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Background: Heart failure (HF) is a syndrome with global clinical and
socioeconomic burden worldwide owing to its poor prognosis. Jiashen
Prescription (JSP), a traditional Chinese medicine (TCM) formula, exhibits
unambiguous effects on treating HF. Previously, we have reported that underlying
mechanisms of JSP by an untargeted metabolomics approach, but the
contribution of gut microbiota and metabolic interaction to the cardioprotective
efficacy of JSP remains to be elucidated.

Materials and methods: Firstly, the rat model of heart failure was established
by the permanent ligation of the left anterior descending coronary artery. The
efficacy evaluation of JSP in treating HF rats was per-formed by left ventricular
ejection fraction (LVEF). Then, 16S rRNA gene sequencing and LC/MS-based
metabolomic analysis were utilized to explore the characteristics of cecal-
contents microecology and plasma metabolic profile, respectively. After that,
the correlation between intestinal micro-ecological characteristics and plasma
metabolic characteristics was analyzed to explore the potential mechanism of the
JSP treatment in HF.

Results: JSP could improve the cardiac function of heart failure rats and
thus ameliorate heart failure via enhancing rat LVEF. Results of intestinal flora
analysis revealed that JSP not only adjusted gut microbiota disturbances by
enriching species diversity, reducing the abundance of pathogenic bacteria
(such as Allobaculum, Brevinema), as well as increasing the abundance of
beneficial bacteria (such as Lactobacillus, Lachnospiraceae_NK4A136_group),
but also improved metabolic disorders by reversing metabolite plasma levels to
normality. Through the conjoint analysis of 8 metabolites and the OTUs relative
abundance data in the 16srRNA sequencing results by WGCNA method, 215
floras significantly related to the eight compounds were identified. The results of
the correlation analysis demonstrated a significant association between intestinal
microbiota and plasma metabolic profile, especially the significant correlation of
Ruminococcaceae_UCG-014 and Protoporphyrin IX, Ruminococcaceae_UCG-
005, Christensenellaceae_R-7_group and nicotinamide, dihydrofolic acid.
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Conclusion: The present study illustrated the underlying mechanism of JSP to
treat heart failure by affecting intestinal flora and plasma metabolites, provide a
potential therapeutic strategy against heart failure.

heart failure, jiashen prescription, intestinal microbiota, plasma metabolomics, weighted
gene co-expression network analysis (WGCNA)

Introduction

Heart failure (HF) is a chronic progressive disease (1), which is
a complex group of clinical signs of impaired ventricular filling or
ejection capacity due to any structural or functional abnormality of
the heart. It is the end-stage manifestation of various cardiovascular
diseases (CVDs), which bring high prevalence and mortality and
threaten human health (2). Thus, discovering novel mechanisms
of HF and identifying potential therapeutic targets are extremely
important ways of preventing heart failure. Recently, several studies
indicated that the intestine microbiota can influence the cell and
organ functions of the host and multiple mechanisms and pathways
of diseases (3). Among them, several studies have shown that
intestinal microbes may affect the cardiovascular system, and the
concept of the “intestine-heart axis” has been gradually applied to
explore the treatment of CVD and heart failure (4, 5).

The intestinal microbiome transmits information to the distant
organs of the host through various biochemical signals and
metabolites. In actuality, the intestinal microbiome can affect the
cardiovascular system. First, some studies found that the flora
of intestine microbiota in patients with heart failure decreased
significantly (6). This may lead to an imbalance between beneficial
and harmful microorganisms. The former can produce many
beneficial metabolites, such as short-chain fatty acids, while the
latter may bring a large number of harmful metabolites, such
as primary bile acid and trimethylamine oxide (TMAO) (7).
These metabolites can directly or indirectly affect the heart after
entering the circulatory system. Then, heart failure can lead to
structural and functional abnormalities of the heart, which result
in decreased cardiac output and tissue perfusion. In turn, it
allows bacteria and lipopolysaccharide to translocate into systemic
circulation, which induces the inflammation and accelerates the
development of heart failure (8). Therefore, through the study
of intestinal microbiota, it is helpful to study the therapeutic
mechanism of drugs for heart failure or cardiovascular disease
from the perspective of the intestine-heart axis. It was proposed
that treatment with Lactobacillus rhamnosus GR-1 as a probiotic
could delay the development of heart failure after coronary artery
occlusion in rats (9). Methanogens can treat CVD by reducing
plasma levels of TMAO (10). Phenaceglutamide, a metabolite
of intestinal microbiome negatively correlated with pulse wave
velocity and systolic blood pressure, could also be a potential
therapeutic target (11).

