM analysis. The F/B ratio was considerably 
increased in the Ang II infused mice compared with controls, 
which is consistent with that previous report that Ang 
II-induced gut dysbiosis is characterized by an increase in 
Firmicutes and a decrease in Bacteroidetes. Studies have 
shown that BBR can reverse diabetes-related Lactobacillus 
inhibition (Zhang et al., 2019; Habtemariam, 2020). Recently, 
a clinic study reported the BBR significantly elevated the 

relative abundances of Lactobacillus in type 2 diabetes (Zhang 
et  al., 2020b). A systematic review of randomized controlled 
trials investigating the role of probiotics on high BP showed 
that Lactobacillus-containing probiotics were effective (Khalesi 
et al., 2014). Our results show that BBR treatment dramatically 
increased in the abundances of Lactobacillus, especially the 
Lactobacillus_gasseri, in Ang II-induced hypertensive mice. 
Therefore, we  reasonably infer that BBR may exert 
cardiovascular protective effects by increasing Lactobacillus  
level.

As a bioactive metabolite of gut microbiota, TMAO is 
now recognized as a critical regulator of many cardiovascular 

A

C

E

D

B

FIGURE 3 | The effect of BBR on gut microbiota community composition. (A) Unweighted UniFrac-based PCoA plots illustrating differences in gut microbiota 
among groups (β-diversity). (B) Relative abundance of gut microbiota (phylum level) in each group. (C) Firmicutes/Bacteroidetes (F/B) ratio in each group. 
(D) Indicator analysis at genus and species level in each group. (E) Abundances of Lactobacillus in each group. n = 5 for each group; *p < 0.05.
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diseases. A meta-analysis of a large population showed that 
individuals with high TMAO were more likely to develop 
hypertension, and there was a significant positive dose-
dependent association between circulating TMAO 
concentrations and hypertension risk (Ge et  al., 2020). Jiang 
et  al. demonstrated that hypertensive patients had higher 
plasma TMAO than normotensive controls, and TMAO 
facilitated Ang II-induced vasoconstriction to aggravate Ang 
II-induced hypertension (Jiang et  al., 2021). TMAO also 
contributes to the age-related endothelial dysfunction via 
oxidative stress in mice and human (Brunt et  al., 2020). 

Thus, TMAO is considered as a novel therapeutic target 
for hypertension. In consistence with others, our results 
indicate that TMAO increased the apoptosis ratio and oxidative 
stress of HAECs and aggravated Ang II-induced HAECs 
dysfunction in vitro, and choline aggravates Ang II-induced 
blood pressure, PWV and thickness of aorta which was 
ameliorated by the BBR treatmen in vivo. In addition, there 
was a negative correlation between TMAO and vascular 
function in AngII and AngII+BBR mice. Studies have 
demonstrated that oral administration of BBR can effectively 
reduce the TMAO level in both choline-fed C57BL/6 J and 

A

C

E

D

B

FIGURE 4 | BBR Inhibited TMAO Synthesis in Ang II-Induced Hypertensive Mice. (A) Plasma TMA level of each group (n = 5). (B) Plasma TMAO level of each group 
(n = 5). (C) Western blotting detection of FMO3 expression in the liver. (D) Statistical analysis of hepatic FMO3 expression of each group (n = 4). (E) Linear correlation 
between TMAO level and PWV, media thickness of aorta, SBP and endothelium dependent vasodilation (n = 10). *p < 0.05.
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ApoE KO mice, and limit the progression of atherosclerotic 
plaque area (Shi et  al., 2018; Wu et  al., 2020; Li et  al., 
2021). In the present study, we  found that BBR inhibited 
the production of TMA/TMAO in Ang II-induced hypertensive 
and choline-fed C57BL/6 J mice, and liver protein expression 
of FMO3 was decreased by BBR treatment, indicating a 
potential role of the TMA-FMO3-TMAO pathway in the 
BBR-mediated inhibition of hypertensive development. 
Moreover, TMAO is closely related to the gut microbiota, 
such as F/B ratio, lactobacillus abundance. Reports from 
others showed that the ability of TMA/TMAO production 
was strong in Firmicutes but very weak in Bacteroidetes 
(Falony et  al., 2015). Lactobacillus supplement could reduce 
plasma TMAO level in mice (Qiu et  al., 2018; Liu et  al., 
2019). Taken together, our data suggest that BBR treatment 
inhibits TMAO production by modulating gut microbiota 
and FMO3 expression in Ang II-infused mice, and the 
reduced TMAO level is associated with BBR-mediated 
vascular protection.

