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Abstract
Myocardial ischemia/reperfusion (I/R) injury is still a lack of effective therapeutic drugs, and its molecular
mechanism is urgently needed. Studies have shown that the intestinal flora plays an important regulatory role in
cardiovascular injury, but the specific mechanism has not been fully elucidated. In this study, we found that an
increase in Ang II in plasma was accompanied by an increase in the levels of myocardial injury during myocardial
reperfusion in patients with cardiopulmonary bypass. Furthermore, Ang II treatment enhanced mice myocardial
I/R injury, which was reversed by caveolin-1 (CAV-1)-shRNA or strengthened by angiotensin-converting
enzyme 2 (ACE2)-shRNA. The results showed that CAV-1 and ACE2 have protein interactions and inhibit each
other’s expression. In addition, propionate, a bacterial metabolite, inhibited the elevation of Ang II and
myocardial injury, while GPR41-shRNA abolished the protective effects of propionate on myocardial I/R injury.
Clinically, the propionate content in the patient's preoperative stool was related to Ang II levels and myocardial
I/R injury levels during myocardial reperfusion. Taken together, propionate alleviates myocardial I/R injury
aggravated by Ang II dependent on CAV-1/ACE2 axis through GPR41, which provides a new direction that diet
to regulate the intestinal flora for treatment of myocardial I/R injury.
Key words: Myocardial ischemia reperfusion; Angiotensin II; Caveolin-1; Angiotensin-converting enzyme 2; Propionate;
G-protein coupled receptor 41.

Introduction
Cardiovascular disease has been the leading
cause of human death worldwide, and treatment
technologies for myocardial ischemia or infarction
have been increasing over the past few decades [1, 2].
Myocardial infarction treatment, cardiopulmonary
bypass (CPB) and other diseases or treatment
measures will inevitably lead to myocardial
ischemia/reperfusion (I/R) [3-5]. However, the
cardiovascular reperfusion injury caused by excessive

accumulation of oxygen free radicals and other factors
is directly related to the patient's outcome, and it is
one of the key stages to accelerate the recovery of
patients. However, the mechanism and prevention
strategies of myocardial I/R injury are not fully
understood.
The mechanism of cardiovascular reperfusion
injury is complex, but the currently accepted view is
that oxygen free radical overload and inflammatory
https://www.ijbs.com
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factor accumulation due to blood flow and oxygen
recovery during reperfusion [6-8]. Angiotensin II
(Ang II), one of the most potent vasoconstrictors
known, has been shown to be closely associated with
oxidative stress and inflammation during reperfusion
[9-11]. The Ang II level in the myocardial I/R risk area
is significantly higher than the non-ischemic left
ventricle [12]. Angiotensin-converting enzyme 2
(ACE2), which metabolizes and degrades Ang II, has
been involved in myocardium I/R injury [13-15].
However, changes in Ang II and ACE2 during
myocardial I/R and their mechanisms of action on
myocardial I/R injury have not yet been elucidated.
Studies have found that among the affected
ACE2 network components related to the
SARS-Cov-2 interaction group, angiotensinogen and
caveolin-1 (CAV-1) are related to cardiovascular risk
factors [16]. Meanwhile, a novel ACE2 activator was
confirmed to restore the expression of CAV-1 [17].
These suggests that the possible interaction between
CAV-1 and ACE2 may be a potential regulatory
mechanism for cardiovascular injury. However,
protein interaction between ACE2 and CAV-1 during
myocardial I/R injury has not been reported. CAV-1
is a marker protein of the caveolae of cardiovascular
endothelial cells and is involved in many
physiological and pathological processes, such as
anti-fibrosis, inflammation and oxidative stress [3, 18].
Furthermore, studies have confirmed that Ang
II-infused
wild-type
mice
have
significant
cardiovascular damage and inflammation, which
were not found in CAV-1 knockout mice [19].
Meanwhile, CAV-1 can competitively adsorb
endothelial nitric oxide synthase (eNOS) and reduce
the amount of NO, which can relax blood vessels and
anti-inflammatory, in the blood [20]. These indicate
that CAV-1 may play a key role in Ang II-induced
cardiovascular damage in myocardial I/R injury.
The gut microbiota has emerged as an important
regulator of human physiology, and potentially
deleterious alterations to the microbiota, commonly
termed dysbiosis, are associated with numerous
adverse physiological outcomes [21-25]. More and
more studies have shown that gut microbiota and its
metabolites play an important role in myocardial I/R
injury, and different diets may also affect the outcome
of myocardial I/R injury [26-28]. Short-chain fatty
acids (SCFAs) are a major class of bacterial
metabolites and are mainly produced in the colon by
bacterial fermentation of otherwise indigestible
polysaccharides (fibers) [29]. The SCFA propionate
(C3) is involved in the regulation of physiological or
pathological processes such as cardiovascular
inflammation, immune homeostasis, etc. [30-33].
Furthermore, C3 can regulate the release of renin and

