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Background: There is growing evidence demonstrating that the gut microbiota
plays a crucial role in multiple endocrine disorders, including diabetic
cardiomyopathy (DCM). Research shows that the Chinese herb reduces disease
occurrence by regulating gut microbiota. Zuogui Jiangtang Shuxin formula
(ZGJTSXF), a Chinese medicinal formula, has been clinically used for treatment
of DCM for many years. However, there is still no clear understanding of how
ZGJTSXF treatment contributes to the prevention and treatment of DCM through
its interaction with gut microbiota and metabolism.

Methods: In this study, mice models of DCM were established, and ZGJTSXF's
therapeutic effects were assessed. Specifically, serum glycolipid,
echocardiography, histological staining, myocardial apoptosis rate were
assessed. Using 16s rRNA sequencing and high-performance liquid
chromatography-tandem mass spectrometry (HPLC-MS/MS), we determined the
impact of ZGJTSXF on the structure of gut microbiota and content of its
metabolite TMAO. The mechanism of ZGJTSXF action on DCM was analyzed
using quantitative real-time PCR and western blots.

Results: We found that ZGJTSXF significantly ameliorated DCM mice by
modulating gut-heart axis: ZGJTSXF administration improved glycolipid levels,
heart function, cardiac morphological changes, inhibited cardiomyocytes
apoptosis, and regulate the gut microbiota in DCM mice. Specifically, ZGJTSXF
treatment reverse the significant changes in the abundance of certain genera
closely related to DCM phenotype, including Lactobacillus, Alloprevotella and
Alistipes. Furthermore, ZGJTSXF alleviated DCM in mice by blunting TMAO/
PERK/FoxO1 signaling pathway genes and proteins.

Conclusion: ZGJTSXF administration could ameliorate DCM mice by remodeling
gut microbiota structure, reducing serum TMAO generation and suppressing
TMAO/PERK/FoxO1 signaling pathway.
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Introduction

Over the past few decades, type 2 diabetes mellitus (T2DM) and its
complications have increased annually (1). As a common
cardiovascular complication of diabetes, diabetic cardiomyopathy
(DCM) primarily manifests as an abnormal myocardium,
independent of coronary artery disease, valvular disease, and
cardiovascular risk factors such as hypertension (2, 3). A persistent
condition in which glucose and lipid metabolism causes cardiomyocyte
death, myocardial fibrosis, ventricular remodeling, and diastolic and
systolic dysfunction (4). It is one of the primary causes of death among
diabetics (5). In spite of intensive efforts, no definitive therapeutic
methods have been developed for treating DCM. Furthermore, there
are a limited number of treatment options and no understanding of the
underlying pathogenesis of essential DCM. As a result, identifying
potential therapeutic targets and discovering novel mechanisms of
DCM are essential to preventing and treating the disease.

Maintaining a healthy microbiota in the gut is crucial for
maintaining homeostasis. However, when gut microbial homeostasis
is disrupted, it can induce the development of different diseases. It has
recently been found that dysbiosis of the gut microbiota plays a role in
multiple conditions, including obesity, metabolic syndrome, diabetes,
and cardiovascular disease, which are closely linked to DCM (6). There
are many ways in which gut microbiota communicate with heart,
including the production of trimethylamine-N-oxide (TMAO), short-
chain fatty acids (SCFAs), bile acids, lipopolysaccharide (LPS), and
phenylacetylglutamine (PAGIn) (7, 8). This intimate connection
defines the term gut-heart axis. Numerous cardiovascular disorders
have been linked to the gut-heart axis, and addressing the gut-heart axis
may ameliorate DCM (9). TMAO is one of the more extensively studied
metabolites formed by the gut microbiota and comes with a potential
role in cardiovascular diseases (10-12). Plasma TMAO levels are also
associated with a significantly higher risk of type 2 diabetes and
metabolic syndrome (13). In the context of pathogenesis, further
research is needed to better understand how microbiota gut-derived
metabolites TMAO communicate with the heart. Research conducted
by Chen et al. indicated that TMAO bound and activated PERK (an
endoplasmic reticulum stress sensor), which caused FoxO1 to induce
insulin resistance and metabolic dysfunction (14). Furthermore,
inhibition of TMAO production can reduce the activation of PERK
and inhibit FoxO1l, which may prevent hyperglycemia (14, 15).
Converging evidences above, we postulated that TMAO/PERK/
FoxOl signaling pathway is possibly a potent target for the treatment
of DCM. The above-mentioned ideas are only our reasonable
speculation, and the specific mechanism needs to be more
thoroughly investigated.

Over 2,000 years of history have been devoted to traditional
Chinese medicine (TCM), which is widely used to treat metabolic and
cardiovascular disorders. Recently, gut microbiota has emerged as an
invaluable field for understanding TCM (16). There is compelling
evidence that TCM may influence gut microbiota and metabolic
components through interactions with gut microbiota (17). The
Zuogui Jiangtang Shuxin formula (ZGJTSXF), a herbal compound
based on meridian theory, is a herb that addresses a wide range of
health conditions. The ZGJTSXF has been widely used in clinical
practice for the treatment of diabetic cardiovascular complications.
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This is due to its effectiveness in nourishing Yin and benefiting Qi,
invigorating blood, and removing toxins. Although studies have
shown the efficacy of ZGJTSXF in DCM, the mechanism of action
of ZGJTSXF in the treatment of DCM are not fully understood, which
limits the further development and clinical application of ZGJTSXF.
In light of this, further investigation of ZGJTSXF in terms of the
prevention and treatment of DCM upon gut microbiota-mediated
insight may contribute to the understanding of its mechanism of
action and the potential clinical applications of the compound.
Here, the effects of ZGJTSXF treatment on mice models of DCM
were evaluated first. We investigated the shifts in gut microbiota and
content of its metabolite TMAO using 16S rRNA gene sequencing
and HPLC-MS/MS. To determine the potential therapeutic effects of
ZGJTSXF on the gut-heart axis, a holistic correlation analysis uniting
gut microbiome and metabolomics was conducted. Throughout the
whole process, our results presented substantial evidence about how
ZGJTSXF ameliorated DCM by reshaping gut microbiota and
modifying metabolites. This provided more theoretical and
experimental proof of gut microbiota as an essential factor in diseases.

Materials and methods

Preparation and component analysis
of ZGJTSXF

Herbs in ZGJTSXF [composed of Panax ginseng C. A. Meyer,
Astragalus membranaceus (Fisch.), Bunge, Rehmannia glutinosa
(Gaetn.) Libosch. ex Fisch. et Mey., Pueraria lobata (Willd.), Ohwi,
Cornus officinalis Sieb. et Zucc., Salvia miltiorrhiza Bunge, Coptis
chinensis Franch., Ophiopogon japonicus (Linn. f.) Ker-Gawl. and
Crataegus pinnatifida Bge] were provided by herbal pharmacy of First
Hospital of Hunan University of Chinese Medicine (Hunan, China)
and authenticated by Professor Professor Yong-jun Wu from School
of Pharmacy of Hunan University of Chinese Medicine. We weighed
each medicinal material accurately and soaked it in distilled water for
one hour. The drugs were boiled twice in water, each time for one
hour. A water decoction containing the 2 g-mL-1 original medicinal
material was prepared from the double-extracted solutions using
filtration, concentration, and packaging. The resulting decoction
was stored in a refrigerator (4°C) until it was used.

Take 15 ml of herbal decoction, centrifuge at a high speed (12,000
rpm, 15 min), and analyze the supernatants using ultra high
performance liquid chromatography - high resolution mass
spectrometry (UPLC-Q-Exactive-Orbitrap-MS). UPLC-Q-TOF/MS
grade acetonitrile and HPLC grade acetonitrile, methanol, formic
acid, were provided by Merck KGaA (Darmstadt, Germany). UPLC-
Q-Exactive-Orbitrap-MS analysis was analyzed on a Waters
Corporation Xbridge BEH C18 (2.1 mmx100 mm, 2.6 m) system,
which was maintained at 40°C. The flow rate was set at 0.3mL/min,
and the injection volume was 10 pL. The mobile phase was consisted
of 0.1% formic acid water (A) - 0.1% formic acid acetonitrile (B)
(0~1.5 min, 2%~2% B; 1.5~20 min, 2%~45% B; 20~27 min, 45%~95%
B; 27~32 min, 95%~95% B; 32~32.1 min, 95%~2% B; 32.1~35 min,
2%~2% B). The eluent was detected by a quadrupole orbitrap high
resolution mass spectrometer in the ESI positive and negative ion
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mode. The raw data were processed using Xcalibur 4.3 and
Compound Discoverer 3.2 software (Thermo Fisher Scientific, USA).

Experimental animals and study design

The MKR mice, which were first established by Fernandez and
colleagues and bear a dominant-negative IGF-1R in skeletal muscle
(18), were obtained from Dr. Derek LeRoith in National Institutes of
Health Diabetes Research Center (Bethesda, MD, USA). MKR mice
were housed in a temperature (22 + 2 °C) controlled room witha 12 h
light/dark cycle. MKR mice were used for breeding and their offspring
were used for experiments.

Twelve male MKR mice (8 weeks old) were randomly divided into
two groups: 1) diabetic cardiomyopathy model group (DCM, n = 6);
2) ZGJTSXF treatment group (ZGJTSXF, n = 6). Both groups were
kept on a high-fat diet supplemented with 1% choline for four weeks.
After four weeks, MKR mice were injected with 1% streptozotocin
(STZ; Sigma Aldrich Co., USA) dissolved in citrate buffer (pH=4.5) at
a dose of 40 mg/kg/day for 5 days. Fasting blood glucose (FBG) values
and echocardiography were tested to determine the development of
diabetes in desired groups. Age-matched and sex-matched
nondiabetic normal C57BL/6 mice were used as control group
(CON, n = 6). Our previous study explored the efficacy of three
doses (16.84 g/kg/d, 33.67 g/kg/d, and 67.34 g/kg/d) of this
prescription, and the result demonstrated that ZGJTSXF owns
optimal efficacy when it is administered at 33.67 g/kg/d; therefore, a
dose of 33.67 g/kg/d was chosen for the experiments in the current
study (unpublished observations). The mice in the CON and DCM
groups were given equal volumes of distilled water. All groups were
gavaged once a day for 4 weeks. The protocols for animal care and
handling were approved by the Animal Ethical Committee of the
Hunan University of Chinese Medicine.

