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Abstract
Background  Increased neuroinflammation in brain regions regulating sympathetic nerves is associated with 
hypertension. Emerging evidence from both human and animal studies suggests a link between hypertension 
and gut microbiota, as well as microbiota-derived metabolites short-chain fatty acids (SCFAs). However, the precise 
mechanisms underlying this gut-brain axis remain unclear.

Methods  The levels of microbiota-derived SCFAs in spontaneously hypertensive rats (SHRs) were determined by gas 
chromatography-mass spectrometry. To observe the effect of acetate on arterial blood pressure (ABP) in rats, sodium 
acetate was supplemented via drinking water for continuous 7 days. ABP was recorded by radio telemetry. The 
inflammatory factors, morphology of microglia and astrocytes in rostral ventrolateral medulla (RVLM) were detected. 
In addition, blood-brain barrier (BBB) permeability, composition and metabolomics of the gut microbiome, and 
intestinal pathological manifestations were also measured.

Results  The serum acetate levels in SHRs are lower than in normotensive control rats. Supplementation with acetate 
reduces ABP, inhibits sympathetic nerve activity in SHRs. Furthermore, acetate suppresses RVLM neuroinflammation 
in SHRs, increases microglia and astrocyte morphologic complexity, decreases BBB permeability, modulates intestinal 
flora, increases fecal flora metabolites, and inhibits intestinal fibrosis.

Conclusions  Microbiota-derived acetate exerts antihypertensive effects by modulating microglia and astrocytes and 
inhibiting neuroinflammation and sympathetic output.
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Introduction
Hypertension is a major risk factor for cardiovascular 
disease, stroke, and chronic kidney disease, with a grow-
ing economic burden on the population and society [1]. 
The sympathetic nervous system plays a key role in the 
long-term regulation of arterial blood pressure by inte-
grating neurohumoral signals and regulating cardiac, 
peripheral resistance vessel and renal function [2]. The 
onset and progression of many cardiovascular diseases, 
including hypertension and heart failure, are accom-
panied by alterations in sympathetic function [3]. The 
rostral ventrolateral medulla (RVLM) of the medulla 
oblongata is an important node in the sympathetic regu-
latory network, and the RVLM can project monosynapti-
cally to spinal sympathetic preganglionic neurons, which 
in turn affects arterial blood pressure [4]. Factors such as 
respiratory-sympathetic coupling [5], oxidative stress [6], 
and neuroinflammation can lead to elevated excitability 
of pre-sympathetic neurons of the RVLM [7], causing 
increased sympathetic activity and hypertension.

In recent years, a large number of clinical and basic 
studies have shown that gut microbiota dysbiosis is 
closely related to the occurrence of hypertension [8–12]. 
Intestinal flora dysbiosis occurs in hypertension mainly 
manifested as a significant decrease in the abundance 
and diversity of the flora, and a significant decrease in the 
number of short-chain fatty acid-producing bacteria [11]. 
The fact that blood pressure was elevated in normoten-
sive rodents that received fecal bacteria from hyperten-
sive patients or rats; [10, 12, 13] and probiotics or dietary 
fibers that regulate intestinal flora have anti-hypertensive 
effects [14–16], suggesting that intestinal flora dysbiosis 
is an important pathogenesis of hypertension. However, 
the pathways through which microorganisms coloniz-
ing the gut affect arterial blood pressure (ABP) remain 
unknown.

Gut microbes interact with the brain through a vari-
ety of pathways, including the autonomic and enteric 
nervous systems, the immune system, and metabolites 
such as short-chain fatty acids (SCFAs) [17, 18]. The 
main source of SCFAs in the organism is the production 
of dietary fiber through fermentation by gut microbes. 
In addition to maintaining the integrity of the intes-
tinal barrier, producing mucus, inhibiting inflamma-
tory responses and other local effects, SCFAs are also 
involved in regulating the integrity of the blood-brain 
barrier (BBB) and the functions of microglia and astro-
cytes, suggesting that SCFAs play a key role in micro-
bial-gut-brain axis communication [19–21]. SCFAs in 
feces and blood are highest in acetate, and SCFAs such 
as acetate, propionate, and butyrate can also be detected 
in human cerebrospinal fluid [22], but the role of SCFAs 
in hypertension is still controversial. Both increased and 
decreased plasma levels of SCFAs have been reported 

in hypertensive populations [23–26]. Both human and 
animal experiments have demonstrated that acetate can 
lower blood pressure in hypertension [27, 28], however, 
the underlying mechanism has yet to be elucidated.

Materials and methods
Animals and acetate administration
All treatments of animals and experimental procedures 
followed the guidelines of the Animal Care and Ethi-
cal Committee of Hebei Medical University (Hebmu-
2,017,003). We used 12-week-old male SHRs and 
age-matched normotensive Wistar-Kyoto (WKY) rats 
purchased from the Beijing Vital River Laboratory Ani-
mal Technology Co., Ltd. (Beijing, China). Animals were 
housed in a clean-grade animal room with constant 
temperature (22 ± 1  °C) and humidity (50 ± 10%), with 
12-hour day-night shift. All animals were freely access 
to food and water. Upon completion of the experiments, 
the rats were humanely euthanized with an overdose of 
sodium pentobarbital (> 100 mg/kg, i.p.).

To observe the effect of acetate on ABP in rats, sodium 
acetate (67.5 mM, S2889, Sigma-Aldrich, USA) was 
administered via drinking water (pH 7.4) as previously 
described for 7 days [29]. Drinking water was refreshed 
every day. The control group was given normal water 
without sodium acetate. ABP, body weight, diet intake, 
water intake and urine output were measured daily in 
rats.