the homeostasis of blood pressure.[34, 35] It was
recently identified the G-protein coupled receptor 41
(GPR41), which is the receptor for SCFAs, as a novel
regulator of blood pressure.[36, 37] However, it is
unclear the role of C3 and its receptor GPR41 played
in regulating Ang II levels and myocardial I/R injury.
In summary, we aimed to observe the possibility of C3
and its receptor GPR41 in preventing myocardium
I/R injury, and to explore its potential mechanism of
affecting Ang II levels and regulating Ang II-induced
myocardium I/R injury.

Methods and Materials
Approvals
All mice experimental procedures were
performed in accordance with and approved by the
Institutional Animal Care and Use Committee of
Southern Medical University. All investigations
involving the use of patient samples or tissues
conformed to the principles outlined in the
Declaration of Helsinki. The study protocol on clinical
patient sample collection was approved by the Ethical
Committee of Nanfang hospital, Southern Medical
University (approval number NFEC-202009-k2-01).
Written informed consent was obtained from all
volunteers prior to the inclusion of subjects in the
study.

Patient samples
The study protocol was approved by the Ethical
Committee of Nanfang hospital, Southern Medical
University (approval number NFEC-202009-k2-01).
The enrollment requirements of all patients who need
cardiopulmonary bypass (CPB) surgery were carried
out in accordance with the standards we established
before [21], Participants were not included if they (1)
<18 years old or >75 years old, (2) has chronic
cardiovascular disease, previous heart surgery, and
(3) used antidiarrheals, laxatives or prebiotics within 1
week, or used antibiotics within 3 months. For sample
size of patients, we estimated that a total sample size ≥
19 subjects would be required, assuming a correlation
coefficient r=0.6 (α=0.05; 1-β=0.8). Finally, a total of 38
patients were enrolled. Collect the patient's stool on
the day of surgery or the day before surgery, as well
as blood samples during the perioperative period.
Collect blood samples from patients at 4
different time points: (T0) The patient has entered the
operating room to adapt to the environment and is
emotionally stable before anesthesia (5-10 minutes
after entering the room); (T1) a stable state after the
anesthesiologist performs general anesthesia and
before the surgeon performs thoracotomy (5-10
minutes after general anesthesia); (T2) the CPB is
https://www.ijbs.com
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performed and aorta is clamped for 30 minutes; (T3)
the aorta is open for blood flow for 30 minutes. Detect
the levels of CK-MB, cTnI and Ang II in patients'
plasma.

