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Non‑alcoholic fatty liver disease enhances 
the beneficial effect of renal denervation on gut 
microbiota aberrations in rats with heart failure
Fuyan Chen1†, Zhiqin Guo2†, Yufeng Chen3, Shun Li2 and Pingan Chen1*    

Abstract 

Background  Renal denervation (RDN) contributes to improving cardiac function by ameliorating aberrations 
of the gut microbiota, and non-alcoholic fatty liver disease (NAFLD) is associated with gut microbiota dysbiosis 
and is critically involved in the development of heart failure (HF). It is unclear whether the beneficial effect of RDN 
on gut microbiota in HF can be affected by NAFLD and whether this effect changes with the severity of NAFLD.

Methods  HF Sprague Dawley rats induced by transverse aortic constriction were fed a high-fat-fructose diet 
and underwent RDN, and sequencing of 16S rRNA gene in fecal samples was detected.

Results  The dissimilarity coefficients and sample distances of the intestinal microbiome were elevated in HF rats 
with NAFLD. After RDN, HF rats with NAFLD had fewer bacteria harmful to cardiac function, such as Alphaproteo-
bacteria, Bacteroidota and Prevotella-9, and more bacteria beneficial to HF, such as Monoglobaceae, Proteobacteria 
and Monoglobales, than HF rats without NAFLD (all p < 0.05). This tendency also existed but was much less significant 
when compared between HF rats with non-alcoholic steatohepatitis (NASH) and without NAFLD. Predictive functional 
profiling of microbial communities revealed that after RDN, the abundance of membrane transport, environmental 
and genetic information processing was significantly higher, and glycan biosynthesis and metabolism was signifi-
cantly lower in HF rats with NAFLD than in those without NAFLD.

Conclusion  NAFLD could further enhance the beneficial role of RDN in mitigating gut microbiota aberrations 
in HF rats by increasing beneficial bacteria and decreasing bacteria harmful to cardiac function, but this effect 
was not apparent in NASH rats.
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Introduction
Heart failure (HF) is the end stage of various heart dis-
eases [1], and a growing array of studies shows that 
abnormalities in the gut microbiota and gut dysfunction 
are important factors in the development of heart failure 
[2, 3]. Renal denervation (RDN) is a potential approache 
for HF treatment by downregulating sympathetic nerve 
activity [4]. Furthermore, inhibiting the renin-angio-
tensin system [5], restoring neuronal nitric oxide syn-
thase [6] and balancing the gut microbiota [7] are other 
important mechanisms by which RDN improves cardiac 
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function in addition to modulating sympathetic nerve 
activity. Our previous study also showed that RDN could 
ameliorate aberrations of the gut microbiota in HF rats 
[8]. Therefore, the alteration of the intestinal microbiota, 
especially by increasing beneficial bacteria and decreas-
ing harmful bacteria to cardiac function, may also be one 
of the mechanisms by which RDN could improve HF [9].

Non-alcoholic fatty liver disease (NAFLD), which 
encompasses two pathological processes: namely, benign 
steatosis and steatohepatitis [10], is a major risk factor for 
HF and other cardiovascular diseases. NAFLD is associ-
ated with alterations in myocardial structure or function, 
which are thought to play an important role in the pro-
gression of HF [11, 12]. It has been shown that the devel-
opment of NAFLD involves abnormal sympathetic nerve 
activity [13], and in NAFLD, the gut flora becomes dysbi-
otic, which can further contribute to NAFLD progression 
and the deterioration of HF [14]. These findings suggest 
that there is implied relationship between gut micro-
biota, NAFLD and RDN in HF. However, it is unclear 
whether the pattern and degree of the impact of RDN on 
ameliorating aberrations of the gut bacteria in HF can be 
altered in the presence of NAFLD.

This study was conducted to explore the changes in the 
gut microbiota in HF rats with NAFLD and to investigate 
the impaction of NAFLD, including different degrees of 
NAFLD, on the role of RDN in ameliorating aberrations 
of the gut microbiota in HF rats.

Methods
Animal grouping
Sprague-Dawley rats (weighing 70–100 g, 3 weeks old) 
were obtained from Guangdong Medical Experimen-
tal Animal Center (Foshan, China) and housed under 
a 12-h light-dark cycle with free access to food and 
water. After acclimatization for one week, the rats were 
assigned to six groups as follows: (1) the control group 
(Control, n = 6): regular diet, sham transverse aortic con-
striction (TAC) and sham RDN; (2) the NF. RDN group 
(HF+RDN, n = 4): regular diet, TAC and RDN; (3) the 
F. NRDN group (NAFLD+HF, n = 5): high-fat-fructose 
diet (60% kcal as fat, GD60, D12492, Guangdong Medi-
cal Experimental Animal Center, Foshan, China, with 
30% w/v fructose in water, MB2500, Meilunbio, Jiayan 
Biotech Co., Ltd, Guangzhou, China) for 12 weeks, fol-
lowed by TAC and sham RDN; (4) the F. RDN group 
(NAFLD+HF+RDN, n = 4): high-fat-fructose diet for 12 
weeks, followed by TAC and RDN; (5) the FF. RDN group 
(NASH+HF+RDN, n = 4): high-fat-fructose diet for 16 
weeks, followed by TAC and RDN; (6) the TF. RDN group 
(NAFLD+HF+RDN+UDCA, n = 5): high-fat-fructose 
diet for 12 weeks, followed by TAC, RDN and treatment 
with ursodeoxycholic acid (UDCA, 60 mg/kg/d, 6 weeks 

after RDN. Losan Pharma GmbH, Neuenburg, Germany) 
for 1 week (Supplemental Figure S1).