Serum glycolipid profile

The mice were fasted for eight hours after the last administration.
The tail vein was then accessed for blood collection. Blood glucose
levels were measured with a blood glucose monitor (GT-1980. Aikelai
Medical Electronics (Pinghu) Co., Ltd., China). An oral glucose
tolerance test (OGTT) was conducted on mice after fasting for 8
hours (free access to water). A blood glucometer measured blood
glucose levels in tail veins after glucose loading at 0, 30, 60, 90, and
120 minutes. An area under the curve (AUC) for glucose was calculated
using the trapezoidal method based on five glucose measurements.
Following an eight-hour fast, mice were anesthetized with light
isoflurane anesthesia and blood was drawn from the retroorbital
plexus. Blood samples were processed immediately, centrifuged and
frozen at —80 °C until assayed. Fasting serum insulin (FINS) was
determined according to the manufacturer’s instructions using an
enzyme linked immunosorbent assay (ELISA) kit (Wuhan, China).
Insulin resistance index (HOMA-IR) was estimated according to the
formula: HOMA-IR=FBG (mmol/L)xFBI (mIU/mL)/22.5. The serum
total cholesterol (TC) and serum triglycerides (TG) levels as well as the
high density lipoprotein cholesterol (HDL-C) and serum low density
lipoprotein cholesterol (LDL-C) levels were determined using
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commercially available kits (Nanjing Jiancheng Bioengineering
Institute, Nanjing, China).

Echocardiography analysis

We anesthetized the animals with 1.5% isoflurane in 95% oxygen
and 5% carbon dioxide, and removed their chest hair with a
depilatory cream before examination. We assessed in vivo heart
function using a high-resolution ultrasound imaging system
(VINNO 6, Vinno Corporation, Suzhou, China) and measured
chamber dimensions with a 23 MHz frequency transducer. An M-
mode recording was obtained from short-axis parasternal views. We
measured and recorded the internal dimensions of ejection fraction
(EF), fractional shortening (FS), left ventricular end-systolic diameter
(LVIDs), left ventricular end-diastolic diameter (LVIDA), left
ventricular end-systolic volume (LVEDV), and left ventricular end-
diastolic volume (LVEDYV). A reading average is calculated based on
at least three measurements in echocardiography.

Histological analysis

Heart tissues were fixed for 24 hours in 0.01 M phosphate-
buffered saline and 10% formalin. A slide was prepared by
embedding fixed tissues in paraffin and separating them into thin
sections of 5 um thickness. The slides were stained with hematoxylin
and eosin (H&E), Picrosirius Red Stain Kit (Wellbio, Changsha,
China), and Masson’s trichrome stain Kit (Wellbio, Changsha,
China) for histopathological comparisons and determined by the
light microscopy (Motic China Group Co., Ltd.).

Terminal deoxynucleotidyl transferase dUTP
nick end labeling staining

As needed, TdT and dUTP reagents from the TUNEL kit were
mixed at a ratio of 1:5 according to the sample size. Sections were
incubated in a water bath at 37°C for 60 minutes after being covered
and placed in a wet box. A dropwise application of 4, 6-diamidino-2-
phenylindole stain was applied to the slides after they had been rinsed
three times in PBS for 5 minutes each. New glass slides were used for
sealing the cells, as well as anti-fluorescence quenching tablets.
Photographs were taken of the slides under a fluorescence
microscope (BX53, OLYMPUS, Japan). Apoptotic cells fluoresce
red. MicroPublisher imaging system (Q-imaging) was used to
calculate AI using five visual fields of each tissue. The Al
calculation was based on the following equation: AI = apoptotic
nuclei/total cardiac nuclei.

Gut microbial analysis of cecal contents

Each cecal content sample was extracted using HiPure Stool DNA
Kit B (Magen, Shanghai, China) following the manufacturer’s
instructions and quantified by ultraviolet spectroscopy. The 16S
rDNA V3-V4 region was amplified by PCR (94°C for 2 min,
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followed by 30 cycles at 98°C for 10 s, 62°C for 30 s and 68°C for 30 s
and a final extension at 68°C for 5 min) using universal forward and
reverse primers 341F (CCTACGGGNGGCWGCAG) and 806R
(GGACTACHVGGGTATCTAAT). AxyPrep DNA Gel Extraction
Kit (Axygen Biosciences, Union City, CA, US) was used to purify
amplicons from 2% agarose gels. Life Technologies, Foster City, USA)
provided the ABI StepOnePlus Real-Time PCR System for
quantification. An illumina sequencing platform was used to
sequence paired-end amplicons pooled in equimolar concentrations
according to Gene Denovo Biotechnology Co. Ltd (Guangzhou,
China). Raw reads were further filtered using FASTP (version
0.18.0). Raw tags were merged using FLASH (version 1.2.11) with a
minimum overlap of 10 bp and a 2% mismatch error rate. Quality
filtering and removal of chimeric sequences were then performed
before determining which tags are effective, and then clustering them
according to the 297% similarity cutoff using UPARSE software
(version 9.2.64). An analysis of principal components (PCA) was
conducted using Vegan R (version 2.5.3). In order to analyze the effect
of the DCM and ZGJTSXF on the overall microbiota structure, we
used QIIME software (version 1.9.1, University of Colorado, Denver,
CO, USA) to obtain observed species, abundance-based coverage
estimator (ACE), Shannon diversity index, and Simpson diversity
index. Utilizing the R project, we analyzed bacteria mainly at the
phylum and genus level. In the Vegan package (version 2.5.3) of the R
project, Welch’s t-test was applied to compare species between
groups. In addition, the linear discriminant analysis (LDA) effect
size measurement (LefSe) analysis based on Kruskal-Wallis rank-sum
test and Tukey HSD test was conducted to identify the abundant
taxonomy with significant differences among the three groups. In
order to calculate the heat map of cluster stacking, we used R and
Omicsmart (Gene Denovo Biotechnology Co. Ltd, Guangzhou,
China), a dynamic real-time interactive platform for data analysis.

Serum TMAO detected by HPLC-MS/MS

In this study, serum TMAO was measured by high-performance
liquid chromatography-tandem mass spectrometry (HPLC-MS/MS).
The sample was prepared by adding 10 uL of TMAO d9 (Toronto
Research Chemicals Inc., Toronto, Canada) to 100 uL serum; 300 uL
of acetonitrile precipitated the protein, vortexed for 1 min,
centrifuged at 1,000 rpm, 4°C for 5 min; and 200 uL of the
remaining supernatant was injected into a Waters Atlantis HILIC
Silica column for analysis.

Real-time quantitative PCR analysis

The total RNA of cells and tissues was extracted using the Total
RNA Extracting Kit (Foregene Co. Ltd., China). Total RNA was
reverse-transcribed to synthesize single strand complementary DNA
(cDNA) using RT EasyTM II (with gDNase) (RT-01032) kit
(Foregene Co. Ltd., China). Real Time PCR EasyTM-SYBR Green I
(QP-01014; Foregene Co. Ltd., China) and LightCycler 96 Instrument
(Roche, Mannheim, Germany) were used for real-time quantitative
PCR (qPCR). GAPDH was used as the internal reference gene for
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gPCR, and gene expression levels were calculated with the 2"*ACT
method. The primers of each gene are as follows: Forward-PERK, 5’-
CAGTGTTTGGCTTAGGGGCA-3; Reverse-PERK, 5-TCATTCT
CGGCATCCAGTGC-3; Forward-FoxOl, 5-TTTCGTCCTCG
AACCAGCTC-3; Reverse-FoxO1, 5- TACACCAGGGAATGCA
CGTC-3; Forward-Bim, 5-AAATGGCCAAGCAACCTTCTG-3%
Reverse-Bim, 5- CTTGCGGTTCTGTCTGTAGGG-3’; Forward-
Puma, 5-TGGGAGATATTGGCGGAAGC-3’; Reverse-Puma,5’-
GTATCTTACAGGCTGGGCCG-3’; Forward-TNFSF10, 5-
GGAAGACCTCAGAAAGTGGCA-3’; Reverse-TNFSF10, 5’-
CTCGATGACCAGCTCTCCATT-3%

Forward-GAPDH, 5 -ACTCTTCCACCTTCGATGCC-3;
Reverse-GAPDH, 5-TGGGATAGGGCCTCTCTTGC-3’.

Western blot analysis

A homogenized heart tissue sample was centrifuged at 12,000 rpm
at 4°C for 10 minutes in lysis buffer (Biyuntian Biotech Co. Ltd.,
China). The protein-containing supernatant was collected. The
protein concentrations were determined using the BCA
(Bicinchoninic Acid) protein assay kit from Biyuntian Company.
Proteins were separated by 10% sodium dodecyl-sulfate
polyacrylamide gel electrophoresis (SDS-PAGE) and transferred to
polyvinylidene difluoride membranes (PVDEF). After soaking in TBST
buffer supplemented with 5% bovine serum albumin (BSA) for 1 h,
these PVDF membranes were incubated with primary antibodies
overnight at 4°C. It was then washed three times with TBST and
incubated at room temperature for 1 hour with secondary antibodies
conjugated to horseradish peroxidase (HRP). Rewashed with TBST,
the membranes were imaged on X-ray film by chemiluminescence.
The super-sensitive ECL chemiluminescent substrate kit was
purchased from Biosharp Life Science Co., Ltd. (China). The band
intensity was analyzed using Image] software (National Institutes of
Health, Maryland, USA). The primary antibodies used in this study
were as follows: FOXO1 Antibody (AF301660), FoxO1 (phospho
Ser256) Polyclonal Antibody (AF00557), Bim Antibody (AF300342),
Bim (phospho Ser59) Polyclonal Antibody (AF00289), PUMA
Antibody (AF300458) were provided by AiFang biological (Hunan,
China), Phospho-PERK (Thr982) Antibody (DF7576) was purchased
from Affinity Biosciences (Jiangsu, China), Anti -TRAIL Rabbit pAb
(GB11413) were provided by Sevier Biotechnology Co., Ltd. (Wuhan,
China)., Anti-PERK antibody [EPR19876-294] (ab229912) and anti-
GAPDH antibody [EPR16891] (ab181602) were supplied by Abcam
Biotech (Shanghai, China).).