Establishment of myocardium I/R model
Healthy male C57BL/6 mice (weighing 20–25 g,
6-8 weeks old) were purchased from Southern
Medical University and were housed in a
temperature-controlled colony room on a 12/12-hour
light-dark cycle. Mouse myocardium I/R model was
performed as described.[38] Briefly, the mice were
anesthetized with 100% O2/4% isoflurane, and the
whole process was maintained by administering 100%
O2/2% isoflurane. A silk thread was used to ligate the
left anterior descending coronary artery, 1 mm from
the ascending aorta. Reperfusion for 2 hours after 30
minutes of ischemia. At the end of the protocol, all
mice were euthanized by placing them under deep
anesthesia with 100% O2/5% isoflurane.
At the beginning of myocardial reperfusion,
mice were given 0.5 mg/kg of Ang II or solvent
control to observe the effect of Ang II on myocardial
I/R injury (Fig. S2A). In order to study the effects of
C3, mice received sodium propionate (200 mmol/L,
Sigma-Aldrich) or sodium chloride as a control (200
mmol/L, Sigma-Aldrich) in their drinking water ad
libitum for 15 days (Fig. S3A) [39].

Cardiac function assessment
Cardiac function assessment using a Vevo 2100
high-resolution imaging system equipped with a 30
MHz sensor with transthoracic echocardiography
(RMV-707B; VisualSonics, Toronto, ON, Canada).

Myocardial infarct size measurement
Myocardial infarct size was measured by 2, 3,
5-Triphenyl Tetrazolium Chloride (TTC) Staining [38].
Specifically, the mouse heart was quickly cut off and
evenly cut into 5 sections. The sections were gently
rinsed with 0.9% saline and incubated in 2% TTC dye
(Solarbio, Beijing, China) at 37 °C for 30 minutes in the
dark. The non-infarcted area of myocardial tissue is
stained red, while the infarcted area is gray-white.
Use Image J software to measure the infarct area and
total area of each piece of myocardial tissue, the
infarct volume of each layer is the product of the
infarct area and the thickness of the layer, the sum of
the infarct volume of each layer is the total infarct
volume. The infarct volume (%) = infarct
volume/total volume.

AAV9 and vector transfection
The
recombinant
adeno-associated
virus
serotype 9 (AAV9) vectors which carry a CMV
promoter with GFP reporter (CAV-1-shRNA,

ACE2-shRNA, GPR41-shRNA) (Hanbio Biotechnology Co., Shanghai, China) or GFP vector control
(Hanbio Biotechnology Co.) to delete CAV-1 or ACE2
or GPR41 gene expression or as control.[38] The mice
were anesthetized with 2% isoflurane, and then the
AAV9 vector (AAV9 negative control [shRNA-con] or
AAV9-CAV-1 [CAV-1-shRNA, 5’-CCGCTTGTTGTC
TACGATCTT-3’] or AAV9-ACE2 [ACE2-shRNA,
5’-GCCCAAAGTTTCTCACTACAA-3’] or AAV9GPR41 [GPR41-shRNA, 5’-TTTGCTAAACCTGAC
CATTTC-3’]) was randomly injected into the left
ventricle of each animal at a virus dose of 1×1011 using
an insulin syringe with a 30-gauge needle 3 weeks
before the establishment of the myocardial I/R model.
The AAV9 vector was injected into the heart at 5
locations, with a total injection volume of 20 μL per
heart. After the operation, the skin was disinfected,
and the animal was awakened by putting it on an
insulation blanket.

Detection of serum CK-MB, cTn-I, Ang II
levels
The levels of CK-MB (CUSABIO BIOTECH
CO.,Ltd, Wuhan, China), cTn-I (CUSABIO BIOTECH
CO.,Ltd), and Ang II (CUSABIO BIOTECH CO.,Ltd)
in the serum of patients and mice were performed
according to the operating steps of the kit instructions.