Construction of the heart failure model
TAC was performed as described in our previous study 
[9]. The rats (8 weeks old) were anesthetized with 2% 
pentobarbital sodium (30 mg/kg, intraperitoneally 
injected) and underwent TAC surgery by constricting the 
abdominal aorta. Sham TAC rats underwent the same 
surgical procedure described as above, but abdominal 
aortic narrowing was not performed.

Renal denervation
Eight weeks after TAC, the rats were subjected to RDN as 
previously described [9]. The rats were anesthetized with 
2% pentobarbital sodium (30 mg/kg, intraperitoneally 
injected). After isolation from the surrounding tissue, the 
renal arteries were subsequently ablated with 10% phe-
nol in absolute alcohol to ablate the sympathetic nerves. 
Saline, rather than phenol, was used to ablate the renal 
sympathetic nerves in sham RDN rats.

Establishment of the model of non‑alcoholic fatty liver 
disease
At the fourth week of age, the rats were fed a high-fat 
diet (60% kcal as fat) with 30% w/v fructose in water for 
12 weeks to develop NAFLD model, and for 16 weeks to 
develop non-alcoholic steatohepatitis (NASH) model as 
previously described [15–17].

Collection and extraction of fecal samples
At the 2nd week after UDCA or vehicle administration, 
the rats were sacrificed by an overdose of pentobarbital 
sodium (100 mg/kg). Formed feces in the distal colon 
were collected by opening abdomen. The fresh fecal sam-
ples were immediately removed into a liquid nitrogen 
tank, and then stored at −80°C until further processing. 
The above process was aseptic throughout. The CTAB/
SDS method [8, 18, 19] was adopted to extract all of the 
genomic DNA from the samples, and the genomic DNA 
sample was diluted to 1 ng/μl using sterile water. Mean-
while, the liver and lung were obtained and weighted.

16S rRNA sequencing
16S rRNA sequencing was performed [8, 9, 18], and the 
V4 region of 16S rRNA gene was analyzed. The specific 
primers 515 F (5‘-GTG​CCA​GCMGCC​GCG​GTAA-3’) 
and 806R (5‘-GGA​CTA​CHVGGG​TWT​CTAAT-3’) with 
barcodes were adopted to amplify the 16S rRNA genes. 
After obtaining the target fragment, gel electrophore-
sis was carried out to detect the amplification effect and 
the size of the target fragment. Then the amplification 
product obtained was subjected to library construction, 
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and the library was sequenced using high-throughput 
sequencing technology. Then, the reads were quality 
controlled to get clean reads. All the effective reads of 
the samples were clustered into operational taxonomic 
units (OTUs) with 97% identity. All samples were nor-
malized, and alpha and beta diversity were analyzed. 
Species annotation was performed based on the small 
subunit rRNA (SSU rRNA) database, and the community 
composition of each sample at different taxonomic levels 
was analyzed. Kyoto Encyclopedia of Genes and Genome 
(KEGG) pathway analyses were used to predict function 
based on bacterial 16S sequencing data by Tax4 Fun.

Echocardiography
As described previously [18], transthoracic echocardi-
ography was performed using Vevo 2100 (Toronto, ON, 
Canada) imaging system with a 15 Mhz to 30 Mhz lin-
ear array transducer and two-dimensional M-mode. 
Rats were anesthetized with 3% isoflurane-oxygen and 
positioned supine. Anesthesia efficacy was confirmed by 
diminished limb muscle tone, and anesthesia was main-
tained with 2% isoflurane-oxygen. Parasternal short-axis 
and long-axis view were observed. The following param-
eters were measured and collected: left ventricular end-
diastolic volume and diameter (LVVd and LVDd), left 
ventricular end-systolic volume and diameter (LVVs and 
LVDs), and mitral valve E and A velocity. Left ventricu-
lar ejection fraction (LVEF, %) were calculated using the 
equation respectively: LVEF = 100×(LVVd - LVVs)/LVVd. 
All echocardiographic measurements were performed 
blinded to grouping and validated by an independent 
investigator.

Hematoxylin eosin and Masson’s staining
Paraffin embedded rat liver slices (4 μm) were depar-
affinized in xylene and rehydrated with graded ethanol 
series. Slices were stained with hematoxylin and eosin 
or Masson’s trichrome according to standard protocols. 
After air drying, observe the sections under an optical 
microscope to evaluate hepatic cell degeneration and the 
degree of fibrosis.

Oil red O staining
Rat liver tissues were embedded and sectioned into fro-
zen slices (8 μm). Sections were rinsed with 60% isopro-
panol, stained with Oil Red O working solution for 10 
minutes, and washed again with 60% isopropanol. Nuclei 
were counterstained with hematoxylin for 5 minutes. 
Sections were then examined under a light microscope to 
evaluate hepatocyte steatosis.