Quantification of SCFAs
The concentrations of SCFAs in venous blood (from 
inferior vena cava of rats), cerebrospinal fluid (from the 
fourth ventricle of rats), and feces (from colon of rats) 
were determined using Agilent 7890B GC-MS (Agilent 
Technologies, USA). Fecal samples (20 mg) were homog-
enized by 1 mL phosphoric acid (0.5% v/v) and 0.5 mL 
MTBE (containing internal standard) solution. 50 µL of 
plasma/cerebrospinal fluid were homogenized by 100 µL 
of 36% phosphoric acid solution and 150 µL of 2-methyl-
valeric acid internal standard solution. After centrifuga-
tion (10 min at 16,000 g and 4 °C), 90 µL of supernatant 
was absorbed into the sampling bottle for GC-MS/MS 
analysis. Data acquisition and processing was using Agi-
lent MassHunter software. The concentration of each 
SCFAs was quantified by the calibration curves con-
structed using each SCFAs standard solution.

ABP measurement
Telemetry measurement: to observe the effect of ace-
tate on hypertension, we recorded the ABP of WKY rats 
and SHRs after acetate treatment for 7 days using an 
implanted radiotelemetry device (HD-S11, DataSciences, 
USA) daily (from 9:00 to 17:00). In brief, after anaesthe-
tized with isoflurane (2.5%), blood pressure catheter of 
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the telemeter was inserted into the abdominal aorta from 
the left femoral artery. The transmitter was fixed subcu-
taneously to the abdomen of rats. Surgery was performed 
under strict aseptic conditions, and rats were given peni-
cillin (24,000 IU) for 3 days after surgery. Acetate treat-
ment was performed 7 days after surgery. The diurnal 
changes in systolic blood pressure (SBP, mmHg), diastolic 
blood pressure (DBP, mmHg) and heart rate (HR, beats 
per minute, bpm) were measured after 7 days of acetate 
treatment over a minimum of 24 h at a sampling rate of 
500 Hz (Ponemah software, DSI, USA).

Tail-cuff measurement: a noninvasive computerized 
tail-cuff blood pressure system (Kent Scientific, USA) 
was used to measure the ABP of 5-week-old juvenile 
SHRs (j-SHR) and age-matched WKY rats (j-WKY) daily 
(from 9:00 to 17:00). The rats were trained for continuous 
7 days to accustom the tail-cuff procedure before data 
acquisition. SBP, DBP and HR were determined by aver-
aging 5 effective repeats, which were verified with trac-
ings manually reviewed.

Evaluation of autonomic function
Autonomic function was evaluated in conscious freely 
moving rats after 7 days of acetate treatment using a 
pharmacological method. The rats were administered 
the β-adrenergic receptor blocker propranolol (1  mg/
kg, Tocris, USA), the muscarinic cholinergic recep-
tor blocker atropine (1 mg/kg, Tocris), and a ganglionic 
blocker hexamethonium (5  mg/kg, Tocris) via intra-
peritoneal injections. The radio telemetry system was 
employed to measure ABP and HR. The changes in HR 
(ΔHR) or mean arterial pressure (ΔMAP) were computed 
following the administration of these blockers. Each 
injection was separated by a 24-hour recovery period.

Plasma norepinephrine measurement
Rats were anesthetized with urethane (800  mg/kg) and 
α-chloralose (60  mg/kg) intraperitoneally, and venous 
blood was drawn from the inferior vena cava. After cen-
trifugation (2000  g, 15  min), the concentration of nor-
epinephrine (NE) in serum was determined by an ELISA 
kit (ab287789, abcam, UK) according to the manufactur-
ers’ instruction. The results were read at 450 nm using a 
microplate reader (PowerWaveHT, BioTek, USA).

Immunofluorescence staining
After being anesthetized by intraperitoneal injection of 
urethane (1.8 g/kg), rats were perfused with chilled saline 
(300 ml) and phosphate-buffered paraformaldehyde solu-
tion (4%, 0.1  M, pH 7.4, 300  ml) transcardially sequen-
tially. The rats were decapitated, and the brainstems were 
rapidly removed and stored in the perfusion fixative at 
4 °C for 48 h, and subsequently immersed in 30% sucrose 
in phosphate-buffered saline (PBS) at 4  °C for at least 2 

days. A series of 25  μm sections were obtained using a 
cryostat (CM1950; Leica Microsystems, Germany). 
The sections were washed by PBS for 3 times, and then 
immersed in blocking buffer (2% BSA in PBS) for 30 min 
at room temperature. For immunofluorescence staining, 
the tissue sections were incubated with primary antibod-
ies at 4  °C overnight. After rinsing with PBS again, the 
sections were then incubated with secondary antibodies 
for 1  h at room temperature. The sections were exam-
ined with a laser scanning confocal microscope (FV1000, 
Olympus, Japan).

The following antibodies were used: mouse monoclonal 
anti-IBA1 (dilution 1:100, AB283319, abcam, UK); mouse 
monoclonal anti-tyrosine hydroxylase (dilution 1:400, 
MAB318, Sigma-Aldrich, USA); rabbit monoclonal anti-
NeuN (dilution 1:100, # 24,307, cell signaling technol-
ogy, USA); guinea pig monoclonal anti-c-Fos (dilution 
1:1000, # 226,308, synaptic systems, Germany); mouse 
monoclonal anti-GFAP (dilution 1:800, #3670, cell signal-
ing technology); goat anti-mouse Alexa Fluor 488 (dilu-
tion 1:1000, ab150113, abcam); goat anti-guinea pig Cy3 
(dilution 1:800, # 106-165-003, Jackson Immunoresearch 
Laboratories Inc., USA); donkey anti-rabbit Alexa Fluor 
647 (dilution 1:1000, ab150075, abcam), goat anti-mouse 
Alexa Fluor 555 (dilution 1:1000, ab150114, abcam).