Jiashen prescription (JSP) is a clinical prescription used for
treating heart failure, which is established under the guidance
of the theoretical thought of traditional Chinese medicine
(TCM). It is mainly prepared from several Chinese medicinal
materials, including Astragali Radix, Salviae Miltiorrhizae Radix et
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Rhizoma, Periplocae Cortex, Notoginseng Radix et Rhizoma, Leonuri
Herba, Citri Reticulatae Pericarpium, Cinnamomi Ramulus, and
Descurainiae Semen Lepidii Semen (12). Previous chemical studies
showed that there were at least 68 chemical compounds identified
from JSP, mainly including phenolic acids, tanshinones, flavonoids
and their glycosides, cardiac glycosides, triterpene saponins, and
C21 steroids (13). From the perspective of modern pharmacological
effects, this prescription has the effects of improving heart
hemodynamics, enhancing heart function, inhibiting activation of
renin-angiotensin, diuresis, and inhibiting ventricular remodeling
in animals with heart failure (14). However, TCM has the
characteristics of multi-components and multi-targets. When
taking Chinese medicine orally, the most of active ingredients in
TCM cannot directly enter the blood system to exert their effects
but may be directly or indirectly metabolized by the intestinal
microbiome and then enter the blood system to achieve the
therapeutic effect on diseases (15).

Thus, intestinal microflora has become a new and important
frontier in the understanding of TCM (16). At present, studies have
shown the influence of intestinal microbiota on the metabolism of
bioactive ingredients of TCM (17). Not only polysaccharides (18)
but also some macromolecular saponins, terpenes, and alkaloids
have been effectively transformed by intestinal microbiome. Then,
bioavailability and therapeutic activity are increased as well (19).
In the treatment of chronic syndrome and glycolipid metabolic
diseases, which still are global health problems, TCM has its unique
advantages (20, 21). One of the main therapeutic mechanisms is to
increase the relative abundance of beneficial bacteria by improving
the intestinal environment (22).

Evidently, in this study, the rat model of heart failure was used
to investigate the treatment effect of JSP, which was established by
the ligation of the left anterior descending coronary artery (LAD)
(23). In the previous study of our research group, Miao et al.
found that JSP improved the cardiac function of heart failure rats
and thus ameliorated heart failure via enhancing rat LVEF and
LVES and decreasing LVIDd, LVIDs, IVSd, and IVSs. Based on
the biochemical analysis and histopathological examination, it was
found that JSP could reduce the markers levels of heart failure
and myocardial damage that included serum lactate dehydrogenase
(LDH) activity and the level of NT-pro BNP and inhibit myocardial
fibrosis (24). In this study, we collected and sequenced the intestinal
contents of rats in each treatment group in the previous study. For
this purpose, the blood metabolites of rats in different treatment
groups were analyzed and screened by the fuzzy C-means clustering
method. Then weighted correlation network analysis was used to
jointly analyze these metabolites and 16S rRNA high-throughput
sequencing data of intestinal microbiome in each treatment group,
to find metabolites that may be related to the JSP treatment effect
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and their significantly related intestinal microorganisms, to clarify
the mechanism of JSP treatment through the “intestine-heart axis”.

Materials and methods

Experimental reagents

Jiashen prescription was produced by Tasly Pharmaceutical
Group Co., Ltd., Tianjin, China. Captopril (CPT) was purchased
from Shanghai Pharmaceutical Group Corp., (Shanghai, China).
DNA extraction kits were purchased from Macherey-Nagel (Diiren,
German), and HPLC-grade methanol and acetonitrile were
obtained from Merck (Darmstadt, Germany). Formic acid and 2-
chlorophenylalanine were bought from Thermo Fisher Scientific
(MA, USA).

Animals and experimental protocols

All experiments were in accordance with the guidelines for
laboratory animal care and use, and the procedures were approved
by the Research Ethical Committee of Guangdong Pharmaceutical
University (Guangzhou, China). A total of 46 SPF (SD) rats
(license NO. SCXK (yue) 2018-0002), weighing from 180 to 220 g,
were purchased from the Guangdong Medical Laboratory Animal
Center (Guangzhou, China). The animals were housed at 20-25°C,
40-70% humidity and 12 h dark/light cycle conditions with free
access to a standard chow diet, and tap water ad libitum. All rats
were exposed to an ‘adaptive feeding’ paradigm for a week before
the start of experiments.

The experiment included four groups (n = 6 per group),
namely Control group, Model group, JSP group, and CPT
(Captopril) group. In the control group (n = 6), the rats were
subjected to the same surgeries except for the ligation. Heart
failure symptoms were induced by carrying out ligation of the
left anterior descending coronary artery of the rats as previously
reported (25), and the chronic congestive heart failure model was
established after 4 weeks of operation and normal feeding. The
left ventricular ejection fraction (LVEF) of HF rats was <60%,
and it has been considered that the chronic HF rat models were
successfully established (26). JSP and CPT were orally administered
to the rats at 3 and 0.05 g/kg/day, which was selected based on their
human equivalent dose used in clinical practice. In the previous
research in our laboratory, this dose of JSP had been used to prove
the efficacy of JSP (24).

In total, 40 rats underwent LAD ligation to establish a heart
failure model. Among the 40 rats, eight rats died during the
operation and the other eight rats did not meet the criteria of
chronic heart failure after the operation; the success rate of the heart
failure model rats was 60%. Therefore, 18 rats (n = 18) with similar
body weight were randomly divided into three groups as follows:
(1) HF group, the rats received LAD ligation to induce HE (2)
JSP group, a dose of 3 g/kg/day JSP was given the corresponding
drugs by gavage for 4 weeks, and (3) CPT group, a dose of
0.05 g/kg/day captopril was gavage to rats for 4 weeks, and the
normal and model groups were fed the same volume of saline
via intragastric administration. Echocardiographic studies were
performed during the adaption week, before treatment, and after
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treatment. LVEF was calculated to assess left ventricular systolic
function and cardiac function.