Statistical analysis
Alpha diversity was represented by Chao1 and Shan-
non indexes. Principal co-ordinates analysis (PCoA) 
based on the weighted or unweighted UniFrac distance, 
and non-metric multidimensional scaling (NMDS) were 
performed using R software to describe beta diversity. 
To determine the differences in microbial communi-
ties between groups, analysis of similarity (ANOSIM) 
and analysis of molecular variance (AMOVA) were car-
ried out. The differences in individual taxonomy between 
groups were analyzed by Metastats (http://​metas​tats.​
cbcb.​umd.​edu/). The statistically different biomarkers in 
the different groups were quantitatively analyzed by lin-
ear discriminant analysis effect size (LEfSe). Wilcoxon 
rank sum test analysis was used to test data that did not 
conform to a normal distribution between two groups. 
Welch’s t-test analysis was used to test data with different 
variances between two groups and detect bacterial com-
munities with significant differences between two groups 
more accurately. p values were two-sided and considered 
significant when p < 0.05. Statistical analysis was per-
formed using SPSS software (SPSS version 20.0).

Results
The composition of the gut microbiota varied 
among the different groups
Compared with the control group, rats in the F.RDN (rats 
with NAFLD) and FF.RDN (rats with NASH) groups had 
higher body weight, and the body weight of rats in the 
FF.RDN group was greater than that in the F.RDN group 
(Supplemental Fig. S2 A). Furthermore, compared with 
the control group, rats in the FF.RDN group had higher 
liver index (liver weight/bodyweight × 100%) (p<0.05). 
The liver index of the F.RDN group was also higher than 
that of the control group, though the difference was not 
significant (Supplemental Fig. S2 B). As shown in Sup-
plemental Figure S3, HE staining of liver showed that rats 
with NAFLD (including the F.NRDN, F.RDN, FF.RDN 
and TF.RDN groups) exhibited characteristic hepato-
cyte ballooning and disrupted hepatic cord architecture 
compared with the controls. Notably, the FF.RDN group 
(NASH rats) demonstrated marked steatohepatitis with 
lipid droplet accumulation. It is reported that steatohepa-
titis with lipid droplet accumulation is characterized by 
NASH [20].

In addition, Oil red O (lipid quantification) and Mas-
son’s staining (fibrosis assessment) revealed that lipid 
content (Supplemental Fig. S4 A-B) and collagen deposi-
tion (Supplemental Fig. S4 C-D) in the F.NRDN, F.RDN 
and FF.RDN groups were significantly increased than in 
the control group (all p<0.05). Supplemental Figure S4 
also showed the mild attenuation of NAFLD pathology 

http://metastats.cbcb.umd.edu/
http://metastats.cbcb.umd.edu/


Page 4 of 17Chen et al. BMC Microbiology          (2025) 25:311 

in the TF.RDN group compared with the F.RDN and 
FF.RDN groups and aggravated steatosis (Supplemental 
Fig. S4 A-B) and fibrosis (Supplemental Fig. S4 C-D) in 
the FF.RDN group compared with the F.RDN group (all 
p<0.05).

Furthermore, echocardiography was performed to 
assess cardiac function in rats receiving transverse aortic 
constriction (TAC). Ultrasonic cardiogram showed that 
the F.NRDN group had lower LVEF, E/A ratio and larger 
LVDs and lung to body weight index compared with the 
Control group (both p<0.05). LVEF was increased in the 
NF.RDN and F.RDN groups compared with the F.NRDN 
group (both p<0.05). Left ventricular end-diastolic diam-
eter were increased in the F.NRDN group compared with 
the Control group though the difference was not signifi-
cant (Supplemental Fig. S4 E-I).

An average of 64491 sequences per sample was 
obtained, and these sequences were clustered into a total 
of 2407 OTUs at a 97% similarity threshold (Fig.  1A). 
Figure 1B showed the sequences were clustered into 372 
OTUs in the NF. RDN group, 355 in the F. RDN group 
and184 in the FF. RDN group.

Alpha diversity analysis represented by Chao 1 (Fig. 1C) 
and Shannon (Fig.  1D) analysis indicated the signifi-
cant differences in the abundance of the gut microbiota 
between the control, NF. RDN, F. NRDN, F. RDN and FF. 
RDN groups. Beta diversity revealed that the dissimilar-
ity coefficients increased gradually with the development 
of NAFLD in HF rats. The weighted UniFrac distance was 
0.121 in the TF. RDN group, 0.146 in the F. RDN group, 
and 0.420 in the FF. RDN group when compared with the 
NF. RDN group (Fig. 1E).

PCoA revealed that the respective distance between the 
control and NF. RDN, TF. RDN groups was shorter than 
that between the control and F. RDN, FF. RDN groups 
(Fig.  1F). NMDS statistics showed that the stress was 
0.098 (weighted) and 0.092 (unweighted) (stress < 0.2 was 
used as an acceptable threshold), indicating that NMDS 
accurately reflected the degree of difference between 
samples (Fig. 1G). The samples distance of the FF. RDN 
group was far from the control, NF. RDN, F. NRDN, F. 
RDN and TF. RDN groups. The distance between the NF. 
RDN and F. RDN groups was greater than that between 

the NF. RDN and TF. RDN groups (Fig. 1F, G), suggest-
ing that microbial diversity could be affected by the seri-
ous degree of NAFLD. The significance of differences was 
confirmed by the tests of ANOSIM (Table 1).

LEfSe analysis revealed that the NF. RDN group had 
a higher abundance of Clostridia_UCG-014 and Prevo-
tella_9, while the F. RDN group had more Gammapro-
teobacteria than the control group (Fig.  1H and I). The 
results revealed that there were differences in the com-
position of gut microbiota in the control, F. RDN, and NF. 
RDN groups.