Statistical analysis

We express all data as mean + standard deviation. When the
measurement data conformed to normal distribution and the
homogeneity of variance test was homogeneous, one-way ANOVA
was used to compare groups, whereas paired samples t-tests were used
to compare before-and-after data. Otherwise, the Kruskal-Wallis test
and the Wilcoxon rank test are used. P<0.05 was considered statistically
significant. SPSS 22.0 (IBM, USA) was used for all analyses.
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Results

Major components in ZGJTSXF according to
UPLC-Q-exactive-orbitrap-MS analysis

Based on the established UPLC-Q-Exactive-Orbitrap-MS
method, 290 Chemical compounds were identified. These
components can be divided into ten categories: flavonoids, acids/
small peptides, phenylpropanoids, phenols, saponins, organic acids,
alkaloids, nucleosides, iridoids and oligoses. In this study, the
chromatogram and detailed composition of ZGJTSXF are shown in
Supplementary Figure S1 and Table S1.

ZGJTSXF administration improves glucose
and lipid metabolism in DCM mice

First, we evaluated the impacts of ZGJTSXF administration on FBG
in mice with DCM. The results showed that the FBG levels of the DCM
group were significantly higher than those of the CON group (P<0.01).
After 4 weeks of intervention, compared with the DCM group, the
ZGJTSXF group showed significantly reduced serum FBG levels in DCM
mice (P<0.01) (Figure 1A). Therefore, we confirmed that ZGJTSXF
administration did exhibit significant benefits in terms of lowering FBG.

Next, we evaluated the impacts of ZGJTSXF administration on oral
glucose tolerance in mice with DCM. As shown in Figure 1B and
Figure 1C, after the intake of glucose, compared with the CON group,
the DCM group had significantly increased blood glucose level at each
time point (P<0.01), while the ZGJTSXF group after treatment
significantly alleviated the blood glucose increase in DCM mice (P<0.01).

we also evaluated the impacts of ZGJTSXF administration on
fasting serum insulin (FINS) in mice with DCM. As shown in
Figure 1, The results showed that the FINS levels of the DCM
group were significantly higher than those of the CON group
(P<0.01)(Figure 1D). After 4 weeks of intervention, compared with
the DCM group, the ZGJTSXF group showed significantly reduced
FINS levels in DCM mice (P<0.01). Due to its good correlation to
glycemic clamp, HOMA-IR has been widely utilized as insulin
resistance index in clinical and epidemiological studies (19, 20).
The results showed that the insulin resistance index were increased
in the DCM group compared with the CON group (P<0.01), whereas
lower insulin resistance index were found in the ZGJTSXF group
compared with that in the DCM group (P<0.01) (Figure 1E).

In addition, the antihyperlipidemic effect of ZGJTSXF in DCM
mice has also been emphasized in this experiment. As shown in
Figure 1, DCM group showed significant increased serum TG, TC,
and LDL-C and decreased serum HDL-C compared with the CON
group (P<0.01). Administration of ZGJTSXF reduced serum TG
(Figure 1F), TC (Figure 1G), LDL-C (Figure 1H) and increased
HDL-C in diabetic mice (Figure 1I) (P<0.01).

ZGJTSXF administration promoted
myocardial function and myocardial
histology in DCM mice

We evaluated the effects of ZGJTSXF on echocardiography in DCM
mice. As shown in Figure 2A, echocardiography analysis found that mice
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in DCM group had significantly reduced left ventricle ejection fraction
(LVEF) and left ventricle fractional shortening (LVFS), compared with
mice in CON group. Notably, mice ZGJTSXF groups showed
significantly increased LVEF and LVES (Figures 2B-C) (P<0.01). The
left ventricular internal end-systolic diameter (LVIDs), left ventricular
internal end-diastolic diameter (LVIDd), left ventricular end-systolic
volume (LVESV) and left ventricular end-diastolic volume (LVEDV) of
mice in the DCM group significantly increased compared to those of
mice in the CON groups (P<0.01). On the contrary, the ZGJTSXF group
exhibited significantly reduced left ventricular internal end-systolic
diameter (LVIDs), left ventricular internal end-diastolic diameter
(LVIDA), left ventricular end-systolic volume (LVESV) and left
ventricular end-diastolic volume (LVEDV) compared with the DCM
group (P<0.01) (Figures 2D-G).

We further checked how ZGJTSXF administration could influence
the histological changes in myocardial tissues. As shown in Figure 2H, in
the CON group of mice, the ventricular wall and papillary muscle cells
were arranged neatly and regularly; the nuclei were of uniform size; the
cell gaps were not widened or narrowed; the morphology and structure
were good. No pathological changes were detected in the CON group. In
the DCM group, there was vacuolar degeneration of cardiomyocytes,
coagulative necrosis of the cardiomyocytes, small focal inflammatory cell
infiltrates in the interstitial myocardium and myocardial fibrosis.
However, coagulative necrosis of the cardiomyocytes, small focal
inflammatory cell infiltrates in the interstitial myocardium and
myocardial fibrosis were significantly improved in the ZGJTSXF
groups, compared to the DCM group.

Cardiovascular fibrosis contributes to the pathogenic remodeling
and structural changes of diabetic hearts (21), which further contributes
to DCM myocardial dysfunction. We investigated whether ZGJTSXF
could inhibit cardiac fibrosis synthesis. As a major method for assessing
cardiac fibrosis, Masson staining uses collagen deposition to determine
collagen deposition. Figures 21, ] show that collagen was practically
absent in the CON group, whereas collagen clumps accumulated in the
DCM group (P < 0.01). There was an improvement in cardiac fibrosis in
the ZGJTSXF treatment group (P < 0.05). Sirius red staining reacts with
collagen fibers to test collagen deposition. As shown in Figure 2K and
Figure 2L, no significant collagen was observed in the CON group, but
significant increase collagen appeared in DCM group (P <0.01).
However, ZGJTSXF administration remarkably decreased collagen
content in DCM mice (P <0.01).

ZGJTSXF administration inhibited apoptosis
in DCM mice

We quantitated the apoptosis of mouse cardiomyocytes through
TUNEL assay. As shown in Figure 3A and Figure 3B, the apoptosis
rate of cardiomyocytes in the DCM group was significantly higher
than that in the CON group (P <0.01). Compared with the DCM
group, the ZGJTSXF groups demonstrated significantly reduced
cardiomyocyte apoptosis (P <0.01).

ZGJTSXF administration affected the
structure of the gut microbiota in DCM mice

Intestinal microbes have been recognized to play an important
role in ameliorating DCM. Studies indicated that oral drug
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ZGJITSXF administration can improve glucose and lipid metabolism. (A) Fasting blood glucose levels before and after treatment in all groups of mice

(B) Oral glucose tolerance test (OGTT) levels of each group at different time periods. (C) The area under the curve (AUC) of plasma glucose during
OGTT. (D) Fasting serum insulin (FINS). (E) Insulin resistance index (homeostasis model assessment of insulin resistance, HOMA-IR). (F) Triglycerides(TG).
(G) Total Cholesterol (TC). (H) High-Density lipoprotein Cholesterol (HDL). (I) low-Density lipoprotein Cholesterol. ##P<0.01, compared with the CON

group; AAp 001, compared with the DCM group.

administration may influence disease development via modulating
composition and metabolites of gut microbiota (22). To this end, gut
microbiota were investigated in animals after oral administration
with ZGJTSXF.

The gut microbiota diversity and richness were evaluated by Sobs,
Chaol, ACE and Shannon indexes. Compared with the control and
ZGJTSXF treatment groups (Figures 4A-D), relatively few bacterial
species were seen in the DCM groups (P < 0.05, P < 0.001), indicating
that ZGJTSXF is altering bacterial community abundance. B-diversity
analysis was used to assess the discrepancies between microbial
communities. UPGMA clustering tree and principal coordinates
analysis (PCoA) based on Jaccard distance were used to analyze
changes in the overall structure of gut microbiota (Figures 4E, F).
Using UPGMA and PCoA, it was evident that DCM and CON were
aggregated separately. This suggested that the CON group samples
and the DCM model group samples had different compositions and
structures. In contrast, the distance between the ZGJTSXF treatment
group and the CON group was closer than that between the DCM
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model group and the CON treatment group. These results suggested
that ZGJTSXF altered the diversity reduction of intestinal
microorganisms and the structure of microbial communities
challenged by DCM.