Collectively, the present study demonstrates for the first 
time that BBR treatment lowers the blood pressure of hypertensive 
mice and improves the vascular dysfunction caused by Ang 
II-induced hypertension. The inhibition of TMAO production 
via restoration of gut microbial dysbiosis attributes to the 
beneficial effects of BBR administration in Ang II-induced 
hypertensive mice. Our work may provide new insights into 

the protective role of BBR in preventing hypertension and  
ASCVD.
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#p < 0.05 vs. TMAO group, $p < 0.05 vs. AngII group.

https://www.frontiersin.org/journals/microbiology
www.frontiersin.org
https://www.frontiersin.org/journals/microbiology#articles
https://www.frontiersin.org/articles/10.3389/fmicb.2022.814855/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fmicb.2022.814855/full#supplementary-material


Wang et al. BBR Alleviates Vascular Dysfunction

Frontiers in Microbiology | www.frontiersin.org 11 March 2022 | Volume 13 | Article 814855

 

REFERENCES

Adnan, S., Nelson, J. W., Ajami, N. J., Venna, V. R., Petrosino, J. F.,  Bryan, R. M. 
Jr., et al. (2017). Alterations in the gut microbiota can elicit hypertension 
in rats. Physiol. Genomics 49, 96–104. doi: 10.1152/physiolgenomics. 
00081.2016

Avery, E. G., Bartolomaeus, H., Maifeld, A., Marko, L., Wiig, H., Wilck, N., 
et al. (2021). The gut microbiome in hypertension: recent advances and 
future perspectives. Circ. Res. 128, 934–950. doi: 10.1161/CIRCRESAHA. 
121.318065

Brunt, V. E., Casso, A. G., Gioscia-Ryan, R. A., Sapinsley, Z. J., Ziemba, B. P., 
Clayton, Z. S., et al. (2021). Gut microbiome-derived metabolite trimethylamine 
N-oxide induces aortic stiffening and increases systolic blood pressure with 
aging in mice and humans. Hypertension 78, 499–511. doi: 10.1161/
HYPERTENSIONAHA.120.16895

Brunt, V. E., Gioscia-Ryan, R. A., Casso, A. G., VanDongen, N. S., Ziemba, B. P., 
Sapinsley, Z. J., et al. (2020). Trimethylamine-N-oxide promotes age-related 
vascular oxidative stress and endothelial dysfunction in mice and healthy 
humans. Hypertension 76, 101–112. doi: 10.1161/HYPERTENSIONAHA. 
120.14759

Cai, Y., Xin, Q., Lu, J., Miao, Y., Lin, Q., Cong, W., et al. (2021). A new 
therapeutic candidate for cardiovascular diseases: Berberine. Front. Pharmacol. 
12:631100. doi: 10.3389/fphar.2021.631100

Cheng, F., Wang, Y., Li, J., Su, C., Wu, F., Xia, W. H., et al. (2013). Berberine 
improves endothelial function by reducing endothelial microparticles-mediated 
oxidative stress in humans. Int. J. Cardiol. 167, 936–942. doi: 10.1016/j.
ijcard.2012.03.090

Dannenberg, L., Zikeli, D., Benkhoff, M., Ahlbrecht, S., Kelm, M., Levkau, B., 
et al. (2020). Targeting the human microbiome and its metabolite TMAO 
in cardiovascular prevention and therapy. Pharmacol. Ther. 213:107584. doi: 
10.1016/j.pharmthera.2020.107584