Analysis of gut microbiota composition at the phylum level
The NF. RDN group showed a higher presence of Cyano-
bacteria. The FF. RDN group had increased levels of 
Fusobacteriota, Proteobacteria, Actinobacteria and 
Patescibacteria, and decreased levels of Firmicutes and 
Bacteroidota, indicating an imbalance in the bacterial 
structure. The TF. RDN group had more Elusimicrobiota, 
Campylobacterota and Verrucomicrobiota (Fig. 2A).

Top ten microbial communities showed that Proteobac-
teria existed mainly in the F. RDN (9%), FF. RDN (44%) 
and TF. RDN (2%) groups. The abundance of Firmicutes 
was increased significantly in the F. RDN (73%) and TF. 
RDN (72%) groups compared with the FF. RDN group 
(48%). The ratio of Firmicutes to Bacteroidota (F/B) was 
3.18 in the TF. RDN group, and it was 5.21 in the F. RDN 
group, which was higher than that in the NF. RDN group 
(2.74) (Fig. 2B).

Wilcoxon rank sum test analysis showed that the F. 
RDN group had fewer Bacteroidota (Fig.  2C) and more 
Proteobacteria (Fig.  2D) than the NF. RDN group. 
Welch’s t-test analysis showed the abundance of Bacte-
roidota was lower in the FF. RDN group than in the NF. 
RDN (Fig. 3C) and TF. RDN groups (Fig. 3E).

Analysis of the gut microbiota composition at the class 
level
The NF. RDN group had more Alphaproteobacteria. 
Unidentified_Firmicutes and Deferribacteres were the 
dominant bacteria in the F. NRDN group and Nega-
tivicutes was the dominant bacteria in the F. RDN 
group. The FF. RDN group had more Fusobacteriia, 

Fig. 1  Alpha and beta diversity and differences in the gut microbiota among the different groups. A Rarefaction diversity of different samples 
based on observed species number. B Petal diagram of the six groups. C Alpha diversity for various groups based on Chao1 index and (D) Shannon 
index. E Dissimilarity coefficient of the beta diversity heatmap based on the weighted (upper value) and unweighted (lower value) UniFrac 
distances of groups. F PCoA based on the weighted and unweighted Unifrac distance. G NMDS analysis of bacterial population structure [stress 
= 0.098 (weighted) and 0.092 (unweighted)]. H The dominant species in the control (red), NF. RDN (blue) and F. RDN groups (green). I Taxonomic 
cladogram obtained from LEfSe. Taxa meeting a linear discriminant analysis significance threshold > 4 were shown (c: class level; f: family level; o: 
order level). The circle’s diameter of each circle was proportional to the taxonomic abundance. RDN, renal denervation; PCoA, principal co-ordinates 
analysis; NMDS, nonmetric multidimensional scaling; LEfSe, linear discriminant analysis effect size

(See figure on next page.)
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Fig. 1  (See legend on previous page.)
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Gammaproteobacteria and Saccharimonadia. while 
Elusimicrobia and Campylobacteria were dominant in 
the TF. RDN group (Fig. 2E).

The top ten microbial communities showed the propor-
tion of Bacteroidia was 26% in the NF. RDN group, 14% 
in the F.RDN group, 2% in the FF. RDN group, and 23% 
in the TF. RDN group (Fig. 2F). The abundances of Bac-
teroidia (Fig. 2G) and Alphaproteobacteria (Fig. 2H) were 
lower in the F. RDN group than in the NF. RDN group.

Welch’s t-test analysis showed that the abundance of 
Alphaproteobacteria was lower in the F. RDN group 
than in the NF. RDN group (Fig.  3B). The NF. RDN 
group had more Alphaproteobacteria and Bacteroidia 
compared with the FF. RDN group (Fig.  3C). In addi-
tion, the TF. RDN group had more Bacteroidia than 
the FF. RDN group (Fig. 3E).

Analysis of the gut microbiota composition at the order level
Figure  4A showed that Oscillospirales was the domi-
nant bacteria in the F. NRDN group. The abundance of 

Acidaminococcales was increased in the F. RDN group. In 
the FF. RDN group, Enterobacterales, Erysipelotrichales 
and Clostridiales were enriched.

The abundance of Lactobacillales was higher in the NF. 
RDN (17%) and F. RDN groups (19%) than that in the FF. 
RDN (1%) and TF. RDN groups (4%). Additionally, Bac-
teroidales and Clostridia_UCG−014 had similar trends 
among these four groups. Furthermore, Enterobacterales 
existed mainly in the F. RDN (9%) and FF. RDN (44%) 
groups, and only a few in the NF. RDN (0.5%) (Fig. 4B).

There were more Bacteroidales (Fig. 4C), Rhodospirilla-
les (Fig. 4D), Clostridia_UCG−014 (Fig. 4E), and Achole-
plasmatales (Fig. 4F), and fewer Monoglobales (Fig. 4G) 
and Enterobacterales (Fig.  4H) in the NF. RDN group 
than in the F. RDN group.