We determined the relative abundance of the phylum (Figure 4G)
and found that the DCM mice displayed an increased the relative
abundance of Firmicutes (74.21% vs. 57.70%) and decreased abundance
of Bacteroidetes (22.50% vs. 36.33%) compared with those in the CON
group. In contrast, the microbiota imbalance was ameliorated by
ZGJTSXF administration as it decreased the abundance of Firmicutes
(68.29% vs. 74.21%) and increased Bacteroidetes (26.09% vs. 22.51%)
(Figure 4H). Furthermore, treatment with ZGJTSXF reduced the ratio
of Firmicutes to Bacteroidetes in DCM mice, although the difference
was not statistically significant (Supplementary Figure S2). A decrease
in Bacteroidetes or an increase in Firmicutes or an increase in the ratio
of Firmicutes to Bacteroidetes contributes to the risk of diabetes (23).
Therefore, this result showed that the ZGJTSXF could reduce the risk
of diabetes.
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FIGURE 2

ZGJITSXF administration changed myocardial function and myocardial histology in DCM mice. (A—G) Echocardiographic observation of changes in
cardiac function in various groups of mice. (A) Representative M-mode echocardiograms in mice of the indicated groups. (B) Summary on the left
ventricle fractional shortening (LVFS). (C) Summary on the left ventricle ejection fraction (LVEF). (D) Summary on left ventricular internal end-systolic
diameter (LVIDs). (E) Summary on left ventricular internal end-diastolic diameter (LVIDd). (F) Summary on left ventricular end-systolic volume (LVESV)
(G)Summary on left ventricular end-diastolic volume (LVEDV). (H) Representative images of a mice myocardial tissues after HE staining (Scale bar, 50
um). (1) Representative images of mice myocardial tissues after masson staining (Scale bar, 50 um). (J) Fiber rate of cardiomyocytes in mice of the
indicated group was summarized. (K) Representative images of a mice myocardial tissues after sirius red staining (Scale bar, 50 um). (L) Sirius red area of
cardiomyocytes in mice of the indicated group was summarized. Black arrow, vacuolar degeneration of cardiomyocytes; red arrow, coagulative necrosis
of the cardiomyocytes; blue arrow, small focal inflammatory cell infiltrates in the interstitial myocardium; pink arrow, myocardial fibrosis. ##P<0.01,
compared with the CON group; AAp.001, compared with the DCM group

At the genus level (Figure 4I), DCM mice had a higher relative ~ xylanophilum_group and Desulfovibrio compared with those of
abundance of Lactobacillus, Bacteroides, Alloprevotella and Alistipes ~ CON mice. However, the abundance of these bacteria in the
and had a lower relative abundance Lachnospiraceae_  ZGJTSXF group were reversed and returned to CON group
NK4A136_group, Ruminococcaceae_UCG-014, Eubacterium_  compared with the DCM group.
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Apoptosis of mouse myocardial tissues was evaluated by TUNEL staining. (A) Representative images of apoptosis of mice myocardial tissues after TUNEL
staining. (B) Apoptosis rate of cardiomyocytes in mice of the indicated group was summarized. *#P<0.01, compared with the CON group; AAp001,

compared with the DCM group

The LEfSe analysis, which emphasizes the statistical significance
and biological correlation, was also performed to search for biomarkers
with statistical significance among the CON, DCM and ZGJTSXF
groups (Figures 4], K). In this study, the discriminative features of the
bacterial taxa were identified with an LDA score >2.0. According to the
ranked bacterial taxa, the DCM group revealed that twenty-eight
communities were selectively enriched, which were Lactobacillus,
Lactobacillaceae, Lactobacillales, Alistipes, Streptococcus_
acidominimus, Alistipes_inops and Acidimicrobiia Microtrichales
et al. After treatment, the mice of the ZGJTSXF group were enriched
in thirty communities such as Ruminococcaceae_ NK4A214_group,
Saccharimonadia, Saccharimonadales, Candidatus_Saccharimonas,
Saccharimonadaceae and Patescibacteria. Combined with the
differential gut microbiota analyzed by Tukey HSD test at the genus
level (Figures 4L), it can be concluded that Lactobacillus, Alloprevotella,
Alistipes, Rikenellaceae_RC9_gut_group, Lachnospiraceae_UCG-006,
Parabacteroides, Eubacterium_ventriosum_group, Odoribacter,
Ruminococcaceae_UCG-013, Clostridium_sensu_stricto_1 played the
most significant role in ZGJTSXF treatment.

Diabetic cardiomyopathy-related genera
regulated by ZGJTSXF

The correlations between 69 genera that changed significantly
among the three groups and 18 DCM-related pathological indices
were conducted by Spearman’s correlation analysis. The results were
presented as a heatmap (Supplementary Figure S3). In general, there
were 41 genera closely related to the phenotype of DCM (>4
pathological indices were closely correlated with certain genus).
Among them, Butyricicoccus, Prevotellaceae_UCG-001,
Bifidobacterlum, Lachnoclostridium, Lachnospiraceae_FCS020_
group, Marvinbryantia, Blautia, Oscillibacter, UBA1819,
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Ruminiclostridium_5, Anaerotruncus, A2, Eubacterium_nodatum_
group, GCA-900066575, Parvibacter, Ruminococcaceae_UCG-013,
Eubacterium_xylanophilum_group, Desulfovibrio, Family_ XIIL_
UCG-001, Eubacterium_coprostanoligenes_group, Eubacterium_
ventriosum_group and Candidatus_Arthromitus showed a positive
correlation with FINS, HDL-C, EF%, FS% and a negative correlation
with LVESv, TG, LVIDs, TC, LDL-C, blood glucose, LVIDd, LVEDyv,
fiber area, AUC of OGTT, HOMA-IR, cardiomyocyte apoptosis rate,
Sirius red area. Alistipes, Corynebacterium_1, Escherichia-Shigella,
Bifidobacterium, Klebsiella, Odoribacter, Lactobacillus,
Parabacteroides, Rikenellaceae_RC9_gut_group, Alloprevotella,
Clostridium_sensu_stricto_1 showed a negative correlation with
FINS, HDL-C, EF%, FS% and positive correlation with with LVESy,
TG, LVIDs, TC, LDL-C, blood glucose, LVIDd, LVEDy, fiber area,
AUC of OGTT, HOMA-IR, cardiomyocyte apoptosis rate, Sirius
red area.

Correlations between gut microbiota and
serum TMAO level

Spearman’s correlation analysis was also conducted to analyze the
correlations between the 69 significant changed genera and serum TMAO
level. As shown in Supplementary Figure S4, Rikenellageae_
RCY_gut_group, Alloprevotella, Odoribacter, Parabacteroides,
Lactobacillus, Bifidobacterium, Klebsiella, Corynebacterium_1, Alistipes
and Clostridium_sensu_stricto_1 showed a positive correlation with
Serum TMAO level. Eubacterium_brachy_group, Prevotellaceae UCG-
001, Marvinbryantia, Lachnospiraceae_UCG-006, Eubacterium_
ventriosum_group, Ruminococcaceae_UCG-013, GCA-900066575,
Desulfovibrio, Candidatus_Arthromitus, Eubacterium_
coprostanoligenes_group, Lachnospiraceae_FCS020_group,
Anaerotruncus, Eubacterium_xylanophilum_group, Family XIIl UCG-
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ZGJTSXF administration changed the structure of the gut microbiota in DCM mice. (A—D) Analysis of o diversity of gut microbiota in mice. (A) Sobs 1
index. (B) Chao 1 index. (C) ACE index. (D) Shannon index. (E, F) Analysis of B diversity of gut microbiota in mice. (E) UPGMA clustering tree and

(F) principal coordinates analysis (PCoA) based on Jaccard distance. (G) The overall composition of the gut microbiota at the phylum level. (H) The
relative abundance of Firmicutes and Bacteroidetes. (I) The overall composition of the gut microbiota at the Genus level. (J) Cladogram generated by the
LEfSe analysis (K) Linear discriminant analysis (LDA) score for taxa differing between three groups. An LDA score greater than 2 indicated a higher relative
abundance in the corresponding group than in the three groups. Blue bars represent taxa that are significantly increased in the DCM group. Green bars
represent taxa that are significantly increased in the ZGJTSXF group. Red bars represent taxa that are significantly increased in the CON group. (L) The
relative abundance of Lactobacillus, Alloprevotella, Alistipes, Rikenellaceae_RC9_gut_group, Lachnospiraceae_UCG-006, Parabacteroides,
Eubacterium_ventriosum_group, Odoribacter, Ruminococcaceae_UCG-013, Clostridium_sensu_stricto_1. *#P<0.01, compared with the CON group;

AAp 001, compared with the DCM group.

001, Ruminiclostridium_5, Eubacterium_nodatum _group, Butyricicoccus,
Lachnoclostridium, A2, Oscillibacter, Blautia, Ruminococcaceae UCG-004,
Roseburia, Ruminococcaceae_UCG-00, Lachnospiraceae_
NK4A136_group showed a negative correlation with Serum TMAO
level. Of these genera, Lactobacillus, Alloprevotella, Alistipes,
Rikenellaceae_RC9_gut_group, Lachnospiraceae_UCG-006,
Parabacteroides, Eubacterium_ventriosum_group, Odoribacter,
Ruminococcaceae. UCG-013, Clostridium_sensu_stricto_1 could be
significantly reversed by ZGJTSXF in DCM mice. Therefore, these
genera might be the targets of ZGJTSXF in the treatment of DCM mice.

ZGJTSXF administration suppressing the
TMAO/PERK/FoxO1 pathway in myocardial
tissues of DCM mice

In order to explored the underlying mechanism of TMAO
mediated DCM. We first quantitated TMAO contents in serum via
HPLC-MS/MS. We found that TMAO levels were higher in the DCM
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group than the mice in CON group. However, this was reversed by
ZGJTSXF administration (P<0.01). Our results suggested that
ZGJTSXF reduced TMAO synthesis levels in DCM mice (Figure 5A).