Cell morphological analysis
Confocal images were acquired with a 40 × objective and 
a z-stepsize of 1-µm (FV1000, Olympus), and only cells 
completely included within the borders of the image and 
do not overlap with one another were chosen. For each 
animal, 12 cells were randomly selected from the RVLM 
area, and the mean value for each rat was calculated. The 
Sholl analysis Plugin (FIJI, NIH) was used to create con-
centric circles with a 1 μm step size from the cell soma 
to determine the number of intersections at each Sholl 
radius. The branch lengths, number of branches, and 
junctions were quantified by the Analyze Skeleton Plugin. 
All images were taken and analyzed by three researchers 
who were blind to the experimental conditions.

qPCR
Rats were anesthetized (urethane, 1.8  g/kg, i.p.) and 
brainstem was removed and sliced into coronal sections 
using a vibrotome (VT1200S; Leica Biosystems). The 
RVLM tissue was collected under a microscope based 
on the anatomical atlas. Total RNA was extracted using 
the RNA Extraction Kit (LS1040, Promega, China). 
After reverse transcription with HiScript III Super Mix, 
the qPCR was performed on a QuantStudio 6 real time 
PCR system (ABI, USA) using a qPCR kit (R323, Vazyme, 
China). The protocol was as follows: 95  °C for 30  s for 
1 cycle; 95  °C for 10 s followed by 60  °C for 30 s for 40 
cycles; 95 °C for 15 s, 60 °C for 1 min, and 95 °C for 15 s 
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for 1 cycle. The primers were listed in Table 1. Each sam-
ple was analyzed in triplicate, and Gapdh was used as the 
internal control for normalization. The relative mRNA 
levels were calculated using the comparative Ct (2−ΔΔCt) 
method and normalized by WKY rats.

Transmission electron microscope
After deep anesthesia with urethane (1.8 g/kg, i.p.), rats 
were transcardially perfused with saline and a mixture of 
2% paraformaldehyde and 2.5% glutaraldehyde sequen-
tially. The whole brain was removed, and the tissue of 
RVLM area was cut into small square pieces of 1  mm 
× 1  mm × 1  mm size according to the atlas. The tissue 
was fixed in 3% glutaraldehyde at 4 °C for 4 h, and then 
fixed in 1% osmium for 2 h. The tissue was gradient dehy-
drated in acetone, permeated with propylene oxide and 
then embedded in epoxy resin, and sliced using an ultra-
thin sectioning machine (Leica Microsystems) at 40 nm 
thickness. The sections were double-stained with uranyl 
acetate and lead citrate and observed under a transmis-
sion electron microscope (S7500 Hitachi, Japan).

Evans blue leakage
After anesthetized by intraperitoneal injection of ure-
thane (1.8 g/kg), rats were injected via femoral vein with 
Evans blue dye (2% concentration in saline, 3 mL/kg body 
weight, E8010, Solarbio, China), and underwent transcar-
dial perfusion with saline 30 min later. Subsequently, the 
brains were dissected, weighed, and photographed. The 
dissected brains were then homogenized in a 9-fold vol-
ume of 50% trichloroacetic acid and sonicated for 2 min. 
After that, the samples were centrifuged at 3000 g for a 
duration of 20 min. The supernatants were collected and 
their optical density at 620  nm was measured using a 
spectrometer (PowerWaveHT, BioTek).

In vivo optical imaging systems
BBB permeability assay: after being anesthetized by 
intraperitoneal injection of urethane (1.8  g/kg), rats 
were intravenously injected with Cy5-Dextran (10  kDa, 
Stargraydye, China). One hour later, after transcardial 

perfusion with 300  ml of PBS, the whole brain tissue 
was removed for observation under a 646 nm excitation 
wavelength exposed by a small animal live imaging sys-
tem (SkyScan 1176, Bruker, Belgium) and photographed.

Detection of supplemental acetate in the brain: after 
being anesthetized by intraperitoneal injection of ure-
thane (1.8 g/kg), rats were given an intravenous injection 
of Sulfo-Cyanine5-labelled acetate (Cy5-acetate, pro-
vided by Xi’an Rui Xi Biotechnology Co., Ltd., China). 
Thirty minutes later, the rats were transcardially perfused 
with 300 ml of PBS to flush out the Cy5-acetate from the 
blood vessels. Then the rats were exposed to a 646  nm 
excitation wavelength using a small animal live imaging 
system (SkyScan 1176, Bruker) and photographed.

Intestinal permeability
After a 24-hour fasting period, the rats were anesthetized 
using isoflurane. To perform the experiment, a polyure-
thane cannula with an external diameter of 1.5 mm was 
inserted into the rectum and advanced to a position 
8  cm proximal to the anal verge. FITC-Dextran (4  kDa, 
#68,059, Sigma-Aldrich), dissolved in saline, was then 
introduced into the colon at a dosage of 100 mg/kg. Fol-
lowing the completion of instillation, the animals were 
positioned head-down for 5 min to prevent any leakage 
of the instilled Dextran solution. After 4 h, the rats were 
anesthetized with urethane (1.8 g/kg, i.p.) and blood was 
taken from the inferior vena cava to measure the absor-
bance using a fluorescence microplate (SpectraMax M2, 
Molecular Devices, USA).

Histology examination
Rat colon tissues were collected and immersed in a 4% 
paraformaldehyde solution for 48  h. Subsequently, the 
tissues underwent gradual dehydration using a series 
of ethanol gradients. Following that, the tissues were 
embedded in wax and sliced into sections measuring 
5  μm in thickness using a microtome (Leica Microsys-
tems). These sections were then stained with hematox-
ylin-eosin (HE) and Masson-trichrome, and captured 
using a digital camera attached to a light microscope 
(DM6000B, Leica Microsystems). The extent of fibro-
sis, thickness of tunica muscularis layer, villi length, and 
the number of goblet cells per villi were quantified using 
Image J software.