Welch’s t-test analysis showed that the NF. RDN group 
had more Rhodospirillales and fewer Monoglobales than 
the F. RDN group (Fig. 3B). Compared with the NF. RDN 
group, the FF. RDN group had fewer Lachnospirales, 
Bacteroidales, Oscillospirales, Clostridia_UCG−014 and 
RF39 (Fig.  3C). The FF. RDN group had fewer Lachno-
spirales, Oscillospirales and Clostridia_UCG−014 than 
the F. RDN group (Fig.  3D). Similarly, the abundances 
of Lachnospirales, Bacteroidales, Oscillospirales, and 
Clostridia_UCG−014 were lower in the FF. RDN group 
than in the TF. RDN group (Fig. 3E).

Analysis of the gut microbiota composition at the family 
level
The top 35 bacteria showed that UCG-10 and Butyricico-
ccaceae were detected by major in the NF. RDN group 
and Ruminococcaceae was abundant in the F. NRDN 
group. The abundance of Acidaminacoccaceae was domi-
nant in the F. RDN group. In addition, Bacteroidales_
RF16_group, Bacteroidaceae and Bifidobacteriaceae were 
enriched in the TF. RDN group (Fig. 5A).

As for the top ten microbial communities (Fig.  5B), 
Enterobacteriaceae existed mainly in the F. RDN (9%), FF. 
RDN (44%) and TF. RDN (2%) groups. The relative abun-
dance of Lachnospiraceae was 18% in the F. NRDN and 
F. RDN groups, 14% in the NF. RDN group, 2% in the FF. 
RDN group and 19% in the TF. RDN group. The F. RDN 
group had less Prevotellaceae (Fig. 5C) and other bacteria 
(Fig. 5F) and more Monoglobaceae (Fig. 5D) and Entero-
bacteriaceae (Fig. 5E) compared with the NF. RDN group.

Table 1  Significance tests on community structures between 
groups with ANOSIM tests

Bold values indicate statistical significance (P < 0.05). In the ANOSIM test, R 
> 0 indicated that the differences between the groups were larger than the 
differences within the groups. ANOSIM: analysis of similarity

Groups ANOSIM

R P

Control vs. NF.RDN 0.074 0.290

Control vs F.NRDN −0.148 0.663

Control vs F.RDN 0.296 0.096

Control vs FF.RDN 0.963 0.100

Control vs TF.RDN 0.641 0.013
NF.RDN vs F.NRDN −0.156 0.797

NF.RDN vs F.RDN 0.187 0.194

NF.RDN vs FF.RDN 0.981 0.034
NF.RDN vs TF.RDN 0.213 0.150

F.NRDN vs F.RDN 0.208 0.154

F.NRDN vs FF.RDN 0.722 0.026
F.NRDN vs TF.RDN 0.206 0.119

F.RDN vs FF.RDN 0.796 0.030
F.RDN vs TF.RDN 0.419 0.047
FF.RDN vs TF.RDN 0.805 0.015

(See figure on next page.)
Fig. 2  Composition of the gut microbiota at the phylum and class levels. A Heatmap of the abundant bacteria and (B) relative abundance 
distribution of the top 10 bacteria in the control, NF. RDN, F. NRDN, F. RDN, FF. RDN and TF. RDN groups at the phylum level. C Comparison 
of Bacteroidota and Proteobacteria (D) in the F. RDN and NF. RDN groups at the phylum level. E Heatmap of the top bacteria and (F) relative 
abundance distribution of the top 10 bacteria in the control, NF. RDN, F. NRDN, F. RDN, FF. RDN and TF. RDN groups at the class level. G Comparison 
of Bacteroidia and Alphaproteobacteria (H) in the F. RDN and NF. RDN groups at the class level. * p < 0.05, ** p < 0.01, *** p < 0.001. RDN, renal 
denervation



Page 7 of 17Chen et al. BMC Microbiology          (2025) 25:311 	

Fig. 2  (See legend on previous page.)
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Fig. 3  T-test of differences in gut bacteria at different levels among different groups. A Distinct bacteria in the control and F. NRDN groups. B 
Distinct bacteria in the NF. RDN and F. RDN groups. C Distinct bacteria in the NF. RDN and FF. RDN groups. D Distinct bacteria in the F. RDN and FF. 
RDN groups. E Distinct bacteria in the FF. RDN and TF. RDN groups. p < 0.05 as per the test. RDN, renal denervation
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Fig. 4  Composition of the gut microbiota at the order level. A Heatmap of the top 35 bacteria and (B) relative abundance distribution of the top 
10 bacteria in the control, NF. RDN, F. NRDN, F. RDN, FF. RDN and TF. RDN groups. C Comparison of Bacteroidales, D Rhodospirillales, E Clostridia_
UCG−014, F Acholeplasmatales, G Monoglobales and (H) Enterobacterales in the F. RDN and NF. RDN groups. * p < 0.05, ** p < 0.01, *** p < 0.001. RDN, 
renal denervation
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Welch’s t-test analysis showed that the F. RDN group 
had more Monoglobaceae and fewer Prevotellaceae 
than the NF. RDN group (Fig. 3B). Compared with the 
NF. RDN group, the FF. RDN group had fewer Lachno-
spiraceae, Prevotellaceae, Ruminococcaceae and Oscil-
lospiraceae (Fig. 3C). Moreover, that the abundances of 
Lachnospiraceae, Muribaculaceae, Ruminococcaceae, 

Oscillospiraceae and Monoglobaceae were lower in the 
FF. RDN group than in the F. RDN group (Fig.  3D). 
However, the abundances of Lachnospiraceae, Muri-
baculaceae, Ruminococcaceae, Oscillospiraceae were 
increased in the TF. RDN group compared with the FF. 
RDN group (Fig. 3E).