Detection of C3 content in the feces of
patients
Detection of C3 content in feces were measured
by gas chromatography/mass spectrometry (GC/MS)
as described [21, 40]. Briefly, 0.1 g feces were
homogenized with 0.4 ml ddH2O and centrifuged at 4
°C and 5000 rpm for 5 minutes. Collect an aliquot (0.2
ml) of the supernatant, then add 0.05 ml 50% H2SO4
and 0.25 ml ether containing 50 μg/ml
2-methylvaleric acid. After vortexing for 2 minutes,
the mixture was centrifuged at 4 °C and 12000 rpm for
another 10 minutes. After incubating for 30 minutes at
−20 °C, the supernatant was collected in a vial
containing anhydrous sodium sulfate, and then
applied to the Thermo TSQ Vantage triple quadrupole
mass spectrometer. Data collection and processing
were performed with TraceFinderTM software
version 3.3 sp1 (Thermo Fisher Scientific Corp., USA).
The C3 were quantified using pure standards diluted
in ether.

Superoxide dismutase (SOD) activity and
malondialdehyde (MDA) activity
The
SOD
activity
(Nanjing
Jiancheng
Bioengineering Institute, Nanjing, China) and MDA
activity (Nanjing Jiancheng Bioengineering Institute)
of the mouse myocardial tissue were tested according
to the method of the kit instructions.
https://www.ijbs.com
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Western blotting
The protein expression of CAV-1, ACE2 and
GPR41 were detected by western blot. The RIPA lysis
buffer (Solarbio) was used to extract total protein
from cardiovascular tissue. The extracted protein was
separated by 10% SDS-PAGE gel electrophoresis, then
transferred to a PVDF membrane, blocked PVDM
with 5% skimmed milk powder for 1 hour, and then
incubated with CAV-1 (Sigma-Aldrich, Shanghai,
China), ACE2 (Proteintech, Wuhan, China) and
GPR41 (Abcam, Shanghai, China) antibodies at 4 ° C
overnight. The next day, the PVDF membrane was
cleaned three times with TBST (Solarbio) for 5
minutes each time. After incubating the correspondding secondary antibody at room temperature for 2
hours, the PVDF membrane was cleaned three times
with TBST (Solarbio) for 5 minutes each time again.
Observing
protein
bands
using
enhanced
chemiluminescence (Thermo Fisher Scientific, Inc.).

Immunohistochemistry
Immunohistochemistry were performed as
previously described [21]. Anti-CAV-1 antibody,
anti-ACE2 antibody were used to detect protein
expression in myocardial tissue. The Olympus
microscope was used to capture images at 100
magnification, and 5 fields of view of each sample
were randomly selected to quantify the relative
intensity of protein staining.

Co-immunoprecipitation
The
co-immunoprecipitation
experiment
observed the interaction between ACE2 protein and
CAV-1 protein in myocardial tissue was performed as
described.[41] Briefly, the myocardial tissue was lysed
with RIPA buffer (Beyotime, Shanghai, China), and
then centrifuged at 12,000×g for 15 minutes. Collect
the supernatant and divide it into three aliquots for
input, primary antibody, and control IgG. Incubate
the primary antibody and IgG with protein A/G
agarose beads on a shaker overnight at 4°C. After
incubation, the sample was centrifuged at 3000×g for
5 min, the beads were collected, and washed 3 times
with PBS. Add an appropriate amount of loading
buffer to the beads, boil for 5 minutes, and then
centrifuge at 12,000×g for 5 minutes to dissociate the
protein from the beads. The IP product was then
analyzed using Western blot.

Statistical analysis
Data were analyzed and performed using
GraphPad Prism software (version 7.0) by
investigators blinded to the group allocation. The
results are expressed as the mean ± SEM. Means of 2
continuous normally distributed variables were

compared by independent samples Student’s t-test.
The Mann-Whitney U test and the Kruskal-Wallis test
were used, respectively, to compare the means of 2
and ≤ 3 groups of variables that were not normally
distributed. One-way Repeated Measures ANOVA
was used to compare differences in myocardial injury
and Ang II at different time points. In addition, the
Spearman method was used for correlation statistical
analysis. A value of p < 0.05 was considered
significant.