Sample collection

At the end of the experiment, all rats were anesthetized with
sodium pentobarbital. Blood was taken from the main abdominal
vein into a plasma separator tube, and the samples were centrifuged
at 4,000 rpm for 30min at 4°C. The samples were stored at
—80°C until use. The entire intestines were dissected with a sterile
scalpel, and the contents of the intestines were collected with sterile
lyophilized tubes (100-200 mg/tube). Fresh stool samples from
each group were immediately frozen in a liquid nitrogen tank and
then stored at —80°C.

DNA extraction and 16S rRNA sequencing

According to the instructions of the MN NucleoSpin 96
Soi DNA extraction kit, the total genomic DNA was extracted
from the samples. 16S rRNA sequencing was performed at
the Beijing BMC Biotech Co., Ltd., (Beijing, China). The V3-
V4 region of 16S rRNA genes was analyzed. The specific
primers 338F (5-ACTCCTACGGGAGGCAGCAG-3) and 806 R
(5>-GGACTACHVGGGTWTCTAAT-3’) with the barcodes were
applied to amplify the 16S rRNA genes. The PCR mixture contains
5 pl of the purified product of PCR of the target region, MPPI-
a of 2.5 pl, MPPI-b of 2.5 pl, and 2xQ5 HF MM of 10 pl. The
PCR products were monitored with 1.8% agarose gel, purified using
the OMEGA DNA purification column, and then sequenced on an
Mlumina Miseq PE 3,000 platform.

Non-targeted metabolomic analysis

Blood samples were centrifuged at 4,000 rpm for 30 min at 4°C
to obtain plasma samples. An aliquot of the plasma sample (100
pl) was mixed with 300 pl of methanol containing 1 ppm of 2-
chlorophenylalanine, vortexed for 2 min, and incubated at —20°C
for 30 min. The mixture was centrifu, ged at 12,000 rpm for 10 min
at 4°C, and the supernatant was obtained for further analysis.

Sample extracts were analyzed using an LC-QTOF-MS/MS.
The analytical conditions for the system were as follows: an
Aglient 1,290 ultra-high performance liquid chromatography
(UPLC) (Agilent Technologies, Inc., USA) connected to an Aglient
6,545 quadrupole time-of-flight (QTOF) mass spectrometer. The
chromatographic separation was achieved on an ACQUITY UPLC
HSS T3 C18 column (1.8 um, 2.1 x 100mm) at 40°C using a
mobile phase of 0.1% formic acid (A) and acetonitrile (B). Elution
gradients used were as follows: 0-11 min, 95% A; 11-12 min, 10%
A; 12-12.1 min, 10% A; and 12.2-14min, 95% A. The flow rate
was 0.40 ml/min and the injection volume was 2 pl. The mass
spectrometry was performed in positive and negative ion modes.
The parameters of the heated electrospray ionization method were
as follows: sheath flow rate of 11 L/min, gas flow rate of 8
L/min, spray voltage of 250V, positive and negative ionization,

frontiersin.org


https://doi.org/10.3389/fcvm.2023.1147438
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org

Cui et al.

fragmentation voltage of 135V, gas temperature of 325°C, sheath
temperature of 325°C, and nebulizer pressure of 40 psi.

Bioinformatic analysis and statistical
analysis

The raw data were quality filtered using Trimmomatic (Version
0.33) (27), the primer sequences were identified and removed
using Cutadapt (Version 1.9.1), followed by double-ended reads
splicing and chimeric UCHIME (Version 8.1) removal using
USEARCH (Version 10.0) (28), resulting in high-quality sequences
for subsequent analysis. The sequences were clustered at a 97%
similarity level (default) using USEARCH. Operational taxonomic
units (OTUs) were filtered by default with a threshold of 0.005% of
the number of all sequences sequenced. Raw data were uploaded
to NCBI (ID: SUB12078416). The OTU sequences were obtained
by splicing the filtered sequencing data with Qiime 2 software, and
the abundance of each OTU was calculated and normalized for
alpha analysis. Beta analysis was performed using the “FactoMineR”
package in R software (Version 4.2.0), and a linear discriminant
analysis was performed using the “lefseR” package (alpha analysis
was performed using GraphPadPrism9 for statistical analysis and
graphing, and linear discriminant analysis (linear discriminant
analysis effect size, LEfSe) was performed using Mothur software
and LEfSe software for detecting species differences between
groups). Species with linear discriminant analysis (LDA) values
>4 were considered to have statistically significant differences
between groups.

Statistical analysis was performed in R. First, partial least
squares discriminant (PLS-DA) analysis was performed using
the “mixOmics” package and the “ropls” package, and model
substitution tests were performed to screen out metabolites with
intra-group differences from the metabolite summary table. The
metabolites with RSD of <10% were subjected to Mfuzz clustering
analysis (29). The subsequent analysis was mainly carried out
around the metabolite clusters whose contents were shown trend

10.3389/fcvm.2023.1147438

of first rising and then falling or first falling and then rising
in Control, Model and JSP group. These metabolites could be
potential biomarkers for the treatment of heart failure.