Fig. 5  Composition of the gut microbiota at the family level. A Heatmap of the top 35 bacteria and (B) relative abundance distribution 
of the top 10 bacteria in the control, NF. RDN, F. NRDN, F. RDN, FF. RDN and TF. RDN groups. C Comparison of Prevotellaceae, D Monoglobaceae, E 
Enterobacteriaceae and F others bacteria in the F. RDN and NF. RDN groups. * p < 0.05, ** p < 0.01, *** p < 0.001. RDN, renal denervation
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Analysis of the gut microbiota composition at the genus 
level
Figure  6A showed that Fournierella and Prevotella_9 
were the dominant bacteria in the NF. RDN group and 
Blautia was predominant in the F. NRDN group. The 
abundances of Lactobacillus, Oscillibacter and Rose-
buria were greater in the F. RDN group than in the other 
groups.

The relative abundance of Escherichia-Shigella was 
0.4% in the NF. RDN group, 9% in the F. RDN group, 
44% in the FF. RDN group and 2% in the TF. RDN 
group (Fig. 6B). The F. RDN group had less Prevotella_9 
(Fig. 6C), Anaeroplasma (Fig. 6D) and more Monoglobus 
(Fig. 6E) and UBA1819 (Fig. 6F) compared with the NF. 
RDN group.

The F. RDN group had more Monoglobus and 
fewer Prevotella_9 than the NF. RDN group (Fig.  3B). 

Fig. 6  Composition of the gut microbiota at the genus level. A Heatmap of the top 35 bacteria and (B) relative abundance distribution of the top 
10 bacteria in the control, NF. RDN, F. NRDN, F. RDN, FF. RDN and TF. RDN groups. C Comparison of Prevotella_9, D Anaeroplasma, E Monoglobus, 
and (F) UBA1819 in the F. RDN and NF. RDN groups. * p < 0.05, ** p < 0.01, *** p < 0.001. RDN, renal denervation
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Prevotella-9, Rikenellaceae_RC9_gut_group, and Oscil-
libacter was decreased in the FF. RDN group compared 
with the NF. RDN group (Fig.  3C). In addition, the FF. 
RDN group also had fewer Ruminococcus, Lachno-
spiraceae_NK4 A136_group, Roseburia and Oscillibacter 
than the TF. RDN group (Fig. 3E).

Analysis of the gut microbiota composition at the species 
level
Figure  7A revealed the top 35 bacteria in abundance 
ranking at the species level. The top ten microbial com-
munities showed that swine_ fecal_bacterium_SD-Pec10 
presented significant difference among the groups. Com-
paring with the F. RDN group (3%), the proportion of 
swine_ fecal_bacterium_SD-Pec10 was higher in the FF. 
RDN group (7%). However, it was decreased in the TF, 
RDN group (2%) (Fig. 7B).

The abundances of Bacteroides_sartorii (Fig.  7C) and 
Gram−negative_bacterium_cTPY−13 (Fig.  7D) were 
lower in the F. RDN group than in the NF. RDN group.

Tax4Fun function prediction
As shown in the heatmap of the abundance of functional 
categories (Fig.  8A), chromosome and associated pro-
teins, peptidases, exosome and purine_metabolism were 
enriched in the NF. RDN group, while these functional 
pathways were decreased in the F. RDN group. Two-com-
ponent_system, carbon_fixation_pathwaysin_prokary-
otes, pyruvate_metabolism, and butanoate_metabolism 
were enriched in the FF. RDN group, and alanine, aspar-
tate_and glutamate_metabolism, exosome were enriched 
in the TF. RDN group compared with the F. RDN group.

The petal diagram showed that the F. RDN group had 
131 unique functional pathways and the FF. RDN group 
had 4 (Fig. 8B). As shown in Fig. 8C, the sample points 
between the F. RND and NF. RDN groups were closer 
than that between the FF. RDN and NF. RDN groups.

The Venn diagram revealed 148 unique functional 
pathways in the F. RDN group, 19 in the NF. RDN group 
and 26 in the control group (Fig. 8D). Additionally, there 
were 104 unique functional pathways in the F. RDN 
group and only 11 in the NF. RDN group when compared 
with these two groups separately (Fig. 8E).

Fig. 7  Composition of gut microbiota at the species level. A Heatmap of the top 35 bacteria and (B) relative abundance distribution of the top 
10 bacteria in the control, NF. RDN, F. NRDN, F. RDN, FF. RDN and TF. RDN groups. C Comparison of Bacteroides_sartorii and (D) Gram−negative_
bacterium_cTPY−13 in the F. RDN and NF. RDN groups. * p < 0.05, ** p < 0.01, *** p < 0.001. RDN, renal denervation
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As shown in Fig.  8F, 49% of the genes were classi-
fied into seven KEGG functional categories. The cat-
egories associated with the greatest number of genes 
were environmental information processing (mem-
brane transport 5.10%), genetic information process-
ing (replication and repair 5.03%), and metabolism 
(carbohydrate metabolism 5.30%). The abundances of 
genes related to environmental information process-
ing, genetic information processing, and metabolism 
were significantly different between the NF. RDN and 
F. RDN groups based on KEGG (level 1) (Fig. 8G). As 
shown in Fig.  8H, the KEGG (level 2) pathways for 
translation, glycan biosynthesis and metabolism, trans-
port and catabolism, signaling molecules and interac-
tions were decreased, while membrane transport, cell 
motility and signal transduction were increased in the 
F. RDN group compared with the NF. RDN group. The 
functional pathways with statistically significant differ-
ences between these two groups were also presented at 
the level 3 delicately (Fig. 8I).