16S rRNA gene sequencing
After supplementing with acetate for 7 days, colonic 
luminal contents were collected from rats upon sacri-
fice. After extracting the total DNA from the samples, 
we assessed the DNA concentration and purity using 
1% agarose gel electrophoresis. The DNA was then 
diluted to a concentration of 1 ng/µL using sterile water. 
Next, the V4 region of the bacterial 16S rDNA gene 

Table 1  Primers sequences
Gene Sense/antisense Pro-

duction 
size 
(bp)

Il1b (+)5′-​A​A​T​C​T​C​A​C​A​G​C​A​G​C​A​T​C​T​C​G​A​C​A​A​G-3′
(-)5′-​T​C​C​A​C​G​G​G​C​A​A​G​A​C​A​T​A​G​G​T​A​G​C-3′

98

Il6 (+)5′-​A​C​T​T​C​C​A​G​C​C​A​G​T​T​G​C​C​T​T​C​T​T​G-3′ 110
(-)5′-​T​G​G​T​C​T​G​T​T​G​T​G​G​G​T​G​G​T​A​T​C​C​T​C-3′

Tnf (+)5′-​A​T​G​G​G​C​T​C​C​C​T​C​T​C​A​T​C​A​G​T​T​C​C-3′ 111
(-)5′-​C​C​T​C​C​G​C​T​T​G​G​T​G​G​T​T​T​G​C​T​A​C-3′

Gapdh (+)5′-​C​T​G​C​A​C​C​A​C​C​A​A​C​T​G​C​T​T​A​G-3′ 119
(-)5′-​G​G​C​C​A​T​C​C​A​C​A​G​T​C​T​T​C​T​G​A-3′
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was amplified from each DNA sample using the reverse 
primers 515f/806r (515f: 5’-GTGCCAGCMGCCGCG-
GTAA-3’, 806r: 5’-GGACTACHVGGGTWTCTAAT-3’). 
To facilitate sequencing, a sequencing connector was 
added to the end of the primers, and PCR amplification 
was performed. The resulting products underwent puri-
fication, quantification, and homogenization to generate 
sequencing libraries. These libraries were then subjected 
to quality control assessment, and only the ones that met 
the quality standards were selected for sequencing using 
the Illumina NovaSeq PE250 sequencing platform, per-
formed by Metware Biotechnology Co., Ltd. (Wuhan, 
China). High-quality reads suitable for bioinformatics 
analysis were carefully chosen. All valid reads from each 
sample were then grouped into operational taxonomic 
units (OTUs) using a 97% sequence similarity thresh-
old. To evaluate the variation between the experimen-
tal groups (β-diversity), Principal Component Analysis 
(PCA) plots were utilized. Additionally, linear discrimi-
nant analysis coupled with effect size (LEfSe) was carried 
out using LEFSE software.

Untargeted metabolomics
Metabolomics of collected fecal samples was performed 
by LC-MS/MS. Taken 200  mg of lyophilized feces and 
added to 4 mL of ultrapure water, then vortexed well for 
30  s. Added 1 mL of ice-cold MeOH and H2O (80:20) 
mixture, vortexed for 1  min, centrifuged the mixture at 
13,000 g for 10 min. The supernatant was collected and 
passed through a polyamide filter (25  mm, pore size 
0.45  μm), diluted with water (1:3) and transferred to a 
glass vial for LC-MS/MS detection. Pooled 10 µL aliquots 
from each sample to create a composite quality control 
sample for metabolomic analysis.

An ultra-high-performance liquid chromatography 
system (Ultimate 3000, Thermo Fisher Scientific, USA) 
was employed, and the analysis was carried out with a 
high-resolution tandem electrostatic field Orbitrap mass 
spectrometer (QE Plus, Thermo Fisher Scientific). The 
Compound Discoverer 3.2 software facilitated the chro-
matographic peak identification, alignment, and nor-
malization processes, yielding files that included m/z 
values, retention times (Rt), and peak areas for subse-
quent analysis. PCA of the collected data, differential 
metabolite screening and pathway enrichment were done 
by metaboanalyst 6.0. Differential metabolites between 
groups were screened using VIP > 1.0 and p < 0.05 as 
threshold.

Statistical analysis
Statistical analysis was performed with Prism version 7 
(GraphPad Software Inc., USA). Values are presented 
as mean ± SEM. Data were compared by Student’s t test, 
and one-way ANOVA or two-way ANOVA followed by 

Tukey’s multiple comparisons test. Differences between 
groups with P < 0.05 were considered significant.

Results
The reduced serum acetate levels in SHRs
To explore the potential role of SCFAs in the develop-
ment of hypertension, SCFAs levels in the feces, blood 
and cerebrospinal fluid of WKY rats and SHRs were ana-
lyzed. We found no statistically significant difference in 
stool SCFAs between WKY rats and SHRs (Fig.  1A, B). 
Serum total SCFAs were significantly lower in SHRs 
than in WKY rats (Fig. 1A), with acetic acid (Fig. 1C) and 
caproic acid (Fig. 1C) being significantly lower. Concen-
trations of butyric acid, isovaleric acid and valeric acid in 
cerebrospinal fluid were significantly higher in SHRs than 
in WKY rats (Fig. 1D), whereas total SCFAs did not differ 
between the two groups of rats (Fig. 1A).

Acetate decreased ABP in SHRs
To observe the effect of acetate on ABP in SHRs, rats were 
given acetate in their drinking water and blood pressure 
was measured using the radiotelemetry daily (Fig.  2A). 
Acetate concentrations in feces, blood, and cerebro-
spinal fluid were elevated by approximately 25% after 7 
days of acetate treatment in both WKY rats and SHRs 
(Fig. 2B, C). However, the other types of SCFAs were not 
affected (Figure S1). To clarify whether circulating ace-
tate can cross the BBB, we injected Cy5-labeled acetate 
intravenously. After perfusion, fluorescent signals were 
observed in brain tissue only (Fig.  2D), and the results 
suggested that acetate can enter brain tissue through the 
BBB. It has been shown that acetate promotes obesity in 
rodents by increasing their food intake [30]. We therefore 
observed the effect of acetate treatment on the intake and 
body weight of rats. We found acetate had no significant 
effect on body weight (Figure S2A) or dietary intake (Fig-
ure S2B), but significantly increased water intake (Figure 
S2C) and urine output (Figure S2D), with no significant 
difference between the two strains of rats.