Weighted gene co-expression network
analysis (WGCNA)

Operational taxonomic units (OTUs) of the intestinal
microbiome were divided into modules by using weighted gene
co-expression network analysis (WGCNA), then correlated with
the metabolome to find metabolites and microbes that performed
key functions, identified potential mechanisms involved in specific
biological processes, and explored candidate biomarkers (30).

Results

Establishment of chronic heart failure
model in SD rats

After the model rats created by the left anterior descending
coronary artery ligation for 4 weeks, the left ventricular of
them were dilated and contractility was diminished. Rats showed
symptoms of heart failure, such as hair and weight loss, feces
rarefaction, reduction in activities, accidie, and extrados. The
heart samples of each group were obtained by dissection, and the
appearance is shown in Figure 1.

The left ventricular ejection fraction (LVEF) of the control
group, the model group, and the JSP gastric perfusion group are
shown in Table 1. Before being treated with given JSP and CPT, the
LVEF of rats in the model group was significantly lower than that
in the control group but there was no significant difference among
rats in the model group, the JSP group, and the CPT group. After
giving JSP and CPT to treatment groups for 4 weeks, the LVEF of
rats in the model group was not changed significantly compared to
the data from 4 weeks ago, but those in JSP and CPT were higher

Control

FIGURE 1
Representative images of the gross appearance of rat hearts.

TABLE 1 The LVEF of rats in different groups (mean + SD, n = 6).

Model + JSP Model + CPT
LVEF (Week 4) 80.12 + 4.75a 56.53 + 1.34b 57.07 %+ 3.05b 56.65 = 2.75b
LVEF (Week 8) 7539 +4.18a 56.82 =+ 2.06b 74.13 + 1.6% 75.13 + 1.76a
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FIGURE 2
The structure of the intestinal microbiome in the control, model, and JSP groups. (A, B) Shannon and Chaol indices of « diversity. (C, D) Analysis of 8
diversity of intestinal microbiome in each group’s rats. PCoA analysis of intestinal microbiome based on the OTU data of the control, model, and JPS
groups. Each point represents a sample. A clear separation is observed between the samples of control (n = 6), model (n = 6), and JPS (n = 6) groups.
(E, F) Percentage of total bacteria presented at phyla and genus levels, respectively.

than that before. The LVEF of the JSP group and the CPT group
had no significant difference but were significantly higher than that
of the model group. Therefore, as can be seen from this indicator,
both JSP and CPT had a good effect on heart failure. Then, the
intestinal contents of each treatment group rat were obtained on
a sterile bench to study their intestinal microbiome.

Diversity analysis of intestinal microbiome

After extracting the DNA from the intestinal microbiome of
the rats in each treatment group, their 16S rRNA sequence data
were determined by high-throughput sequencing. After filtering
and splicing these sequencing data, the sequence and abundance
of 889 OTUs were obtained. The normalized abundance of OTUs
was used to perform intestinal microbiota diversity analysis. In
the alpha diversity-related indicators shown in Figures 2A, B, the
Chaol index and Shannon index were not significantly different (P
> 0.05) in the species richness and evenness of each group. The
between-group variability analysis of the four diversity indexes is
detailed in Supplementary Table 1. It can be seen that there was
no significant difference in the diversity of gut microbiota species
between HF rats and normal rats.
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The results of the p diversity analysis (Figures 2C, D), based
on the principal coordinate analysis of relative abundance (PCoA),
showed that the community structures of intestinal microbiome
were different among the control group, the model group, and the
JSP group. According to the PERMANOVA analysis, the variance
contributions to the difference in the bacterial structure were 10.09
and 24.98%. The intestinal microbiome structures of rats in each
treatment group were significantly different, and the Pr-value (>F)
was <0.001.

The phylum-level species of gut microbes in this study are
shown in Figure 2E. The largest average proportion of each
bacterial community is Firmicutes, which accounts for 40-60%.
Compared with the control group, the Bacteroidetes proportion
was decreased in the model group and then increased in the JSP
group. However, the proportion of Proteobacteria in the same
treatment showed the opposite trend of change.

The genus-level species of gut microbes in this study are
shown in Figure 2F. Compared with the control group and the
JSP group, the proportions of Prevotella_9, Lactobacillus, and
Lachnospiraceae_NK4A136_group were decreased in the model
group, whereas the proportion of Allobaculum in the model
group was increased compared to that in the control and the
model groups.
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Analysis of intestinal microbiome
differences

Linear discriminant analysis effect size (LEfSe) was used
to identify similar and dominant microbial species in the gut
of rats in each treatment group. Compared with the control
group, the abundance of Proteobacteria and their derivatives taxa
were significantly higher in the model group (Figure 3A). The
intestinal microorganisms of rats in the JSP group were rich
in Bacteroides and their derivative taxa, including Bacteroidia,
Bacteroidales, Prevotella, and Alloprevotella (Figure 3B). In
addition, the results of LEfSe also indicated that the floras of
Proteobacteria, Erysipelotrichia, and Gammaproteobacteria were
key to the isolation of the model group from the other two groups
(Figure 3C). The relative abundances of key differentiated bacterial
genes in different groups are summarized in Figure 3D.