Falony, G., Vieira-Silva, S., and Raes, J. (2015). Microbiology meets big data: 
the case of gut microbiota-derived trimethylamine. Annu. Rev. Microbiol. 
69, 305–321. doi: 10.1146/annurev-micro-091014-104422

Ge, X., Zheng, L., Zhuang, R., Yu, P., Xu, Z., Liu, G., et al. (2020). The gut 
microbial metabolite trimethylamine N-oxide and hypertension risk: a 
systematic review and dose-response meta-analysis. Adv. Nutr. 11, 66–76. 
doi: 10.1093/advances/nmz064

Habtemariam, S. (2020). Berberine pharmacology and the gut microbiota: a 
hidden therapeutic link. Pharmacol. Res. 155:104722. doi: 10.1016/j.phrs.2020. 
104722

Hoyles, L., Jimenez-Pranteda, M. L., Chilloux, J., Brial, F., Myridakis, A., 
Aranias, T., et al. (2018). Metabolic retroconversion of trimethylamine 
N-oxide and the gut microbiota. Microbiome 6:73. doi: 10.1186/s40168- 
018-0461-0

Jiang, S., Shui, Y., Cui, Y., Tang, C., Wang, X., Qiu, X., et al. (2021). Gut 
microbiota dependent trimethylamine N-oxide aggravates angiotensin II-
induced hypertension. Redox Biol. 46:102115. doi: 10.1016/j.redox.2021.102115

Joe, B., McCarthy, C. G., Edwards, J. M., Cheng, X., Chakraborty, S., Yang, T., 
et al. (2020). Microbiota introduced to germ-free rats restores vascular 
contractility and blood pressure. Hypertension 76, 1847–1855. doi: 10.1161/
HYPERTENSIONAHA.120.15939

Karbach, S. H., Schonfelder, T., Brandao, I., Wilms, E., Hormann, N., Jackel, S., 
et al. (2016). Gut microbiota promote angiotensin II-induced arterial 
hypertension and vascular dysfunction. J. Am. Heart Assoc. 5:e003698. doi: 
10.1161/JAHA.116.003698

Khalesi, S., Sun, J., Buys, N., and Jayasinghe, R. (2014). Effect of probiotics 
on blood pressure: a systematic review and meta-analysis of randomized, 
controlled trials. Hypertension 64, 897–903. doi: 10.1161/HYPERTENSIONAHA. 
114.03469

Kong, W. J., Vernieri, C., Foiani, M., and Jiang, J. D. (2020). Berberine in the 
treatment of metabolism-related chronic diseases: a drug cloud (dCloud) 
effect to target multifactorial disorders. Pharmacol. Ther. 209:107496. doi: 
10.1016/j.pharmthera.2020.107496

Li, X., Su, C., Jiang, Z., Yang, Y., Zhang, Y., Yang, M., et al. (2021). Berberine 
attenuates choline-induced atherosclerosis by inhibiting trimethylamine and 
trimethylamine-N-oxide production via manipulating the gut microbiome. 
NPJ Biofilms Microbiomes 7:36. doi: 10.1038/s41522-021-00205-8

Li, J., Zhao, F., Wang, Y., Chen, J., Tao, J., Tian, G., et al. (2017). Gut microbiota 
dysbiosis contributes to the development of hypertension. Microbiome 5:14. 
doi: 10.1186/s40168-016-0222-x

Liu, J., Li, T., Wu, H., Shi, H., Bai, J., Zhao, W., et al. (2019). Lactobacillus 
rhamnosus GG strain mitigated the development of obstructive sleep apnea-
induced hypertension in a high salt diet via regulating TMAO level and 
CD4(+) T cell induced-type I inflammation. Biomed. Pharmacother. 112:108580. 
doi: 10.1016/j.biopha.2019.01.041