We found acetate treatment decreased SBP (Fig.  2E) 
and DBP (Fig. 2F) in SHRs but did not alter blood pres-
sure in WKY rats. In addition, acetate had no significant 
effect on HR in both groups of rats (Fig. 2G). Moreover, 
we performed telemetric monitoring of 24-hour ambu-
latory ABP in SHRs after 7 days of acetate administra-
tion. Consistently, acetate decreased the 24-hour SBP 
(Fig. 2H) and DBP (Fig. 2I) in SHRs, with no significant 
effect on HR (Fig. 2J). To clarify whether the antihyper-
tensive effect of acetate is associated with altered auto-
nomic function, we examined plasma levels of NE, and 
analyzed the response of HR or MAP to partial blockade 
of the autonomic functions using pharmacological meth-
ods. Plasma NE levels were elevated in SHRs compared 
to WKY rats, indicating sympathetic overactivation 
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(Fig.  2K). Plasma NE concentrations were significantly 
lower in the acetate-treated SHRs than in the control 
SHRs (Fig. 2K). Furthermore, robust elevation of HR was 
observed upon intraperitoneal administration of atro-
pine, with no significant variation observed among the 
four groups (Fig.  2L). Intraperitoneal administration of 
propranolol resulted in a reduction of HR, with a lower 
degree of effect observed in the acetate-treated group 
compared to the respective control group in both geno-
types (Fig.  2M). In the presence of hexamethonium, a 
more significant decrease in blood pressure was observed 
in SHRs compared to WKY rats (Fig. 2N). Additionally, 
within both genotypes, the acetate-treated group dis-
played a smaller decrease in magnitude when compared 
to their respective control group (Fig.  2N). Collectively, 
these findings indicate an acetate-dependent sympa-
thovagal regulation characterized by decreased sympa-
thetic drive and unaltered parasympathetic activity in 
SHRs.

Acetate inhibits neuroinflammation in RVLM in SHRs
To clarify whether the acetate-induced inhibition of sym-
pathetic activity in SHRs is related to the RVLM, a cru-
cial brainstem nucleus involved in regulating sympathetic 
activity, we quantified the number of activated RVLM 
neurons labeled with c-Fos by immunofluorescence stain-
ing (Fig.  3A). There were no differences in the number 
of NeuN+, TH+, or TH+c-Fos+ neurons among the four 
groups of rats (Fig. 3B–D). The number of NeuN+c-Fos+ 
neurons was significantly increased in SHRs compared 
to WKY rats and significantly decreased after acetate 
treatment (Fig.  3E). Furthermore, we employed qPCR 
to assess the expression levels of inflammatory factors 
in RVLM tissues to elucidate the potential association 
between alterations in RVLM neuronal excitability and 
neuroinflammation. It was found that Il1b, Il6 and Tnf 
mRNA levels were up-regulated in SHRs compared to 
WKY rats (Fig.  3F–H), and down-regulated in acetate-
treated SHRs compared to control SHRs (Fig.  3F–H). 
These findings suggest that acetate can effectively inhibit 
neuroinflammation and attenuate the hyperactivation of 
neurons in the RVLM in SHRs.

Acetate regulates microglia morphological changes in 
SHRs
Microglia and astrocytes in the central nervous system 
are potential mediators in neuroinflammation [31]. To 
assess the involvement of microglia in neuroinflamma-
tion, we quantified numbers and morphological com-
plexity of microglia in RVLM using confocal microscopy 
on IBA1+ stained sections respectively (Fig.  4A). In 
RVLM, the densities of IBA1+ microglia were lower in 
SHRs compared to WKY rats (Fig. 4B), while in acetate-
treated SHRs, they were higher compared to control Fi
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SHRs (Fig.  4B). There were no significant differences in 
the soma size (Fig. 4C) or numbers of branches (Fig. 4D) 
among the four groups of rats. Further analysis of 
microglial morphology indicated that SHRs had shorter 
branch reaches (Fig.  4E) and decreased average branch 
length (Fig.  4F) compared to WKY rats. Moreover, we 

found that alterations in microglia morphology in SHRs 
occurred as early as 5 weeks of age before the onset of 
hypertension (Figure S3-4). However, acetate-treated 
SHRs displayed longer maximum branch length and aver-
age branch length compared to control SHRs (Fig. 4E, F). 
The morphological analysis of microglia indicated a more 

Fig. 2  Acetate reduces arterial blood pressure (ABP) in SHRs. A, schematic diagram for implant operation and acetate treatment. B-C, increased acetate 
levels in feces, serum and cerebrospinal fluid of WKY rats and SHRs after 1 week of acetate treatment. n = 5 for each group. D, fluorescent signals detected 
in brain tissues after intravenous injection of Cy5-labeled acetate in WKY rats. E-G, acetate treatment reduces SBP and diastolic blood pressure (DBP) 
without altering heart rate (HR) in SHRs. n = 7 for each group. H-J, effects of acetate treatment for 1 week on 24-h ambulatory blood pressure in SHR rats. 
n = 10 for each group. K, 1-week acetate treatment reduced serum norepinephrine levels in SHRs. n = 8 for each group. L, tachycardic response induced 
by intraperitoneal injection of atropine; M, propranolol-induced bradycardia response; N, hypotensive effect induced by hexamethonium. n = 5 for each 
group. * P < 0.05, ** P < 0.01, *** P < 0.001, **** P < 0.0001
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branched morphology in WKY rats compared to SHRs 
(Fig.  4G), as shown by the area under the curve (AUC) 
of the Sholl analysis (Fig.  4H). Additionally, the SHRs 
treated with acetate exhibited an even more elaborate 
microglia morphology compared to the control SHRs 
(Fig. 4G, H).