Determination of rat plasma metabolites
and their function

Diseases and drugs often affect the intestinal microbiome,
causing changes in their metabolites, which enter the bloodstream
through the intestines and have a positive or negative effect on
the host’s physiology. Therefore, metabolomic analysis of plasma
samples from rats of different treatment groups was performed
by high-performance liquid chromatography-mass spectrometry
(HPLC-MS) in this study. There were 6,565 and 9,203 peaks in
total that were identified in negative and positive ion modes,
respectively. Next, the peaks were clustered using partial least
squares discriminant analysis (PLS-DA) to obtain more reliable
metabolites with significant differences between treatment groups
and to further test the validity of the method.

The results showed that the plasma metabolism data clusters
under different treatments were separated from each other,
indicating the presence of many different potential biomarkers
(Figures 4A, B). The interpreted and validated values for the
differences in the model were RZX = 0.374, R2Y = 0.999, Q%Y
= 0.879 (control group vs. model group) and R*X = 0.325, R*Y
= 0.990, Q*Y = 0.837 (control group vs. JSP group) in negative
ion mode, and R?X = 0.362, R2Y = 0.999, Q*Y = 0.877 (control
group vs. model group) and RX = 0.304, R?Y = 0.993, Q*Y
= 0.835 (control group vs. JSP group) in positive ion mode.
This indicated that the model adequately explains the source of
differences between the samples in each treatment group.

Many metabolites were identified by analyzing the peaks on
the tandem mass spectrometry, combining the accurate relative
molecular weight, and obtaining the structural information from
the compound structure database. Based on the analysis method
of fuzzy C-means clustering, we carried out the clustering analysis
of metabolites whose relative average deviation within the selected
group was <10%. Therefore, these metabolites were clustered into
six groups. The change trends of metabolite content in the same
clusters were similar in different treatment groups. But there were
significant differences in change trends among different cluster
groups. As shown in Figure 4C, in Cluster 1, there was no change
between control and model groups but was significantly increased
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in the JSP group. In Cluster 2, the metabolite content was the lowest
in the model group. On the contrary, the metabolite content in
Clusters 3 and 6 was the highest in the model group. The metabolite
content of Clusters 4 and 5 also showed the opposite trend, which
was gradually decreasing and gradually increasing in the control,
model, and JSP groups, respectively.

Based on the trend of these metabolite content, we speculated
that the metabolites in Clusters 2, 3, and 6 were involved
in improving the physiological process of heart failure.
Therefore, the function of metabolites in these three clusters
was performed by metabolic pathway enrichment analysis. Based
on ConsensusPathDB (http://ConsensusPathDB.org) analysis,
these metabolites were enriched in the following pathways: heme
biosynthesis from uroporphyrinogen-III, heme biosynthesis
II, pyrimidine deoxyribonucleotides biosynthesis I, M phase,
degradation of cysteine and homocysteine heme biosynthesis, cell
cycle, metabolism of nucleotides, metabolism of vitamins and
cofactors, interconversion of nucleotide di- and triphosphates,
sulfur amino acid metabolism, tryptophan metabolism, ferroptosis,
and inflammatory mediator regulation of TRP channels (Table 2).
At the same time, eight key metabolites were obtained,
including ferrous ion (C14818), protoporphyrin IX (C01079),
dihydrofolic (C00415),
(C00460), nicotinamide (C00153), 3-mercapto-2-oxopropionic
acid (C00957), propionylcarnitine (C03017), acyclovir (C06810),
and their contents in the control and JSP groups were higher

acid deoxyuridine-5-triphosphate

than that in model group. There are seven metabolites that were
reduced in the control and JSP groups: kynurenic acid (C01717),
reduced L-glutathione (C00051), 5-hydroxyindolepyruvate
(C05646), 2-oxohexanedioic acid (C00322), 1-stearoyl-2-hydroxy-
sn- glycero-3-phosphoethanolamine (C21484), cinnamaldehyde
(C00903), and icilin (C20171) (Table 2).

Intestinal microbiome combined with key
metabolites WGCNA analysis

In this study, the WGCNA package in R software was used
to construct a co-expression network. From the results of 16S
rRNA sequencing of the intestinal microbiota of 16 rats, 483 OTUs
with average relative abundance >1 and genus-level information
were selected to construct the co-expression network. The data
obtained earlier were used to construct the scale-free network.
First, the adjacency matrix was calculated based on the expression
value matrix, and then the topological overlap matrix reflected
the similarity of the common expressions was derived. Based on
the scale-free topology with R?> = 0.85, the Pearson correlation
matrix of the 16S rRNA region OTUs was transformed into a
strengthened adjacency matrix according to the power of r =
11 and r = 6, respectively. Then, the topological overlap matrix
was used for hierarchical clustering to draw clustering trees that
could jointly characterize the overall distribution of similarity.
Finally, the generated clustering trees were cut by the dynamic
cut tree algorithm. In this process, OTUs with high similarity
in the common expression were clustered into the same branch,
and different branches of the clustering tree represented different
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FIGURE 3

LEfSe analysis for the gut microbiota alterations in different groups. (A, B) Microbial signatures for the model vs. control groups and JSP vs. model
groups, respectively. (C) Overall gut microbiota community with different abundances. (D) Identified gut microbes with significant differences
between groups. Data are shown as the means + SEM (n = 6). Different lowercase letters indicated in the figure depict significant between-group

modules, each of which was assigned a specific color (Figures 5A-
C). After constructing the co-expression network, 13 co-expression
modules were obtained for intestinal bacterial OTUs (Table 3).
Among them, the MEturquoise module had the highest number of
OTUs with 128, while the MEtan module had the lowest number of
OTUs with 13.