The transcription and protein levels of TMAO/PERK/FoxO1
pathway molecules and apoptosis-associated molecules (Bim,
PUMA and TNEFSF10) were quantitated by qPCR and western blot
assays. Compared with the CON group, the DCM group had
significantly increase mRNA levels of PERK, FoxO1, Bim, PUMA
and TNFSF10 in the myocardial tissues (P<0.01). After the 4-week
treatment period, compared with the DCM group, the ZGJTSXF
group showed significantly reduced mRNA expression of PERK
(Figure 5B), FoxO1 (Figure 5C), Bim (Figure 5D), PUMA
(Figure 5E) and TNFSF10 (Figure 5F) in mice with DCM (P <
0.01). The western blot assay (Figure 5G) showed largely consistent
expression patterns of these molecules among the groups. The
ZGJTSXF treatment could significantly reduce the ratios of p-
PERK/PERK (Figure 5H), p-FoxO1/FoxO1 (Figure 5I), p-Bim/Bim
(Figure 5J), PUMA/GAPDH (Figure 5K), TNFSF10/GAPDH
(Figure 5L) that were upregulated in the DCM group (P<0.05,
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FIGURE 5
ZGJTSXF administration inhibited TMAO/PERK/FoxO1 pathway in DCM mice (A) The TMAO contents in serum. The mRNA levels of (B) PERK, (C) FoxO1,
(D) Bim(E) PUMA(F) TNFSF10. (G) Representative images of western blot bands are shown. (H) The protein levels of phosphorylated PERK (p-PERK), (NThe
protein levels of phosphorylated FoxO1 (p-FoxO1), (J) The protein levels of phosphorylated Bim (p-Bim), (K) The protein levels of PUMA, (L) The protein
levels of TNFSF10. ##P<0.01, compared with the CON group; 44p<0.01, 4P<0.05, compared with the DCM group.

0.01). Taken together, these results demonstrated that ZGJTSXF
administration inhibited apoptosis and blunted the TMAO/PERK/
FoxO1 pathway in myocardial tissues of DCM mice.

Discussion

DCM is a serious complication of diabetes. In spite of much effort,
only limited progress has been made. During the present study, we
demonstrated that ZGJTSXF can ameliorate the progression of DCM,
and that the gut-heart axis may play an instrumental role.

Herbal medicine has been used to treat diabetes and its
complications including DCM for thousands of years around the
world. Most herbal medicines are taken orally and absorbed through
the intestines. Normally, oral drugs go through the gastrointestinal
system for metabolism (17). They interact with a large number of
microorganisms in the intestine after oral medication (17, 24). It is
possible to improve the body’s dysfunction and pathological conditions
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through herbal medicines by regulating the gut microbiota’s
composition and metabolism. By participating in the metabolic
transformation of herbs, the gut microbiota can also improve the
bioavailability of herbal compounds (25). According to the UPLC-Q-
Exactive-Orbitrap-MS analysis result, ZGJTSXF contain many bioactive
compounds, including flavonoids, phenylpropanoids, organic acids,
alkaloids. A small fraction of flavonoids (except flavanols) are absorbed
through the small intestine as glycosides, which are naturally formed
when flavonoids combine with sugar. The colonic microflora absorb
glycosylated flavonoids into the body during digestion, converting them
into phenolic acid and other metabolites. Microorganisms can catabolize
flavonoids, changing their bioavailability and activity, regulating the
colonic flora (26-36). Under the action of intestinal bacteria,
phenylpropanoids undergo biotransformations such as lactone
hydrolysis or demethylation (37, 38). As a prototype, organic acids are
absorbed in the stomach and small intestine. Following this, they are
digested further by intestinal mucosa and gut microbiota by hydrolysis
by esterase. When bacteria metabolize polyphenols or carbohydrates,
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they produce organic acids (39, 40). It is related to Clostridium,
Escherichia coli, and Lactobacillus that organic acids are produced.
The formation of lactic acid regulates intestinal peristalsis and inhibits
the reproduction of harmful bacteria. The biological world produces
alkaloids, which are nitrogen-containing organic compounds. It is one of
the most vital components of Chinese medicine because of its
physiological properties. There are some alkaloids that are hydrophilic
and soluble in organic solvents as well. As a result of gut microbiota
action, alkaloids often consist of small molecules, ether bonds,
coordination bonds, etc., which are susceptible to hydrolysis and
dehydration (41-44). With all of this in mind, we could speculate that
ZGJTSXF might alleviate DCM by regulating the intestinal microbiota.
For this aim, we designed this study.

In high-fat and STZ-induced diabetic mice, we found ZGJTSXF
administration could improve fasting blood sugar, blood lipid, fasting
blood insulin and insulin resistance. Further research on
echocardiography and histological analysis, we discovered that the
ZGJTSXF groups can improve left ventricular systolic and diastolic
functions in DCM mice. We discovered that the ZGJTSXF groups can
reduce hypertrophy, vacuolar degeneration of cardiomyocytes,
myocardial interstitial infiltration of inflammatory cells, capillary
basement membrane thickened, and myocardial fibrosis caused by
diabetic cardiomyopathy, thus improving cardiac function.
Additionally, the effects of ZGJTSXF on cardiomyocyte apoptosis in
DCM mice were also investigated. The results showed the ZGJTSXF
groups demonstrated significantly reduced cardiomyocyte apoptosis.
Although ZGJTSXF exerts many health benefits. However, it is still
unclear whether gut microbiota plays a role in the occurrence of DCM.

Having a healthy gut microbiota plays an important role in
maintaining normal heart function and development (8, 45-47).
There has been a great deal of interest in recent years regarding the
presence of gut microbiota and specific gut microbiota-dependent
pathways as well as downstream metabolites in cardiovascular disease
and metabolic disorders (8, 45). In the present study, we used 16S gene
rRNA sequencing to identify changes in gut microbial diversity and
composition following ZGJTSXF treatment. A recent study found that
metabolic diseases are associated with decreased gut microbial diversity
(48). Our result is consistent with recent studies, we also observed
significant decreases in Sobs, Chaol, ACE, and Shannon indexes in
DCM model mice. It was, however, reversed by ZGJTSXF. Based on
UPGMA and PCoA, there was a clear cluster separation between
ZGJTSXF mice and DCM mice. The ZGJTSXF group had a smaller
distance from the CON group, indicating that the ZGJTSXF treatment
significantly normalized the biological community structure.

The results of LEfSe analysis and environmental factor correlation
analysis showed that Lactobacillus, Alloprevotella, Alistipes,
Rikenellaceae_RC9_gut_group, Lachnospiraceae_UCG-006,
Parabacteroides, Eubacterium_ventriosum_group, Odoribacter,
Ruminococcaceae_UCG-013, Clostridium_sensu_stricto_1 played
important roles in DCM. Lactobacillus genus represents a common
probiotic, but this protective effect may depend on the presence of other
intestinal bacteria and work together in a complementary manner (49).
Most other studies have reported that Lactobacillus was found in higher
abundance in control groups than in diabetic groups (50, 51). But here,
the abundance of Lactobacillus being significantly higher in the DCM
group than in the CON group. Other studies have produced similar
results on the abundance of Lactobacillus in diabetic patients (52, 53).
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Research has shown that increased Lactobacilli levels were positively
correlated with fasting glucose, glycosylated hemoglobin, and a long-term
measure of blood glucose control (54). Thus, increased Lactobacillus in
the intestines could be a consequence of increased glucose levels in
diabetic patients. On the other hand, lactobacilli also have the potential to
cause infections, but this is considered rare. Lactobacilli-induced
infections are more common in immunocompromised and diabetic
patients, but sometimes also in subjects without underlying diseases or
risk factors (55). Here, we also found that Alloprevotella genus was
significantly increased in DCM group. In addition, we found that
Alloprevotella were positively correlated with levels of LVESv, TG,
LVIDs, TC, LDL-C, blood glucose, LVIDd, LVEDy, fiber area, AUC of
OGTT, HOMA-IR, cardiomyocyte apoptosis rate, blood glucose, Sirius
red area but negatively correlated with FINS, HDL-C, EF%, FS%,
indicating that Alloprevotella genus may contribute to DCM. The
specific function of the Rikenellaceae_RC9_gut_group is currently
unknown, but the Rikenellaceae_ RC9_gut_group is closely related to
members of the genus Alistipes, and Alistipes can produce TMAO (56).
It was reported that Lachnospiraceae_UCG-006 were potentially related
to obesity and inflammation. Increase the the abundance of
Lachnospiraceae_ UCG-006 was reported to improve insulin resistance
and reduce inflammation (57). Parabacteroides is also known to be
associated with diet-induced obesity. Lecomte et a. reported that
Parabacteroides is one of the major succinate producers in the gut, and
is also associated with obesity (58). Eubacterium_ventriosum_group
belongs to Lachnospiraceae. Dang et al. showed that decrease of
Eubacterium_ventriosum_group was associated with enhanced
systemic inflammation (59). In a previous study, Odoribacter was
reported to be highly abundant in hypercholesterolemic subjects and
the isobutyric acid proportion was positively associated with Odoribacter
abundance (60). In addition, Odoribacter was also reported to exhibit
higher abundance in diabetic mice and cause some health problems such
as abdominal inflammation (61). Clostridium_sensu_stricto_1, a genus
belonging to butyrate-producing Clostridia bacteria, the proliferation of
Clostridium species in the colon may produce toxins and lead to
intestinal epithelial damage (62).

Furthermore, the correlation analysis between the differential intestinal
microbiota and serum TMAO level showed that serum TMAO level were
positively associated with Lactobacillus, Alloprevotella, Alistipes,
Parabacteroides, Odoribacter and Clostridium_sensu_stricto_1 but
negatively with Lachnospiraceae_UCG-006, Eubacterium_
ventriosum_group, Ruminococcaceae_UCG-013. Interestingly, we found
that ZGJTSXF treatment reduced the abundance of gut bacteria positively
correlated with TMAO and increased the abundance of gut bacteria
negatively correlated with TMAO. TMAO is an oxidation product of
trimethylamine (TMA), which is produced by gut microbiota from dietary
choline and phosphatidylcholine. After absorption in the gut, TMA reaches
the liver where it is converted to TMAO by hepatic flavin-containing
monooxygenases(FMO3) (63, 64). In recent years, TMAO have been
extensively studied due to their potential cardiovascular risks (10-12).
According to the current evidence, ZGJTSXF is believed to reduce DCM by
regulating the intestinal microbiota. But it is still elusive whether ZGJTSXF
improve DCM Mice by alleviation gut - heart axis.