Acetate regulates astrocyte morphological performance in 
SHRs
Because astrocytes are influenced by microglia in neu-
roinflammation [32], we analyzed the number and mor-
phology of astrocytes (Fig.  5A). Firstly, the number and 

morphology of astrocytes in juvenile SHR were not sig-
nificantly different from those of age-matched WKY 
rats (Figure S5). In adult rats, we found that the density 
(Fig.  5B) and morphological complexity (Fig.  5G, H) of 
astrocytes were reduced in SHRs compared to WKY rats, 
and which was significantly increased in acetate treated 
SHRs compared to control SHRs. More specifically, it 
was observed that SHRs exhibited shorter longest branch 
lengths (Fig.  5E) and shorter average branch lengths 
(Fig.  5F) compared to WKY rats. However, in SHRs 
treated with acetate, there was a significant increase 
in longest branch lengths and average branch lengths 

Fig. 3  Acetate inhibited neuroinflammation in rostral ventrolateral medulla (RVLM) in SHRs. A, immunofluorescence photomicrographs showing triple 
labelling of c-Fos (red), tyrosine hydroxylase (TH, green) and neuronal nuclei (NeuN, white) in RVLM (bregma: −12.3 mm) of each group. B-E, the number 
of NeuN+, TH+, TH+c-Fos+ and NeuN+c-Fos+ neurons in each group. F-H, relative expression of inflammatory factors such as interleukin 1 beta (Il1b), inter-
leukin 6 (Il6) and tumor necrosis factor (Tnf) mRNA in the RVLM of rats in various groups by qPCR. n = 5 for each group. * P < 0.05, ** P < 0.01, *** P < 0.001
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compared to the control SHR group (Fig. 5E, F). No dif-
ferences were found in soma size or branches number 
among the four groups of rats (Fig. 5C, D). The observa-
tion revealed a decreased morphological complexity of 
microglia and astrocytes in the RVLM of SHRs compared 
to WKY rats. However, acetate treatment resulted in an 
increase in microglia and astrocytes morphological com-
plexity in SHRs.

Acetate improves BBB integrity in SHRs
Disruption of the BBB is frequently observed in neuro-
inflammatory neurological disorders [33]. Astrocytes 
are involved in the composition of the BBB, and microg-
lia regulate the integrity of the BBB [34]. To observe the 

effect of acetate on BBB permeability in SHRs, Evans 
blue dye was intravenously injected into rats. Evans blue 
leakage was obviously observed in the brain tissues of 
SHRs (Fig. 6A), indicating an increased BBB permeabil-
ity in hypertensive rats. Quantitative data showed that 
the brains of the SHRs displayed an approximately 60% 
increase in the OD620 value than WKY rats (Fig.  6B), 
which was decreased after acetate treatment (Fig.  6B). 
To further confirm the increased BBB permeability in 
SHRs, we intravenously injected the rats with the BBB-
impermeable fluorescent Cy5-Dextran tracer (10-kDa), 
and examined by in vivo imaging technique (Fig.  6C). 
Similarly, SHRs have an increased fluorescence intensity 
in brain than WKY rats (Fig. 6D). And the fluorescence 

Fig. 4  Acetate regulation of microglia morphology in the RVLM of SHRs. A, illustrative figures showcasing the expression of ionized calcium-binding 
adapter molecule 1 (IBA1) in the RVLM (top panes), along with photomicrographs of distinct IBA1-positive microglia (middle panes), accompanied by 
their respective traced contours in the lower panels (bottom panes). B-F, quantification of the density, soma size, number of branches, the maximal and 
average branches length of IBA1+ microglia. G, a non-linear curve fitting represents the average count of microglial branch intersections per 10 μm incre-
ment away from the cell body, as determined through Sholl analysis. H, the total area under the curve (AUC) of individual microglia, derived from Sholl 
analysis. n = 5 for each group. * P < 0.05, ** P < 0.01, *** P < 0.001
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intensity in acetate treated SHRs was significantly 
decreased compared to control SHRs (Fig. 6D). Morpho-
logically, we utilized transmission electron microscopy to 
investigate the ultrastructure of tight junctions (Fig. 6E). 
Our findings revealed that WKY rats exhibited intact 
tight junctions, while SHRs had widened gaps at the tight 
junctions. Additionally, acetate-treated SHRs exhibited 
narrowed gaps at the tight junctions in comparison to the 
control SHRs. The results suggest that acetate treatment 
partially ameliorated the elevated BBB permeability in 
SHRs.

Acetate improves gut dysbiosis in SHRs
We conducted 16  S rRNA sequencing to examine the 
effects of acetate on the changes of gut microbiota in 
SHRs, given that it contributes to the development of 
hypertension. There was no significant difference in 
Chao1 richness between groups (Fig. 7A). The Shannon 
diversity showed a significant increase in SHRs com-
pared to WKY rats (Fig. 7B). However, acetate treatment 
restored the changes in SHRs (Fig.  7B), suggests that 
acetate regulates α-diversity of the intestinal microbiota 
in SHRs. In addition, the PCA revealed a distinct clus-
tering of the microbiota composition, as evidenced by 
the β-diversity (Fig.  7C). We then identified the relative 

Fig. 5  Effect of acetate on the morphology of astrocytes in the RVLM of SHRs. A, representative images displaying glial fibrillary acidic protein (GFAP) 
expression in the RVLM were presented in the top panels, the middle panels feature micrographs of individual GFAP-positive astrocytes, while the traced 
outlines of these cells were displayed in the bottom panels. B-F, assessment of GFAP-positive astrocytes characteristics such as cell density, size of soma, 
count of branches, and both the longest and average lengths of the branches. G, a non-linear curve fitting illustrates the average frequency of branch 
intersections per 10 μm from the astrocytes cell soma, as calculated using Sholl analysis. H, the AUC ascertained from Sholl analysis for individual astrocyte. 
n = 5 for each group. * P < 0.05, ** P < 0.01, *** P < 0.001, **** P < 0.0001
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abundance of bacteria at the phyla and genera levels (Fig-
ure S6). To clarify whether the reduced serum acetate of 
SHRs is related to the intestinal flora, we analyzed the 
abundance of acetate-producing bacteria according to 
the literature [35]. There was a significant decrease in 
acetate-producing bacterial communities in SHRs com-
pared to WKY rats (Fig. 7D). While propionate-, butyr-
ate- and lactate-producing bacteria levels remained 
stable in SHRs (Fig.  7E–G). Additionally, the adminis-
tration of acetate significantly amplified the population 
of propionate- and lactate-producing bacteria in SHRs 
(Fig. 7E and G).