The results of the correlation analysis of metabolite content and
the relative abundance of OTUs in Clusters 2, 3, and 6 are shown in
Figures 6A, B, respectively. Evidently, as shown in Figure 6A, the
content of C01079 and C00415 had significant positive correlations
with MEblack and MEpurple modules, respectively. The content
of C00415 and CO00153 had significant negative correlations
with MEturquoise and MEgreenyellow modules, respectively.

Frontiers in Cardiovascular Medicine

As shown in Figure 6B, the content of C01717, C00051, and
C21484 had significant positive correlations with MEturquoise
and MEgreenyellow modules, respectively. The content of C01717
and C20171 had significant negative correlations with MEpink
and MEpurple, respectively. The OTUs in the five modules were
separately constructed as correlation networks, and the results are
shown in Figure 6C. The number in each ball was the ID number of
the OTU, as detailed in Supplementary Table 1.

As shown in Figure 7, the heat map was constructed by
the mean relative abundance of key flora OTUs identified from
WGCNA analysis, in which the family and genus information
of these OTUs are classified, as shown in Figure 7. Overall, these
bacteria were mainly distributed in six families, which were
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The significant changes in plasma metabolic profiles in HF and treated rats. (A, B) Plots of PLS-DA scores of all peak features in positive and negative
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Clustering diagram of relative abundance patterns of the plasma metabolites based on the Mfuzz algorithm.

Ruminococcaceae,  Chritensenellaceae,  Erysipelotrichaceae,

Akkermansiaceae,  Clostridiaceae-1 ~ and  Lachnospiraceae
(Figure 7). After correlation analysis of seven key metabolites
and identified OTUs (Supplementary Figures 2, 3), it was found
that OTU1637, OTU2744, OTU404, OTU5887, and OTU597 at
Ruminococcaceae_UCG-014 genus, and had a significantly positive
correlation with C01079 content. C00153 and C00415 contents
had a significantly negative correlation with OTU2536, OTU4547,
0OTU6344, OTU915, OTUI1568, OTU1063, OTU159, OTU369,
OTU374, OTU394, OTU465, and OTU549, which belonged to
Ruminococcaceae_UCG-005, Christensenellaceae_R-7_group, and
Erysipelotrichaceae. However, C21484 content had a significantly
positive correlation with OTU1568, OTU2536, OTU4547,
OTU6344, OTU374, OTU394, OTU465, OTU549, OTU159, and
OTU369 at the three genera mentioned above. C01717 content
had a significantly positive correlation with OTU177, OTU3344,
OTU406, and OTU5849 which belonged to Ruminococcaceae

(Supplementary Table 1).

Discussion

Mounting pieces of evidence have revealed an association
between microbial composition and their metabolites in HF. Recent
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studies had focused on HF with changes in intestinal microbiome
structure but ignored its connection with microbial metabolites.
Thus, a systematic investigation of the relevance between the
intestinal microbiome and its metabolites is greatly warranted.
We valued the changing intestinal microbiome and potential
metabolites associated with the development and prognosis of
HE. Through clustering and metabolite pathway analysis, 15
metabolites with clear physiological functions were identified
in the control, the heart failure model, and the JSP treatment
group, using the pathways of biosynthesis from uroporphyrinogen-
II1, biosynthesis II, pyrimidine deoxyribonucleotides biosynthesis
I, degradation of cysteine and homocysteine, metabolism of
nucleotides, and metabolism of vitamins and cofactors. After
combinedly analyzing the contents of these metabolites and the
intestinal microorganism OTUs by WGCNA, 116 bacteria that were
significantly related to the content change of these metabolites were
identified. These associations highlighted potential interactions of
microbe and metabolites, which helped to further reveal the effect
process by JSP in vivo during the development and prognosis of HF.

There are no significant differences in intestinal microbial
diversity among Control, Model, and JSP groups. We have
identified some bacteria altered by JSP treatment through
LEfSe analysis, such as and

Erysipelotrichia, Anaplasma,
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TABLE 2 Metabolic pathway of plasma metabolite enrichment in groups 2, 3, and 6.