Lyu, M., Wang, Y. F., Fan, G. W., Wang, X. Y., Xu, S. Y., and Zhu, Y. (2017). 
Balancing herbal medicine and functional food for prevention and treatment 
of Cardiometabolic diseases through modulating gut microbiota. Front. 
Microbiol. 8:2146. doi: 10.3389/fmicb.2017.02146

Muralitharan, R. R., Jama, H. A., Xie, L., Peh, A., Snelson, M., and Marques, F. Z. 
(2020). Microbial peer pressure: the role of the gut microbiota in hypertension 
and its complications. Hypertension 76, 1674–1687. doi: 10.1161/
HYPERTENSIONAHA.120.14473

Pan, H., Li, Z., Xie, J., Liu, D., Wang, H., Yu, D., et al. (2019). Berberine 
influences blood glucose via modulating the gut microbiome in grass carp. 
Front. Microbiol. 10:1066. doi: 10.3389/fmicb.2019.01066

Poll, B. G., Cheema, M. U., and Pluznick, J. L. (2020). Gut microbial metabolites 
and blood pressure regulation: focus on SCFAs and TMAO. Physiology 
(Bethesda) 35, 275–284. doi: 10.1152/physiol.00004.2020

Qiu, L., Tao, X., Xiong, H., Yu, J., and Wei, H. (2018). Lactobacillus plantarum 
ZDY04 exhibits a strain-specific property of lowering TMAO via the 
modulation of gut microbiota in mice. Food Funct. 9, 4299–4309. doi: 
10.1039/c8fo00349a

Robles-Vera, I., Toral, M., de la Visitacion, N., Sanchez, M., 
Gomez-Guzman, M., Romero, M., et al. (2020). Probiotics prevent Dysbiosis 
and the rise in blood pressure in genetic hypertension: role of short-
chain fatty acids. Mol. Nutr. Food Res. 64:e1900616. doi: 10.1002/
mnfr.201900616

Schiattarella, G. G., Sannino, A., Toscano, E., Giugliano, G., Gargiulo, G., 
Franzone, A., et al. (2017). Gut microbe-generated metabolite trimethylamine-
N-oxide as cardiovascular risk biomarker: a systematic review and dose-
response meta-analysis. Eur. Heart J. 38, 2948–2956. doi: 10.1093/eurheartj/
ehx342

Shi, Y., Hu, J., Geng, J., Hu, T., Wang, B., Yan, W., et al. (2018). Berberine 
treatment reduces atherosclerosis by mediating gut microbiota in apoE−/− 
mice. Biomed. Pharmacother. 107, 1556–1563. doi: 10.1016/j.biopha.2018.08.148

Shi, Y., Peng, Y., Zhang, Y., Chen, Y., Zhang, C., Luo, X., et al. (2021). Safety 
and efficacy of a phage, kpssk3, in an in vivo Model of Carbapenem-resistant 
Hypermucoviscous Klebsiella pneumoniae bacteremia. Front. Microbiol. 
12:613356. doi: 10.3389/fmicb.2021.613356

Wang, Y., Tong, Q., Shou, J. W., Zhao, Z. X., Li, X. Y., Zhang, X. F., et al. 
(2017). Gut microbiota-mediated personalized treatment of hyperlipidemia 
using Berberine. Theranostics 7, 2443–2451. doi: 10.7150/thno.18290

Wang, J. M., Yang, Z., Xu, M. G., Chen, L., Wang, Y., Su, C., et al. (2009). 
Berberine-induced decline in circulating CD31+/CD42- microparticles is 
associated with improvement of endothelial function in humans. Eur. J. 
Pharmacol. 614, 77–83. doi: 10.1016/j.ejphar.2009.04.037

Wu, M., Wu, X., Cheng, Y., Shen, Z., Chen, X., Xie, Q., et al. (2021). Qingda 
granule attenuates angiotensin II-induced blood pressure and inhibits Ca(2+)/
ERK signaling pathway. Front. Pharmacol. 12:688877. doi: 10.3389/
fphar.2021.688877