To determine whether the reduction of acetate-pro-
ducing bacteria of SHRs was a secondary response to 
high ABP, we examined the gut microbiota of 5-week-
old juvenile SHRs and age-matched WKYs. No differ-
ence was found in Chao1 richness or Shannon diversity 

between the two groups (Fig. 7H and I), suggesting that 
α-diversity was not significantly different between the 
two groups. The β-diversity was comparative analysis by 
PCA (Fig.  7J), and the relative abundance of bacteria at 
the phyla and genera levels was identified (Figure S7). 
Compared to juvenile WKYs, the relative abundances of 
acetate-producing bacteria were increased (Fig. 7K), pro-
pionate- and lactate-producing bacteria were decreased 
(Fig.  7L and N), butyrate-producing bacteria levels was 
unchanged in juvenile SHRs (Fig. 7M). These results sug-
gest that SCFAs-producing bacteria in the gut microbes 
of juvenile and adult SHRs are differentiated.

Effects of acetate on fecal metabolomics in SHRs
To explore the association between the impact of acetate 
on gut microbiota and alterations in the metabolome, 
we carried out an untargeted metabolomic analysis of 

Fig. 6  Acetate reduces blood-brain barrier (BBB) permeability in SHRs. A, assessment of BBB permeability by injection of Evans blue dye. B, OD620 read-
ings of the brain tissues following Evans blue dye injection. C, application of small animal imaging to assess BBB permeability by injection of Cy5-Dextran 
(10 kDa). D, the relative Epi-fluorescence of brains in each group rats. n = 4 for each group. * P < 0.05, ** P < 0.01.E, transmission electron microscopic 
observation of vascular endothelial tight junction structure in the medulla of rats. The tight junctions between capillary endothelial cells are indicated 
by the arrows
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fecal specimens. PCA revealed that the fecal metabo-
lomes differed significantly across the four rat cohorts 
(Fig.  8A). Among the 827 metabolites identified, 147 
exhibited differences between SHR and WKY rat strains, 
with 28 metabolites upregulated in SHRs and 119 down-
regulated (Fig.  8B, C). Pathway analysis (referenced to 
the small molecule pathway database, SMPDB) indicated 
an upregulation of the estrone metabolism pathway and 
downregulation of the steroidogenesis, trehalose degra-
dation, bile acid biosynthesis, vitamin B6 metabolism, 
catecholamine biosynthesis, caffeine metabolism, gluta-
mate metabolism, pyrimidine metabolism and tyrosine 
metabolism pathways in SHRs compared to WKY rats 
(Fig.  8D). Among the metabolites resolved in acetate-
treated SHRs, 54 showed differences compared to control 
SHRs, with 35 being up-regulated and 19 down-regulated 
(Fig. 8E, F). Pathway enrichment analysis of these differ-
ential metabolites primarily revealed an up-regulation of 
the sphingolipid metabolism, homocysteine degradation, 

phosphatidylethanolamine biosynthesis, selenoamino 
acid metabolism, ammonia recycling, methionine metab-
olism, glycine and serine metabolism and bile acid bio-
synthesis pathways in acetate-treated SHRs compared to 
control SHRs (Fig. 8G). The findings suggest that acetate 
treatment may substantially enhance the abundance of 
gut microbiota-derived metabolites in SHRs.

Acetate prevented colonic pathology in SHRs
Research has demonstrated a link between intestinal 
pathology and hypertension [36]. Therefore, we inves-
tigated the impact of acetate supplement on both the 
pathological conditions and the permeability of the 
colon in SHRs (Fig.  9A). There were no significant dif-
ferences in the thickness of the colonic smooth muscle 
layer (Fig. 9B), the villi length (Fig. 9C), or the number of 
goblet cells/villi (Fig. 9D) between WKY rats and SHRs. 
Furthermore, these parameters remained unchanged 
after acetate treatment. The fibrotic area was significantly 

Fig. 7  Acetate modulation of the gut microbiota in SHRs. A-B, α-diversity of gut microbiota detected by 16 S rRNA sequencing. C, the principal compo-
nent analysis (PCA) based β-diversity depicts the clustering of gut microbial communities across various groups. D-G, effect of acetate supplementation 
on the relative abundance of acetate-, propionate-, butyrate- and lactate-producing bacteria in rats. n = 5 for each group. H-I, α-diversity of gut microbiota 
in 5-week-old juvenile SHRs (j-SHRs) and age-matched WKY rats (j-WKYs). J, PCA analysis of β-diversity in the intestinal flora of juvenile rats. K-N, relative 
abundance of acetate-, propionate-, butyrate- and lactate-producing bacteria in juvenile rats. n = 6 for each group. * P < 0.05, ** P < 0.01, *** P < 0.001, **** 
P < 0.0001
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larger in SHRs compared to WKY rats (Fig.  9E), and it 
showed a significant reduction following treatment with 
acetate (Fig.  9E). Colonic permeability was markedly 
reduced in SHRs in comparison to WKY rats (Fig.  9F); 
however, acetate treatment did not produce a significant 
impact on colonic permeability in either group.

Discussion
In the present study, we demonstrated serum SCFAs and 
acetate were significantly lower in SHRs than in normo-
tensive control rats. Supplementation of acetate with 

drinking water lowered ABP in SHRs, inhibited neuro-
inflammation in the RVLM, modulated microglia and 
astrocyte morphology, decreased BBB permeability, 
improved gut microbiota dysbiosis, regulated the metab-
olites of intestinal flora and reduced intestinal fibrosis.