Discussion
NAFLD is associated with gut microbiota dysbiosis and 
is critically involved in the development of heart fail-
ure. In the present study, the dissimilarity coefficients 
and the sample distances of the intestinal microbiome 
increased gradually with the presence and serious degree 
of NAFLD in HF rats induced by TAC. Compared with 
the NF. RDN group, the F. RDN group had fewer bacte-
ria harmful to cardiac function, such as Alphaproteobac-
teria, Bacteroidota and Prevotella-9, and more bacteria 
beneficial to HF, such as Monoglobaceae, Proteobacteria 
and Monoglobales. This tendency also existed but was 
much less significant when compared the FF. RDN group 
with the NF. RDN group. However, there was no sig-
nificant difference between the FF. RDN and TF. RDN 
groups. Predictive functional profiling of microbial com-
munities showed that membrane transport, environmen-
tal and genetic information processing were significantly 
higher, and glycan biosynthesis and metabolism was sig-
nificantly lower in the F. RDN group than in the NF. RDN 

Fig. 8  Predictive functional profiling of microbial communities by Tax4 Fun analysis. A Heatmap based on Tax4 Fun functional annotations. B Petal 
diagrams and unique pathways among the intestinal bacterial communities of rats in the six groups. C Principal component analysis (PCA) plot 
showing the two principal components of the third-level KEGG functions. D Venn diagrams and unique pathways among the intestinal bacterial 
communities of rats in the control, NF. RDN and F. RDN groups, and (E) rats in the F. RDN and NF. RDN groups. F KEGG pathway annotation. G 
Comparison of enriched pathways based on KEGG (level 1), H KEGG (level 2) and (I) KEGG (level 3) between the NF. RDN and F. RDN groups. p < 0.05 
as per the test. RDN, renal denervation; KEGG, Kyoto Encyclopedia of Genes and Genome
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group. These findings indicated that NAFLD resulted in 
an increase in intestinal bacteria beneficial to HF and a 
decrease in intestinal bacteria harmful to HF in HF rats 
after RDN, which meant that the beneficial role of RDN 
in mitigating fecal microbiota aberrations in HF rats 
could be enhanced by NAFLD. However, these effects 
were significantly reduced with increasing severity of 
NAFLD.

NAFLD can cause gut microbiota dysbiosis [21]. Our 
results showed that HF rats with NAFLD had more Gam-
maproteobacteria, Staphylococcaceae, and Staphylococ-
cus than control rats, suggesting that gut microbiota 
dysbiosis occurred not only in non-heart failure rats with 
NAFLD but also in heart failure rats with NAFLD, which 
existed diastolic dysfunction. Gammaproteobacteria was 
shown to promote the occurrence of fatty liver by pro-
ducing endogenous ethanol [22] and deteriorate HF by 
producing trimethylamine [23, 24]. In addition, both 
Staphylococcaceae [25] and Staphylococcus [26] could 
accumulate in NAFLD and were related to significant 
myocardial dysfunction by mediating the inflammatory 
response through Toll-like receptor 2 [27]. Therefore, 
microbiota dysbiosis caused by NAFLD was critical to 
the severity and prognosis of HF, and NAFLD might 
influence the prognosis of HF by modulating gut bacteria 
and their products.

Our previous study showed that RDN improved gut 
microbiota aberrations [8]. In this study, significant 
alterations in the gut microbiota caused by NAFLD 
were observed in HF rats after RDN, suggesting that 
the influence of RDN on the intestinal microbiota in 
HF rats could be affected by the existence of NAFLD. 
The F. RDN group had fewer Alphaproteobacteria, 
Bacteroidota and Prevotella-9, which had been shown 
to be enriched in patients and experimental ani-
mals with cardiovascular disease [24] or NAFLD [28], 
and more Monoglobaceae, Monoglobus, Proteobacte-
ria and Monoglobales than the NF. RDN group. Alp-
haproteobacteria and Bacteroidota could impact the 
prognosis of HF patients by influencing the produc-
tion of trimethylamine N-oxide (TAMO) [24, 29], and 
Prevotella_9 significantly increased in rats with spon-
taneously hypertensive heart failure and was associated 
with changes in cardiac structure and function [30] 
because of its pro-inflammatory role in chronic inflam-
mation [31]. However, Monoglobaceae, Monoglobus and 
Monoglobales were shown to be able to stabilize the 
immune function of the gut by producing short-chain 
fatty acids (SCFAs) [32], which acted not only as energy 
substrates but also as anti-inflammatory factors and 
signaling molecules in the prevention and treatment of 
HF and other cardiovascular diseases [33, 34]. Further-
more, heatmap results also showed that Oscillibacter, 

Roseburia and Helicobacter rodentium, which were 
beneficial to cardiovascular disease [30, 35, 36], were 
enriched in the F. RDN group. These findings indicated 
that the existence of NAFLD could enhance themodu-
latory effect of RDN on the gut microbiota in HF rats 
by increasing beneficial bacteria and decreasing bac-
teria harmful to HF. Although NAFLD was associated 
with a higher risk of new-onset HF [37], left ventricular 
hypertrophy, systolic and diastolic dysfunction caused 
by activation of the renin–angiotensin and sympathetic 
nervous systems, insulin resistance, systemic inflamma-
tion and the gut microbiota [38, 39], all of which how-
ever could also be ameliorated by RDN [4, 40]. In terms 
of gut microbiota, HF rats with NAFLD could receive 
more significant benefits from RDN.