Wu, M., Yang, S., Wang, S., Cao, Y., Zhao, R., Li, X., et al. (2020). Effect of 
Berberine on atherosclerosis and gut microbiota modulation and their 
correlation in high-fat diet-fed ApoE−/− mice. Front. Pharmacol. 11:223. 
doi: 10.3389/fphar.2020.00223

Yang, S., Li, D., Yu, Z., Li, Y., and Wu, M. (2021). Multi-pharmacology of 
Berberine in atherosclerosis and metabolic diseases: potential contribution 
of gut microbiota. Front. Pharmacol. 12:709629. doi: 10.3389/fphar.2021.709629

Yang, T., Santisteban, M. M., Rodriguez, V., Li, E., Ahmari, N., Carvajal, J. M., 
et al. (2015). Gut dysbiosis is linked to hypertension. Hypertension 65, 
1331–1340. doi: 10.1161/HYPERTENSIONAHA.115.05315

Zhang, Y., Gu, Y., Ren, H., Wang, S., Zhong, H., Zhao, X., et al. (2020b). Gut 
microbiome-related effects of berberine and probiotics on type 2 diabetes 
(the PREMOTE study). Nat. Commun. 11:5015. doi: 10.1038/s41467-020- 
18414-8

https://www.frontiersin.org/journals/microbiology
www.frontiersin.org
https://www.frontiersin.org/journals/microbiology#articles
https://doi.org/10.1152/physiolgenomics.00081.2016
https://doi.org/10.1152/physiolgenomics.00081.2016
https://doi.org/10.1161/CIRCRESAHA.121.318065
https://doi.org/10.1161/CIRCRESAHA.121.318065
https://doi.org/10.1161/HYPERTENSIONAHA.120.16895
https://doi.org/10.1161/HYPERTENSIONAHA.120.16895
https://doi.org/10.1161/HYPERTENSIONAHA.120.14759
https://doi.org/10.1161/HYPERTENSIONAHA.120.14759
https://doi.org/10.3389/fphar.2021.631100
https://doi.org/10.1016/j.ijcard.2012.03.090
https://doi.org/10.1016/j.ijcard.2012.03.090
https://doi.org/10.1016/j.pharmthera.2020.107584
https://doi.org/10.1146/annurev-micro-091014-104422
https://doi.org/10.1093/advances/nmz064
https://doi.org/10.1016/j.phrs.2020.104722
https://doi.org/10.1016/j.phrs.2020.104722
https://doi.org/10.1186/s40168-018-0461-0
https://doi.org/10.1186/s40168-018-0461-0
https://doi.org/10.1016/j.redox.2021.102115
https://doi.org/10.1161/HYPERTENSIONAHA.120.15939
https://doi.org/10.1161/HYPERTENSIONAHA.120.15939
https://doi.org/10.1161/JAHA.116.003698
https://doi.org/10.1161/HYPERTENSIONAHA.114.03469
https://doi.org/10.1161/HYPERTENSIONAHA.114.03469
https://doi.org/10.1016/j.pharmthera.2020.107496
https://doi.org/10.1038/s41522-021-00205-8
https://doi.org/10.1186/s40168-016-0222-x
https://doi.org/10.1016/j.biopha.2019.01.041
https://doi.org/10.3389/fmicb.2017.02146
https://doi.org/10.1161/HYPERTENSIONAHA.120.14473
https://doi.org/10.1161/HYPERTENSIONAHA.120.14473
https://doi.org/10.3389/fmicb.2019.01066
https://doi.org/10.1152/physiol.00004.2020
https://doi.org/10.1039/c8fo00349a
https://doi.org/10.1002/mnfr.201900616
https://doi.org/10.1002/mnfr.201900616
https://doi.org/10.1093/eurheartj/ehx342
https://doi.org/10.1093/eurheartj/ehx342
https://doi.org/10.1016/j.biopha.2018.08.148
https://doi.org/10.3389/fmicb.2021.613356
https://doi.org/10.7150/thno.18290
https://doi.org/10.1016/j.ejphar.2009.04.037
https://doi.org/10.3389/fphar.2021.688877
https://doi.org/10.3389/fphar.2021.688877
https://doi.org/10.3389/fphar.2020.00223
https://doi.org/10.3389/fphar.2021.709629
https://doi.org/10.1161/HYPERTENSIONAHA.115.05315
https://doi.org/10.1038/s41467-020-18414-8
https://doi.org/10.1038/s41467-020-18414-8