Pathway Pathway Overlapping NO. of all pathway p-value
source metabolites metabolites

Biosynthesis from MouseCyc C01079; C14818 11 (11) 0.001 0.012 2
uroporphyrinogen-III I
Biosynthesis IT MouseCyc C01079; C14818 18 (18) 0.001 0.012 2
Pyrimidine MouseCyc C00415; C00460 20 (20) 0.002 0.012 2
deoxyribonucleotides de novo
biosynthesis I
M Phase Reactome C14818; C00153 22 (25) 0.002 0.012 2
Degradation of cysteine and Reactome C14818; C00957 24 (30) 0.002 0.012 2
homocysteine
Biosynthesis Reactome C01079; C14818 27 (33) 0.003 0.013 2
Cell Cycle, Mitotic Reactome C14818; C00153 34 (39) 0.005 0.014 2
Peroxisomal lipid metabolism Reactome C14818; C03017 35(59) 0.005 0.014 2
Metabolism of porphyrins Reactome C01079; C14818 36 (42) 0.006 0.014 2
DNA Repair Reactome C14818; C00153 37 (51) 0.006 0.014 2
Cell Cycle Reactome C14818; C00153 38 (43) 0.006 0.014 2
Metabolism of nucleotides Reactome C14818; C00460; 128 (148) 0.007 0.015 2

C00415
Metabolism of vitamins and Reactome C14818; C00153; 132 (172) 0.007 0.015 2
cofactors C00415
Interconversion of nucleotide Reactome C00415; C00460 46 (50) 0.009 0.016 2
di- and triphosphates
Sulfur amino acid metabolism Reactome C14818; C00957 46 (57) 0.009 0.016 2
Tryptophan metabolism-Mus KEGG C05646; C00322; 83 (83) 0.003 0.034 3
musculus (mouse) C01717
Ferroptosis—Mus musculus KEGG C00051; C21484 31(31) 0.005 0.034 3
(mouse)
Inflammatory mediator KEGG C20171; C00903 35(35) 0.005 0.042 6
regulation of TRP
channels-Mus musculus
(mouse)

Gammaproteobacteria. It was found that they were the key
differentiators that distinguished the model group from the
control and the JSP treatment groups (Figure 3D). The changes
in the abundance or ratio of several bacteria could indicate
whether the intestinal microbiome was in disorder. For instance,
the ratio of Firmicutes to Bacteroides (F/B) was an important
indicator of intestinal microbiome disorder (31). Compared with
healthy people, F/B in the intestinal microbiome of patients with
hypertension and heart failure was increased (32).

Among them, the bacteria of Erysipelotrichia under Firmicutes
had the function of increasing the permeability of the intestinal
mucosa and mediating the inflammatory response (33). In this
study, JSP may repair the intestinal barrier by inhibiting the
F/B ratio to promote HF prognosis. Some bacteria contained in
Lachnospiraceae_NK4A136_group (34, 35), Alloprevotella (36), and
Roseburia (37, 38) could produce some short-chain fatty acids in the
host intestine to regulate colon movement, immune maintenance,
and anti-inflammatory, which may be related to protection
from the hosts stress reaction, and increased continuously
in the prognosis of HF. It was shown that serum TMAO
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levels were positively associated with an increased abundance
of Ruminococcaceae_UCG_005 and Christensenellaceae_R-7_group
(39). TMAO is a molecular metabolite derived from the gut
microbiota, which may directly affect the heart by inducing
myocardial hypertrophy and fibrosis, endothelial cell and vascular
inflammation, as well as cardiac mitochondrial dysfunction,
thereby aggravating the progress of HF (40-42). Prevotella-9 was
negatively correlated with cardiac ejection fraction in rats with
spontaneous hypertensive HF (43). In this study, we found that
the abundance of several bacteria in Prevotella-9 increased after JSP
treatment. We speculated that its function was related to improving
the ejection fraction, but the specific mechanism was not clear.

To identify plasma metabolites in response to JSP gavage,
we attempted to analyze the changes in the content of these
metabolites in different treatment groups using fuzzy c-means
clustering. Three change clustering modes that respond to JSP
processing have been selected, namely Clusters 2, 3, and 6
(Figure 4C). Through the functional analysis of metabolites in these
groups, seven metabolites were found, which were distributed in
six pathways related to the development and prognosis of HF
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TABLE 3 Number of OTUs in each module.

Modules OTU-number

Black 23
Blue 54
Brown 52
Green 30
Greenyellow 19
Gray 36
Magenta 21
Pink 23
Purple 19
Red 25
Tan 13
Turquoise 128
Yellow 40

(Table 1). First, protoporphyrin IX (C01079) is the intermediate
product of heme biosynthesis, which is a key metabolite used to
bind oxygen and oxidize the guanidine nitrogen of L-arginine
to form nitric oxide (NO), playing a role as a vasodilator, as
well as the citrulline under the action of nitric oxide synthase
(44). The anti-inflammatory carbon monoxide and bilirubin
are produced by processes of heme metabolism, which further
enhances the anti-inflammatory effect and ultimately relieves
atherosclerosis (45). Heme is also an important component of

Frontiers in Cardiovascular Medicine

antioxidant functional proteins and enzymes in cardiomyocytes
(46). Heme has been shown to be protective against myocardial
fibrosis and oxidative stress through inducting of heme oxygenase
1 and the activation of the phosphatidylinositol 3-kinase/AKT
signaling pathway (47). In this study, there were 10 bacteria that
were significantly related to protoporphyrin IX, which belong
to Ruminococcaceae_UCG-014, Ruminiclostridium_6, Fournierella,
Eubacterium xylanophilum_group, Roseburia, and Desulfovibrio.
These bacteria may participate in the synthesis of protoporphyrin
IX and indirectly affect the change of heme content under the
influence of JSP, which could enhance the antioxidant function of
myocardial cells, reduce the inflammatory reaction, and ultimately
improve the effectiveness of heart failure (Figure 8).