NASH evolves from NAFLD and is the more serious 
stage than NAFLD [41]. Whether the beneficial influ-
ence of NAFLD on the gut microbiota in HF rats after 
RDN could be further enhanced with the increase of 
severity of NAFLD is unclear. Our results showed that 
the FF.RDN group had fewer both Bacteroidia, Prevo-
tellaceae, Oscillospiraceae, Prevotella-9, Rikenellaceae_
RC9_gut_group, Roseburia and Clostridia_UCG−014, 
which were harmful to HF or cardiovascular system by 
up-regulating lipid proinflammatory metabolites [30, 
42], and Lachnospiraceae, Muribaculaceae, Ruminococ-
caceae, Oscillibacter and Lachnospirales, which were 
beneficial to HF by increasing SCFA production, main-
taining intestinal barrier function and inhibiting proin-
flammatory cytokines [43, 44], than the NF. RDN group. 
In contrast to the increases in beneficial gut microbiota 
and decreases in harmful bacteria in the F. RDN group, 
both the harmful and beneficial microbiota to HF were 
reduced in the FF. RDN group than in the NF. RDN 
group. This similar tendency was also observed between 
the FF. RDN and F. RDN groups. These findings indi-
cated that the beneficial effect of NAFLD on enhancing 
the influence of RDN on modulating intestinal bacteria in 
HF was gradually reduced with the increase of the sever-
ity of NAFLD. Hepatic sympathetic overactivity is a key 
driver of hepatic steatosis. The decrease in liver sympa-
thetic activity was related to improvements in liver tri-
glyceride accumulation pathways including free fatty acid 
uptake and de novo lipogenesis [13]. Therefore, NAFLD 
itself could benefit from RDN by reducing hepatic sym-
pathetic activity. However, sympathetic activity was not 
positively associated with the severity of NAFLD. Adori 
C et al. reported parallel signs of mild degeneration and 
axonal sprouting of sympathetic innervations in the early 
stages of NAFLD and a collapse of sympathetic nerves in 
steatohepatitis, and hepatic sympathetic nerve degenera-
tion was correlated with the severity of NAFLD pathol-
ogy [45]. This might be one of the possible reasons why 
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NASH did not gain more benefit from influencing the 
intestinal microbiota than NAFLD in HF rats after RDN.

Regarding the influence of NAFLD treatment on the 
intestinal microbiota in HF rats after RDN, no signifi-
cant difference in the intestinal microbiota was observed 
between the treatment and nontreatment groups at from 
phylum to genus levels. Compared with the FF. NRDN 
group, there was an increase in both beneficial (such 
as Lachnospiraceae, Muribaculaceae and Ruminococ-
caceae) and harmful bacteria (such as Bacteroidia, Oscil-
lospiraceae and Roseburia) to HF in the TF. RDN group. 
These findings indicated that NAFLD treatment did not 
further increase the beneficial roles of RDN in ameliorat-
ing aberrations of the gut microbiota further in HF rats 
with NAFLD, although NAFLD was detrimental to HF. 
The beneficial effect of RDN on the intestinal microbiota 
might be greater than that of treatment for NAFLD in HF 
rats with NAFLD.

In addition to microbial community composition, pre-
dictive functional analysis showed that many bacterial 
genes involved in glycan biosynthesis and metabolism, 
membrane transport and genetic information processing 
and other related pathways were significantly different 
between the F. RDN and NF. RDN groups. Glycan bio-
synthesis and metabolism was related to HF by modu-
lating SCFA metabolism [30, 46]. Membrane transport 
was also associated with HF, of which sodium-dependent 
glucose transporters were their important members [47]. 
Therefore, NAFLD could play a genetic modulatory role 
by reducing pathogenic bacteria genes and increasing 
beneficial bacterial genes to HF in HF rats after RDN, 
which might help to partly explain the mechanism of the 
influence of NAFLD on the modulatory role of RDN on 
the intestinal microbiota.

Several limitations should be discussed. First, some 
critical bacterial products, such as TMAO and SCFAs, 
were not detected in this study. Second, intestinal func-
tions were not explored because metabolites produced 
by the intestinal flora associated with HF were mainly 
absorbed in intestine, and their levels in the blood might 
be affected by the functional state of intestine. Finally, the 
effect of UDCA on the treatment of NAFLD in rats with 
HF was not assessed, so the degree to which UDCA ame-
liorated NAFLD was unknown.

Conclusions
NAFLD could lead to an increase in beneficial bacteria 
and a decrease in bacteria harmful to cardiac function in 
HF rats after RDN, but this useful alteration of the gut 
microbiota decreased with the severity of NAFLD, sug-
gesting that mild and moderate NAFLD might enhance 
the ability of RDN to improve gut microbiota aberrations 
in HF rats.
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