There have been several studies demonstrating the link between high
circulating TMAO levels and a number of diseases, including metabolic
syndrome (65, 66), insulin resistance (66), obesity (67), and nonalcoholic
fatty liver disease (68). Interestingly, when we analyzed the gut

frontiersin.org


https://doi.org/10.3389/fendo.2023.1106812
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org

Huang et al.

microbiota, we found an altered increased abundance in the TMAO-
producing gut microbiota. Therefore, we hypothesized that the gut
microbiota communicates with the host through the small molecule
metabolite-TMAO. Thus, we next examined the metabolites of the gut
microbiota, TMAQ, and how TMAO communicates with the heart,
providing important evidence to support the gut-heart axis. We found
that the TMAO concentration in the model group was higher than thatin
the control group; while the TMAO concentration in the ZGJTSXF
group were significantly downregulated. PERK is an endoplasmic
reticulum (ER) stress sensor. When TMAO is absorbed at
physiologically relevant concentrations, it activates the transcription
factor PERK, which in turn induces FoxO1 (14). Studies have shown
that excessive activation of cardiac FoxO1 causes DCM and heart failure
via insulin receptor substrate downregulation (69). Cardiomyocyte
apoptosis is a crucial factor leading to myocardial dysfunction (70).
The activation of FoxO1 has recently been demonstrated to modulate the
expression of genes involved in apoptosis, including Bim, PUMA,
TNESF10. Previous data have suggested that Bim, PUMA, TNFSF10 is
a downstream target of FoxOl transcription factors. Recently, Bim,
PUMA, TNEFSF10 has been shown to be mediated by FoxO1-induced
apoptosis (71-73). Our results are consistent with the above findings. In
the DCM state, gut microbiota dysbiosis leads to the increase of TMAO
levels in the circulating. TMAO binds and induces phosphorylation of
PERK in the cardiomyocytes and then PERK induced FoxO1, which
promoted cardiac fibrosis, dysfunction and cardiomyocyte apoptosis. In
this research, the high expression levels of PERK, FoxO1 in DCM mice
were reversed after ZGJTSXF treatment. The results showed that the
preventative effect of ZGJTSXF alleviated DCM were due to blunte the
expression of key genes and proteins in the TMAO/PERK/FoxO1
signaling pathway which is associated with its modulation on gut
microbiota imbalance.

Conclusion

In conclusion, the present study showed that ZGJTSXF could
ameliorate DCM. The therapeutic effect of ZGJTSXF on DCM mice
might be mediated by changes in the gut microbiotaand its metabolite
levels. The findings suggested that ZGJTSXF was a promising
complementary option for DCM. The efficacy and safety of
ZGJTSXF are worth investigating in the clinic in the future.

Data availability statement

The data presented in the study are deposited in the SRA
database, accession number PRJNA924008.

References

1. Aliyari R, Hajizadeh E, Aminorroaya A, Sharifi F, Kazemi I, Baghestani AR. Multistate
models to predict development of late complications of type 2 diabetes in an open cohort study.
Diabetes Metab Syndr Obes (2020) 13:1863-72. doi: 10.2147/DMS0.S234563

2. Jia G, Whaley-Connell A, Sowers JR. Diabetic cardiomyopathy: a hyperglycaemia-
and insulin-resistance-induced heart disease. Diabetologia (2018) 61:21-8. doi: 10.1007/
s00125-017-4390-4

Frontiers in Endocrinology

10.3389/fendo.2023.1106812

Ethics statement

The animal study was reviewed and approved by EthicsCommittee of
Hunan University of Traditional Chinese Medicine (Hunan, China).

Author contributions

Y-LH, QX, and RY designed the experiment. Y-LH, and QX
performed the experiment. Y-LH and YW analyzed the data and wrote
the manuscript. Y-LH, QX, J-JZ, YW and RY revised the manuscript. All
authors contributed to the article and approved the submitted version.

Funding

This work was supported by grants from the National Natural
Science Foundation of China (82074400, U21A20411, 82004185),
Hunan Provincial Technology Key Research and Development
Program (2020SK2101), Postgraduate Research and Innovation
Project of Hunan Province (CX20210692), Hunan Provincial Key
Laboratory of Translational Medicine for TCM Recipe and Syndrome
Research (2018TP1021).

Conflict of interest

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

Publisher’s note

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

Supplementary material

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fend0.2023.1106812/
full#supplementary-material

3. Jia G, Hill MA, Sowers JR. Diabetic cardiomyopathy: An update of mechanisms
contributing to this clinical entity. Circ Res (2018) 122:624-38. doi: 10.1161/
CIRCRESAHA.117.311586

4. TanY, Zhang Z, Zheng C, Wintergerst KA, Keller BB, Cai L. Mechanisms of diabetic
cardiomyopathy and potential therapeutic strategies: preclinical and clinical evidence. Nat
Rev Cardiol (2020) 17:585-607. doi: 10.1038/s41569-020-0339-2

frontiersin.org


https://www.frontiersin.org/articles/10.3389/fendo.2023.1106812/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fendo.2023.1106812/full#supplementary-material
https://doi.org/10.2147/DMSO.S234563
https://doi.org/10.1007/s00125-017-4390-4
https://doi.org/10.1007/s00125-017-4390-4
https://doi.org/10.1161/CIRCRESAHA.117.311586
https://doi.org/10.1161/CIRCRESAHA.117.311586
https://doi.org/10.1038/s41569-020-0339-2
https://doi.org/10.3389/fendo.2023.1106812
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org

Huang et al.

5. Liu C, Lu XZ, Shen MZ, Xing CY, Ma ], Duan YY, et al. N-acetyl cysteine improves
the diabetic cardiac function: possible role of fibrosis inhibition. BMC Cardiovasc Disord
(2015) 15:84. doi: 10.1186/s12872-015-0076-3

6. Palmu J, Salosensaari A, Havulinna AS, Cheng S, Inouye M, Jain M, et al.
Association between the gut microbiota and blood pressure in a population cohort of
6953 individuals. ] Am Heart Assoc (2020) 9:e016641. doi: 10.1161/JAHA.120.016641

7. Wang YB, de Lartigue G, Page AJ. Dissecting the role of subtypes of gastrointestinal
vagal afferents. Front Physiol (2020) 11:643. doi: 10.3389/fphys.2020.00643

8. Witkowski M, Weeks TL, Hazen SL. Gut microbiota and cardiovascular disease.
Circ Res (2020) 127:553-70. doi: 10.1161/CIRCRESAHA.120.316242

9. Suganya K, Son T, Kim KW, Koo BS. Impact of gut microbiota: How it could play
roles beyond the digestive system on development of cardiovascular and renal diseases.
Microb Pathog (2021) 152:104583. doi: 10.1016/j.micpath.2020.104583

10. Liu X, Xie Z, Sun M, Wang X, Li J, Cui J, et al. Plasma trimethylamine n-oxide is
associated with vulnerable plaque characteristics in CAD patients as assessed by optical
coherence tomography. Int ] Cardiol (2018) 265:18-23. doi: 10.1016/j.ijcard.2018.04.126

11. Roncal C, Martinez-Aguilar E, Orbe J, Ravassa S, Fernandez-Montero A, Saenz-
Pipaon G, et al. Trimethylamine-N-Oxide (TMAO) predicts cardiovascular mortality in
peripheral artery disease. Sci Rep (2019) 9:15580. doi: 10.1038/s41598-019-52082-z

12. Senthong V, Wang Z, Fan Y, Wu Y, Hazen SL, Tang WH. Trimethylamine n-oxide
and mortality risk in patients with peripheral artery disease. ] Am Heart Assoc (2016) 5
(10):€004237. doi: 10.1161/JAHA.116.004237

13. DiNicolantonio JJ, McCarty M, OKeefe J. Association of moderately elevated
trimethylamine n-oxide with cardiovascular risk: is TMAO serving as a marker for hepatic
insulin resistance. Open Heart. (2019) 6:€000890. doi: 10.1136/openhrt-2018-000890

14. Chen S, Henderson A, Petriello MC, Romano KA, Gearing M, Miao J, et al.
Trimethylamine n-oxide binds and activates PERK to promote metabolic dysfunction.
Cell Metab (2019) 30:1141-51.e5. doi: 10.1016/j.cmet.2019.08.021

15. Miao J, Ling AV, Manthena PV, Gearing ME, Graham M]J, Crooke RM, et al.
Flavin-containing monooxygenase 3 as a potential player in diabetes-associated
atherosclerosis. Nat Commun (2015) 6:6498. doi: 10.1038/ncomms7498

16. Yue SJ, Wang WX, Yu JG, Chen YY, Shi XQ, Yan D, et al. Gut microbiota
modulation with traditional Chinese medicine: A system biology-driven approach.
Pharmacol Res (2019) 148:104453. doi: 10.1016/j.phrs.2019.104453

17. Feng W, Ao H, Peng C, Yan D. Gut microbiota, a new frontier to understand
traditional Chinese medicines. Pharmacol Res (2019) 142:176-91. doi: 10.1016/
j.phrs.2019.02.024

18. Fernandez AM, Kim JK, Yakar S, Dupont J, Hernandez-Sanchez C, Castle AL, et al.
Functional inactivation of the IGF-I and insulin receptors in skeletal muscle causes type 2
diabetes. Genes Dev (2001) 15:1926-34. doi: 10.1101/gad.908001

19. Wallace TM, Levy JC, Matthews DR. Use and abuse of HOMA modeling. Diabetes
Care (2004) 27:1487-95. doi: 10.2337/diacare.27.6.1487

20. Hanley AJ, Williams K, Gonzalez C, D'Agostino RBJr, Wagenknecht LE, Stern MP,
et al. Prediction of type 2 diabetes using simple measures of insulin resistance: combined
results from the San Antonio heart study, the Mexico city diabetes study, and the insulin
resistance atherosclerosis study. Diabetes (2003) 52:463-9. doi: 10.2337/diabetes.52.2.463

21. Huynh K, McMullen JR, Julius TL, Tan JW, Love JE, Cemerlang N, et al. Cardiac-
specific IGF-1 receptor transgenic expression protects against cardiac fibrosis and
diastolic dysfunction in a mouse model of diabetic cardiomyopathy. Diabetes (2010)
59:1512-20. doi: 10.2337/db09-1456