Imbalances in the gut microbiota are intricately linked 
to the emergence and progression of hypertension [37], 
yet the exact mechanisms remain elusive. Numerous 
clinical studies in recent years have consistently shown 
that the microbial composition of hypertensive indi-
viduals deviates markedly from that of normotensive 

Fig. 8  Acetate significantly increased intestinal flora metabolites in SHRs. A, PCA analysis showing spatial division for the fecal metabolome. B, the volca-
no plot graph of altered metabolites in control WKY rats and SHRs. C, the heatmap displays the top 25 metabolites with significant differential abundance 
between control WKY rats and SHRs. D, bubble plot showing the differential metabolic pathways analysis of fecal metabolites in control WKY rats and 
SHRs. E, the volcano plot illustrates the profile of metabolites altered in SHRs treated with acetate compared to control SHRs. F, the heatmap depicts the 25 
most significantly differentially abundant metabolites when comparing acetate treatment SHRs to control SHRs. G, the bubble plot presents an analysis 
of the differential metabolic pathways associated with fecal metabolites in SHRs treated with acetate versus control SHRs
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subjects [38–40]. Additionally, evidence from fecal trans-
plant experiments, where flora from hypertensive donors 
induced blood pressure rises in mice [10], hints at a 
potential connection, but a definitive causal link between 
gut microbiota imbalances and hypertension has yet 
to be established. In various animal models, hyperten-
sion that arose through disparate mechanisms was each 
accompanied by gut microbial imbalances [11–13, 41], 
hinting that such dysbiosis might either be a universal 
pathway to hypertension or a subsequent effect of the 

condition. Hypertension is known to decrease intesti-
nal blood flow [36], disrupt immune function [42], and 
trigger structural and functional changes within the gut 
[43], all of which can negatively impact the microbial 
landscape. And by fostering detrimental bacterial growth 
or diminishing beneficial species, which is a caveat 
noted in studies involving fecal transplants. Our current 
research observed notable differences in the gut micro-
biota composition of juvenile SHRs (prior to the develop-
ment of high blood pressure) compared to age-matched 

Fig. 9  Acetate inhibits colonic tissue fibrosis in SHRs. A, representative micrographs from hematoxylin-eosin (HE) and Masson’s trichrome staining assays 
of the colonic tissues. Quantitative analysis of the thickness of the muscular layer (B), villi length (C) and goblet cells/villi (D) on HE-stained sections of the 
colon. n = 10 for each group. E, quantitative analysis of fibrotic area on Masson’s-stained sections of the colon. n = 6 for each group. F, the permeability of 
the colonic mucosa to the bloodstream was evaluated by measuring the plasma concentration of FITC-dextran (4 kDa). n = 4 for each group. * P < 0.05, 
** P < 0.01

 



Page 15 of 17Yin et al. Journal of Neuroinflammation          (2024) 21:101 

normotensive WKY rats. Intriguingly, these differences 
were distinct from those observed in adulthood between 
the two groups. These findings suggest that alterations 
in gut microbiota could be a driving force in the onset 
or advancement of hypertension and that the condition 
of hypertension may further aggravate gut microbiota 
imbalances.

SCFAs are significant metabolites produced by gut 
microbiota, predominantly derived from the fermenta-
tion of dietary fibers. Notably, SCFA concentrations are 
substantially reduced in germ-free mice [44], indicating 
a reliance on gut flora for production. While hyperten-
sive individuals exhibit an altered gut microbial composi-
tion, existing literature presents varied findings regarding 
SCFA levels in such patients [23–26]. This inconsistency 
may partly stem from the fact that SCFAs are highly 
dependent on dietary intake. Additionally, SCFA absorp-
tion through epithelial cell transport, together with fecal 
and urinary excretion, and the presence of SCFA-pro-
ducing gut bacteria, influence SCFA levels in the blood-
stream. In present study, we found significantly reduced 
serum acetate levels in SHRs compared to WKY rats. 
This finding is consistent with lower levels of acetate-
producing bacteria in the intestines of SHRs, as observed 
in both our current and previous studies [11]. Our juve-
nile SHRs cohort, though not tested for blood acetate 
levels, displayed an increase in intestinal acetate-pro-
ducing bacteria. From these observations, we hypoth-
esize that the diminished serum acetate in adult SHRs 
arises from hypertension-induced shifts in the intestinal 
microenvironment. Such changes may affect the bacte-
rial composition and lead to a reduction in acetate-pro-
ducing bacteria, consequently lowering acetate levels. 
Yet, these hypotheses warrant further investigation for 
confirmation.

A growing compilation of findings from various clini-
cal studies increasingly supports the hypothesis that dis-
turbances in gut microecology could influence the risk 
and progression of a range of neurological disorders, 
such as Alzheimer’s disease, Parkinson’s disease, multiple 
sclerosis, and autism spectrum disorders [45]. The com-
munication between gut microbes and the brain occurs 
through numerous ways, including the autonomic and 
enteric nervous systems, the immune response, and the 
release of metabolites like SCFAs. While earlier animal 
studies have indicated that SCFAs, including acetate, pro-
pionate and butyrate, can lower blood pressure in mod-
els of hypertension [27, 46, 47], the focus has primarily 
been on how they affect the peripheral mechanisms, 
leaving the central mechanisms largely unexplored. In 
our current research, we have uncovered an innovative 
mechanism by which the SCFAs acetate exerts antihyper-
tensive effects. This mechanism involves the regulation of 
microglia and astrocytes to dampen neuroinflammation, 

which in turn diminishes sympathetic nervous system 
activity and lowers blood pressure. Recent research evi-
dence demonstrated that microglia possess receptors for 
SCFAs (GPR41), suggesting a potential pathway for their 
regulatory influence [48]. Overall, our findings shed new 
light on the intricate interplay between the gut microbi-
ome and the nervous system.

In summary, our research indicates that hyperten-
sion may induce or intensify intestinal dysbiosis, leading 
to changes in the concentrations of SCFAs and acetate. 
Acetate has been observed to influence the morphology 
and functionality of microglia and astrocytes, reduce 
neuroinflammation and sympathetic efferent activity, and 
promote hypotensive responses. Subsequent studies are 
encouraged to delve deeper into the processes through 
which acetate affects microglial and astrocytic regulation.
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