Wang et al. BBR Alleviates Vascular Dysfunction

Frontiers in Microbiology | www.frontiersin.org 12 March 2022 | Volume 13 | Article 814855

Zhang, G., Lin, X., Shao, Y., Su, C., Tao, J., and Liu, X. (2020a). Berberine 
reduces endothelial injury and arterial stiffness in spontaneously hypertensive 
rats. Clin. Exp. Hypertens. 42, 257–265. doi: 10.1080/10641963.2019.1632339

Zhang, W. Q., Wang, Y. J., Zhang, A., Ding, Y. J., Zhang, X. N., Jia, Q. J., et al. 
(2021). TMA/TMAO in hypertension: novel horizons and potential therapies. 
J. Cardiovasc. Transl. Res. 14, 1117–1124. doi: 10.1007/s12265-021-10115-x

Zhang, W., Xu, J. H., Yu, T., and Chen, Q. K. (2019). Effects of berberine and 
metformin on intestinal inflammation and gut microbiome composition in db/
db mice. Biomed. Pharmacother. 118:109131. doi: 10.1016/j.biopha.2019.109131

Conflict of Interest: The authors declare that the research was conducted in 
the absence of any commercial or financial relationships that could be  construed 
as a potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the 
authors and do not necessarily represent those of their affiliated organizations, 
or those of the publisher, the editors and the reviewers. Any product that may 
be evaluated in this article, or claim that may be made by its manufacturer, is 
not guaranteed or endorsed by the publisher.

Copyright © 2022 Wang, Wu, Zhou, Qiu, Zhang, Tu, Zhou, Shao, Xu, Wang and 
Tao. This is an open-access article distributed under the terms of the Creative 
Commons Attribution License (CC BY). The use, distribution or reproduction in 
other forums is permitted, provided the original author(s) and the copyright owner(s) 
are credited and that the original publication in this journal is cited, in accordance 
with accepted academic practice. No use, distribution or reproduction is permitted 
which does not comply with these terms.

https://www.frontiersin.org/journals/microbiology
www.frontiersin.org
https://www.frontiersin.org/journals/microbiology#articles
https://doi.org/10.1080/10641963.2019.1632339
https://doi.org/10.1007/s12265-021-10115-x
https://doi.org/10.1016/j.biopha.2019.109131
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Berberine Improves Vascular Dysfunction by Inhibiting Trimethylamine-N-oxide via Regulating the Gut Microbiota in Angiotensin II-Induced Hypertensive Mice
	Introduction
	Materials and Methods
	Animal Model
	Blood Pressure Measurement
	Endothelium Dependent Vasodilatation
	Abdominal Aorta Pulse Wave Velocity
	Aortic Tissue Staining
	16S rDNA Sequencing and Microbial Diversity Analysis
	Plasma TMA/TMAO Detected by HPLC-MS/MS
	Western Blotting
	Cell Culture and Treatment
	Detection of Apoptosis
	ROS and NO Assessment
	HAECs Transwell Migration
	HAECs Wound Healing
	HAECs Tube Formation
	Statistical Analysis

	Results
	BBR Lowers Blood Pressure in Ang II-Induced Hypertensive Mice
	BBR Ameliorates Vascular Dysfunction and Pathological Remodeling in Ang II-Induced Hypertensive Mice
	BBR Alters the Gut Microbiota Community Composition
	BBR Inhibited TMAO Synthesis in Ang II-Induced Hypertensive Mice
	TMAO Promotes the Apoptosis and Oxidative Stress of HAECs
	TMAO Aggravates Ang II-Induced HAECs Dysfunction in vitro

	Discussion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Supplementary Material

	References