Then, in the metabolism pathway of vitamins and cofactors,
nicotinamide (C00153) is the precursor of nicotinamide adenine
dinucleotide (NAD), which is participated in the wide range of
reactions, including regulation of cellular redox status, energy
metabolism, and mitochondrial biogenesis (48). In several models
of heart failure, myocardial NAD levels have been depressed
disturbed mitochondrial function remodeled metabolism, and
occurred inflammation. The emerging evidence has suggested that
regulating NAD homeostasis by NAD precursor supplementation
has therapeutic efficiency in improving myocardial bioenergetics
and function (49). Under JSP treatment, the abundance of
57 genera in rat including
Christensenellaceae_R-7_group,
Akkermansia, and Bacteroides, was significantly correlated with

microbiota under intestines,

Ruminococcaceae_UCG-005,
nicotinamide. These bacteria may directly or indirectly participate

in the synthesis of nicotinamide so that it could achieve the purpose
of alleviating heart failure symptoms (Figure 8). Dihydrofolate
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FIGURE 6
(A, B) Associations of different color modules and plasma metabolite from Clusters 2, 3, and 6. In the heatmap, each row corresponds to a module
eigengene (ME) and each column to a trait. Each cell contains the corresponding correlation and p-value. The tables were color-coded by
correlation according to the color legend. (C) Weighted correlation network of OTUs in five ME modules, including MEturquoise, MEgreenyellow,
MEblack, MEpink, and MEpurple.

(C00415) is an intermediate for the conversion of folic acid to
tetrahydrofolic acid, which is a member of the B-vitamin family,
and is essential for amino acid metabolism (50). Folic acid and
its active metabolite 5-methyl tetrahydrofolate improved nitric
oxide (NO) bioavailability by increasing endothelial NO synthase
coupling and NO production as well as by directly scavenging
superoxide radicals. By improving NO bioavailability, folic acid
may protect or improve endothelial function, thereby preventing
or reversing the progression of CVD in those with overt disease or
elevated CVD risk (51). After JSP gavage treatment, it was found
that the abundance of 57 bacteria distributed in 29 families and
40 genera in the intestinal microbiome of rats was significantly
correlated with the dihydrofolate content in plasma (Figure 8).

Dihydrofolate (C00415) and nicotinamide (C00153) are
vitamin B derivatives, which are closely related to a variety of
intestinal microbiomes (52, 53) and the development process
of heart failure. In these intestinal microflorae related to
dihydrofolate (C00415), the secondary metabolites produced by the
degradation of Ruminococcaceae_UCG-014 need to be degraded by
Bacteroidetes (54). As the main component of human and animal
intestinal microflora, the normal growth of these bacteria depended
on porphyrins, including protoporphyrin IX or heme with iron (55)
(Figure 8).

Kynurenine (C01717), a metabolite of the L-tryptophan
pathway, may mediate immunomodulation, oxidant defense, and
apoptosis (56), which are considered pathogenic features in the
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development of heart failure, and has been shown to predict
cardiovascular events (57, 58). Similarly, PE (18:0/0:0) (C21484)
participated in the process of lipid peroxidation (LPO) in the
pathway of ferroptosis. LPO which is one of their metabolites
is involved in immune responses and cell deaths (58, 59).
Kynurenine and PE (18:0/0:0) were significantly correlated with
the abundance of 10 and 49 species of bacteria, respectively,
in this research. It is speculated that these bacteria may, under
the influence of JSP, regulate these two metabolites’ contents
directly or indirectly to alleviate the course of cardiovascular
disease and increase the antioxidant capacity of cardiovascular cells
(Figure 8).

Results of intestinal microbiome analysis revealed that JSP
not only adjusted gut microbiota disturbances by enriching
the
bacteria, such as Allobaculum, and Brevinema,

species  diversity, reducing abundance of pathogenic
as well as
increasing the abundance of beneficial bacteria, including
Lachnospiraceae_NK4A136_group  but

also improved metabolic disorders by reversing metabolite

Lactobacillus, and

plasma levels to normality. The results of the correlation

analysis demonstrated a significant association between

intestinal microbiota and plasma metabolic profile. The key
relationships in our research would illustrate the underlying
mechanism of JSP to treat heart failure by affecting intestinal
microbiome and plasma metabolites as well

as provide

evidence for the interpretation of the mechanism in HF. But
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The heatmap of intestinal microbiome OTUs related to selected plasma metabolites from Clusters 2, 3, and 6.
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the physiological mechanism of these bacteria with the potential
function of improving heart failure and how to regulate these
endogenous metabolites are still unclear. In the future, we will
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conduct in-depth research on the function of these intestinal
microbiomes to further improve the mechanism of JSP in treating
heart failure.
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