22. Zhang J, Sun Y, Wang R, Zhang J. Gut microbiota-mediated drug-drug interaction
between amoxicillin and aspirin. Sci Rep (2019) 9:16194. doi: 10.1038/s41598-019-52632-5

23. Magne F, Gotteland M, Gauthier L, Zazueta A, Pesoa S, Navarrete P, et al. The
Firmicutes/Bacteroidetes ratio: A relevant marker of gut dysbiosis in obese patients.
Nutrients (2020) 12(5):1474. doi: 10.3390/nu12051474

24. Hamasaki N, Ishii E, Tominaga K, Tezuka Y, Nagaoka T, Kadota S, et al. Highly
selective antibacterial activity of novel alkyl quinolone alkaloids from a Chinese herbal
medicine, gosyuyu (Wu-Chu-Yu), against helicobacter pylori. vitro. Microbiol Immunol
(2000) 44:9-15. doi: 10.1111/j.1348-0421.2000.tb01240.x

25. Zuo F, Zhou ZM, Yan MZ, Liu ML, Xiong YL, Zhang Q, et al. Metabolism of
constituents in huangqin-tang, a prescription in traditional Chinese medicine, by human
intestinal flora. Biol Pharm Bull (2002) 25:558-63. doi: 10.1248/bpb.25.558

26. Lee NK, Choi SH, Park SH, Park EK, Kim DH. Antiallergic activity of hesperidin is
activated by intestinal microflora. Pharmacology (2004) 71:174-80. doi: 10.1159/000078083

27. Yang XW, Zhang JY, Xu W, Li J, Zhang WQ. The biotransformation of
kaempferitrin by human intestinal flora. Yao Xue Xue Bao (2005) 40:717-21.
doi: 10.16438/j.0513-4870.2005.08.009

28. Taiming L, Xuehua J, Meijuan Z, Sijian L, Zhuo C. Absorption characteristics of
baicalin and baicalein in rat small intestine. Chin Pharm J (2006), 1784-7.

29. Knaup B, Kahle K, Erk T, Valotis A, Scheppach W, Schreier P, et al. Human
intestinal hydrolysis of phenol glycosides - a study with quercetin and p-nitrophenol
glycosides using ileostomy fluid. Mol Nutr Food Res (2007) 51:1423-9. doi: 10.1002/
mnfr.200700036

30. ShiR, Zhou H, Liu Z, Ma Y, Wang T, Liu Y, et al. Influence of coptis chinensis on
pharmacokinetics of flavonoids after oral administration of radix scutellariae in rats.
Biopharm Drug Dispos (2009) 30:398-410. doi: 10.1002/bdd.674

31. Trinh HT, Joh EH, Kwak HY, Baek NI, Kim DH. Anti-pruritic effect of baicalin
and its metabolites, baicalein and oroxylin a, in mice. Acta Pharmacol Sin (2010) 31:718-
24. doi: 10.1038/aps.2010.42

Frontiers in Endocrinology

13

10.3389/fendo.2023.1106812

32. Zhou J, Chen Y, Wang Y, Gao X, Qu D, Liu C. A comparative study on the
metabolism of epimedium koreanum nakai-prenylated flavonoids in rats by an intestinal
enzyme (lactase phlorizin hydrolase) and intestinal flora. Molecules (2013) 19:177-203.
doi: 10.3390/molecules19010177

33. Zhou ], Ma YH, Zhou Z, Chen Y, Wang Y, Gao X. Intestinal absorption and
metabolism of epimedium flavonoids in osteoporosis rats. Drug Metab Dispos (2015)
43:1590-600. doi: 10.1124/dmd.115.064386

34. Xin L, Liu XH, Yang J, Shen HY, Ji G, Shi XF, et al. The intestinal absorption
properties of flavonoids in hippophaé rhamnoides extracts by an in situ single-pass
intestinal perfusion model. J Asian Nat Prod Res (2019) 21:62-75. doi: 10.1080/
10286020.2017.1396976

35. Jin X, Lu Y, Chen S, Chen D. UPLC-MS identification and anticomplement activity
of the metabolites of sophora tonkinensis flavonoids treated with human intestinal
bacteria. ] Pharm BioMed Anal (2020) 184:113176. doi: 10.1016/j.jpba.2020.113176

36. Wang Y, Chen B, Cao J, Huang Y, Wang G, Peng K, et al. Effects of mulberry leaf
flavonoids on intestinal mucosal morphology and gut microbiota of litopenaeus vannamei.
Chin J Anim. Nutr (2020) 32:1817-25. doi: 10.3969/j.iss1.1006-267x.2020.04.040

37. Jan KC, Hwang LS, Ho CT. Biotransformation of sesaminol triglucoside to
mammalian lignans by intestinal microbiota. J Agric Food Chem (2009) 57:6101-6.
doi: 10.1021/jf901215j

38. Zhao Y, Song F, Zhao L, Liu S. Studies on the biotransformation of arctigenin using
electrospray ionization mass spectrometry. Acta Chim Sinica. (2009) 67:1123-6.

39. Weikao C, Wenzheng J, Hengshan T. The In vivo process of chlorogenic acid and
drug interaction. Pharmacol Clin Chin Materia Med (2008), 118-20.

40. Kim BG, Jung WD, Mok H, Ahn JH. Production of hydroxycinnamoyl-shikimates
and chlorogenic acid in escherichia coli: production of hydroxycinnamic acid conjugates.
Microb Cell Fact. (2013) 12:15. doi: 10.1186/1475-2859-12-15

41. Sun Y, Zhang HG, Shi XG, Duan MY, Zhong DF. Study on metabolites on
aconitine in rabbit urine. Yao Xue Xue Bao (2002) 37:781-3. doi: 10.16438/j.0513-
4870.2002.10.007

42. Weiming C. Study on the chemical constituents of sinomenium chinensis and the
metabolism of sinomenine in rats (2005). Shenyang, China: Shenyang Pharmaceutical University.

43. Huaixia C, Peng D, Fengmei H, Yong C. Study on the metabolism of scopolamine
in rat gut microbiota. ] Hubei Univ (2006), 414-6.

44. Yufeng Z, Fengrui S, Xinhua G, Shuying L. Studies on the biotransformation of
aconitine in human intestinal bacteria using soft-ionization mass spectrometry. Chem J
Chin Univ (2008), 55-9.

45. Tang WH, Kitai T, Hazen SL. Gut microbiota in cardiovascular health and disease.
Circ Res (2017) 120:1183-96. doi: 10.1161/CIRCRESAHA.117.309715

46. Wang Z, Zhao Y. Gut microbiota derived metabolites in cardiovascular health and
disease. Protein Cell (2018) 9:416-31. doi: 10.1007/513238-018-0549-0

47. Xu H, Wang X, Feng W, Liu Q, Zhou S, Liu Q, et al. The gut microbiota and its
interactions with cardiovascular disease. Microb Biotechnol (2020) 13:637-56.
doi: 10.1111/1751-7915.13524

48. Le Chatelier E, Nielsen T, Qin J, Prifti E, Hildebrand F, Falony G, et al. Richness of
human gut microbiome correlates with metabolic markers. Nature (2013) 500:541-6.
doi: 10.1038/nature12506

49. Riviere A, Gagnon M, Weckx S, Roy D, De Vuyst L. Mutual cross-feeding
interactions between bifidobacterium longum subsp. longum NCC2705 and
eubacterium rectale ATCC 33656 explain the bifidogenic and butyrogenic effects of
arabinoxylan oligosaccharides. Appl Environ Microbiol (2015) 81:7767-81. doi: 10.1128/
AEM.02089-15

50. Halawa MR, El-Salam MA, Mostafa BM, Sallout SS. The gut microbiome,
lactobacillus acidophilus; relation with type 2 diabetes mellitus. Curr Diabetes Rev
(2019) 15:480-5. doi: 10.2174/1573399815666190206162143

51. Aydin S, Ozkul C, Yucel NT, Karaca H. Gut microbiome alteration after reboxetine
administration in type-1 diabetic rats. Microorganisms (2021) 9(9):1948. doi: 10.3390/
microorganisms9091948

52. Leiva-Gea I, Sanchez-Alcoholado L, Martin-Tejedor B, Castellano-Castillo D,
Moreno-Indias I, Urda-Cardona A, et al. Gut microbiota differs in composition and
functionality between children with type 1 diabetes and MODY2 and healthy control
subjects: A case-control study. Diabetes Care (2018) 41:2385-95. doi: 10.2337/dc18-0253

53. Alkanani AK, Hara N, Gottlieb PA, Ir D, Robertson CE, Wagner BD, et al.
Alterations in intestinal microbiota correlate with susceptibility to type 1 diabetes.
Diabetes (2015) 64:3510-20. doi: 10.2337/db14-1847

54. Karlsson FH, Tremaroli V, Nookaew I, Bergstrom G, Behre CJ, Fagerberg B, et al.
Gut metagenome in European women with normal, impaired and diabetic glucose
control. Nature (2013) 498:99-103. doi: 10.1038/nature12198

55. Rossi F, Amadoro C, Colavita G. Members of the lactobacillus genus complex
(LGC) as opportunistic pathogens: A review. Microorganisms (2019) 7(5):126.
doi: 10.3390/microorganisms7050126

56. Yang T, Qu H, Song X, Liu Q, Yang X, Xu J, et al. Luhong granules prevent
ventricular remodelling after myocardial infarction by reducing the metabolites TMAO
and LPS of the intestinal flora. Evid Based Complement Alternat Med (2019)
2019:8937427. doi: 10.1155/2019/8937427

57. Yang$, Cao S, Li C, Zhang J, Liu C, Qiu F, et al. Berberrubine, a main metabolite of
berberine, alleviates non-alcoholic fatty liver disease via modulating glucose and lipid
metabolism and restoring gut microbiota. Front Pharmacol (2022) 13:913378.
doi: 10.3389/fphar.2022.913378

frontiersin.org


https://doi.org/10.1186/s12872-015-0076-3
https://doi.org/10.1161/JAHA.120.016641
https://doi.org/10.3389/fphys.2020.00643
https://doi.org/10.1161/CIRCRESAHA.120.316242
https://doi.org/10.1016/j.micpath.2020.104583
https://doi.org/10.1016/j.ijcard.2018.04.126
https://doi.org/10.1038/s41598-019-52082-z
https://doi.org/10.1161/JAHA.116.004237
https://doi.org/10.1136/openhrt-2018-000890
https://doi.org/10.1016/j.cmet.2019.08.021
https://doi.org/10.1038/ncomms7498
https://doi.org/10.1016/j.phrs.2019.104453
https://doi.org/10.1016/j.phrs.2019.02.024
https://doi.org/10.1016/j.phrs.2019.02.024
https://doi.org/10.1101/gad.908001
https://doi.org/10.2337/diacare.27.6.1487
https://doi.org/10.2337/diabetes.52.2.463
https://doi.org/10.2337/db09-1456
https://doi.org/10.1038/s41598-019-52632-5
https://doi.org/10.3390/nu12051474
https://doi.org/10.1111/j.1348-0421.2000.tb01240.x
https://doi.org/10.1248/bpb.25.558
https://doi.org/10.1159/000078083
https://doi.org/10.16438/j.0513-4870.2005.08.009
https://doi.org/10.1002/mnfr.200700036
https://doi.org/10.1002/mnfr.200700036
https://doi.org/10.1002/bdd.674
https://doi.org/10.1038/aps.2010.42
https://doi.org/10.3390/molecules19010177
https://doi.org/10.1124/dmd.115.064386
https://doi.org/10.1080/10286020.2017.1396976
https://doi.org/10.1080/10286020.2017.1396976
https://doi.org/10.1016/j.jpba.2020.113176
https://doi.org/10.3969/j.issn.1006-267x.2020.04.040
https://doi.org/10.1021/jf901215j
https://doi.org/10.1186/1475-2859-12-15
https://doi.org/10.16438/j.0513-4870.2002.10.007
https://doi.org/10.16438/j.0513-4870.2002.10.007
https://doi.org/10.1161/CIRCRESAHA.117.309715
https://doi.org/10.1007/s13238-018-0549-0
https://doi.org/10.1111/1751-7915.13524
https://doi.org/10.1038/nature12506
https://doi.org/10.1128/AEM.02089-15
https://doi.org/10.1128/AEM.02089-15
https://doi.org/10.2174/1573399815666190206162143
https://doi.org/10.3390/microorganisms9091948
https://doi.org/10.3390/microorganisms9091948
https://doi.org/10.2337/dc18-0253
https://doi.org/10.2337/db14-1847
https://doi.org/10.1038/nature12198
https://doi.org/10.3390/microorganisms7050126
https://doi.org/10.1155/2019/8937427
https://doi.org/10.3389/fphar.2022.913378
https://doi.org/10.3389/fendo.2023.1106812
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org

Huang et al.

58. Lecomte V, Kaakoush NO, Maloney CA, Raipuria M, Huinao KD, Mitchell HM,
et al. Changes in gut microbiota in rats fed a high fat diet correlate with obesity-associated
metabolic parameters. PloS One (2015) 10:¢0126931. doi: 10.1371/journal.pone.0126931

59. DangJT, Mocanu V, Park H, Laffin M, Hotte N, Karmali S, et al. Roux-en-Y gastric
bypass and sleeve gastrectomy induce substantial and persistent changes in microbial
communities and metabolic pathways. Gut Microbes (2022) 14:2050636. doi: 10.1080/
19490976.2022.2050636

60. Granado-Serrano AB, Martin-Gari M, Sanchez V, Riart Solans M, Berdun R,
Ludwig IA, et al. Faecal bacterial and short-chain fatty acids signature in
hypercholesterolemia. Sci Rep (2019) 9:1772. doi: 10.1038/s41598-019-38874-3

61. Geurts L, Lazarevic V, Derrien M, Everard A, Van Roye M, Knauf C, et al. Altered
gut microbiota and endocannabinoid system tone in obese and diabetic leptin-resistant
mice: impact on apelin regulation in adipose tissue. Front Microbiol (2011) 2:149.
doi: 10.3389/fmicb.2011.00149

62. Schonherr-Hellec S, Aires J. Clostridia and necrotizing enterocolitis in preterm
neonates. Anaerobe (2019) 58:6-12. doi: 10.1016/j.anaerobe.2019.04.005

63. Wang Z, Klipfell E, Bennett B], Koeth R, Levison BS, Dugar B, et al. Gut flora
metabolism of phosphatidylcholine promotes cardiovascular disease. Nature (2011)
472:57-63. doi: 10.1038/nature09922

64. Koeth RA, Wang Z, Levison BS, Buffa JA, Org E, Sheehy BT, et al. Intestinal
microbiota metabolism of I-carnitine, a nutrient in red meat, promotes atherosclerosis.
Nat Med (2013) 19:576-85. doi: 10.1038/nm.3145

65. Papandreou C, Moré M, Bellamine A. Trimethylamine n-oxide in relation to
cardiometabolic health-cause or effect. Nutrients (2020) 12(5):1330. doi: 10.3390/nu12051330

Frontiers in Endocrinology

14

10.3389/fendo.2023.1106812

66. Roy S, Yuzefpolskaya M, Nandakumar R, Colombo PC, Demmer RT. Plasma
trimethylamine-n-oxide and impaired glucose regulation: Results from the oral infections,
glucose intolerance and insulin resistance study (ORIGINS). PloS One (2020) 15:
€0227482. doi: 10.1371/journal.pone.0227482

67. Dehghan P, Farhangi MA, Nikniaz L, Nikniaz Z, Asghari-Jafarabadi M. Gut
microbiota-derived metabolite trimethylamine n-oxide (TMAO) potentially increases the
risk of obesity in adults: An exploratory systematic review and dose-response meta-
analysis. Obes Rev (2020) 21:€12993. doi: 10.1111/0br.12993

68. Leon-Mimila P, Villamil-Ramirez H, Li XS, Shih DM, Hui ST, Ocampo-Medina E,
et al. Trimethylamine n-oxide levels are associated with NASH in obese subjects with type
2 diabetes. Diabetes Metab (2021) 47:101183. doi: 10.1016/j.diabet.2020.07.010

69. Battiprolu PK, Hojayev B, Jiang N, Wang ZV, Luo X, Iglewski M, et al. Metabolic
stress-induced activation of FoxOl triggers diabetic cardiomyopathy in mice. J Clin
Invest. (2012) 122:1109-18. doi: 10.1172/JCI60329

70. Liu L, Yan M, Yang R, Qin X, Chen L, Li L, et al. Adiponectin attenuates
lipopolysaccharide-induced apoptosis by regulating the Cx43/PI3K/AKT pathway.
Front Pharmacol (2021) 12:644225. doi: 10.3389/fphar.2021.644225

71. Zhang X, Tang N, Hadden TJ, Rishi AK. Akt, FoxO and regulation of apoptosis.
Biochim Biophys Acta (2011) 1813:1978-86. doi: 10.1016/j.bbamcr.2011.03.010

72. Lee JH, Mellado-Gil JM, Bahn Y], Pathy SM, Zhang YE, Rane SG. Protection from
B-cell apoptosis by inhibition of TGF-B/Smad3 signaling. Cell Death Dis (2020) 11:184.
doi: 10.1038/s41419-020-2365-8

73. Benz F, Roy S, Trautwein C, Roderburg C, Luedde T. Circulating MicroRNAs as
biomarkers for sepsis. Int ] Mol Sci (2016) 17(1):78. doi: 10.3390/ijms17010078

frontiersin.org


https://doi.org/10.1371/journal.pone.0126931
https://doi.org/10.1080/19490976.2022.2050636
https://doi.org/10.1080/19490976.2022.2050636
https://doi.org/10.1038/s41598-019-38874-3
https://doi.org/10.3389/fmicb.2011.00149
https://doi.org/10.1016/j.anaerobe.2019.04.005
https://doi.org/10.1038/nature09922
https://doi.org/10.1038/nm.3145
https://doi.org/10.3390/nu12051330
https://doi.org/10.1371/journal.pone.0227482
https://doi.org/10.1111/obr.12993
https://doi.org/10.1016/j.diabet.2020.07.010
https://doi.org/10.1172/JCI60329
https://doi.org/10.3389/fphar.2021.644225
https://doi.org/10.1016/j.bbamcr.2011.03.010
https://doi.org/10.1038/s41419-020-2365-8
https://doi.org/10.3390/ijms17010078
https://doi.org/10.3389/fendo.2023.1106812
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org

	Zuogui Jiangtang Shuxin formula Ameliorates diabetic cardiomyopathy mice via modulating gut-heart axis
	Introduction
	Materials and methods
	Preparation and component analysis of ZGJTSXF
	Experimental animals and study design
	Serum glycolipid profile
	Echocardiography analysis
	Histological analysis
	Terminal deoxynucleotidyl transferase dUTP nick end labeling staining
	Gut microbial analysis of cecal contents
	Serum TMAO detected by HPLC-MS/MS
	Real-time quantitative PCR analysis
	Western blot analysis
	Statistical analysis

	Results
	Major components in ZGJTSXF according to UPLC-Q-exactive-orbitrap-MS analysis
	ZGJTSXF administration improves glucose and lipid metabolism in DCM mice
	ZGJTSXF administration promoted myocardial function and myocardial histology in DCM mice
	ZGJTSXF administration inhibited apoptosis in DCM mice
	ZGJTSXF administration affected the structure of the gut microbiota in DCM mice
	Diabetic cardiomyopathy-related genera regulated by ZGJTSXF
	Correlations between gut microbiota and serum TMAO level
	ZGJTSXF administration suppressing the TMAO/PERK/FoxO1 pathway in myocardial tissues of DCM mice

	Discussion
	Conclusion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Supplementary material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