Results
The dramatic increase level of Ang II is
associated with aggravated myocardial injury
during myocardial reperfusion in patients with
CPB
To observe changes in Ang II levels and
myocardial I/R in patients required valve
replacement and CPB, a total of 38 patients who met
the inclusion criteria were collected. Compared to T0,
there was no significant difference in plasma Ang II
level (Fig. 1A), plasma CK-MB level (Fig. 1B), plasma
cTn-I level (Fig. 1C) and patient's heart rate (Fig. S1A)
at T1, while systolic blood pressure, diastolic blood
pressure and mean arterial pressure of patients were
all significantly lower (Fig. S1B-D). Myocardial
ischemia raised the level of Ang II in plasma (Fig. 1A),
and increased the level of CK-MB and cTn-I in plasma
at T2 (Fig. 1B-C), while the indicators of the heart
could not be monitored due to cardiac ischemia arrest
at T2. Compared to T0 or T1 or T2, the CK-MB level,
cTn-I level and Ang II level in plasma were
significantly increased at T3 (Fig. 1A-C). Furthermore,
the patient's heart rate at T3 was higher, but systolic
blood pressure, diastolic blood pressure, and mean
arterial pressure were lower than T0 or T1 (Fig.
S1A-D). In addition, there is no significant correlation
between the Ang II level and CK-MB level (r=0.0296,
p=0.8596), cTn-I level (r=0.0263, p=0.8752) in the
patient’s plasma before the operation at T0 (Fig.
1D-E). While the plasma Ang II levels in patients were
positively correlated with plasma CK-MB level
(r=0.4101, p=0.0106) and plasma cTn-I level (r=0.3885,
p=0.0159) at T3 of myocardial reperfusion (Fig. 1F-G).

Ang II perfusion aggravates myocardial I/R
injury in mice
To further validate the role of Ang II in
myocardial I/R injury, Ang II was injected
intraperitoneally into mice at the beginning of
myocardial reperfusion to observe the effect in mouse
myocardial I/R (30mins/120mins) models (Fig. S2A).
As shown in Figure 2A, the Ang II level in plasma was
significantly higher in I/R group than sham group.
https://www.ijbs.com
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Consistent with previous research, I/R model
induced significant myocardial infarct size (Fig. 2B-C).
The CK-MB level and cTn-I level in plasma were
significantly higher in I/R group than sham group
(Fig. 2D-E). Echocardiogram showed reduced left
ventricular ejection fraction (LVEF), shortened left
ventricular fraction (LVFS), and enlarged left
ventricular end systolic diameter (LVESd) and left
ventricular end diastolic diameter (LVEDd) in I/R
group compared with sham group (Fig. 2F-J).
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Furthermore, myocardial I/R reduced the SOD
activity of myocardial tissue, while increased the
MDA activity (Fig. 2K-L). In addition, the trends of all
these indicators were strengthened by Ang II
perfusion, but not by solvent to dissolve Ang II.

The interaction between CAV-1 protein and
ACE2 protein in myocardial I/R injury
Accompanied by I/R-induced myocardial
injury, the expression of CAV-1 protein in myocardial

Figure 1. The dramatic increase level of Ang II is associated with aggravated myocardial injury during myocardial reperfusion in patients with
cardiopulmonary bypass. (A) Ang II levels in the patient's plasma. (C-D) CK-MB levels and cTn-I levels in the patient's plasma. (D-E) The correlation analysis between the
levels of Ang II and the levels of CK-MB (D), and cTn-I (E) in patient's plasma before surgery (T0). (F-G) The correlation analysis between the levels of Ang II and the levels of
CK-MB (F), and cTn-I (G) in patient's plasma during myocardial reperfusion (T3). The results are expressed as the mean±SEM, n = 38. * p < 0.05, ** p < 0.01, *** p < 0.001 by
spearman analysis.

https://www.ijbs.com
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tissue was significantly increased, while the
expression of ACE2 was significantly reduced. The
trends of protein expression were strengthened by
Ang II perfusion, but not by solvent to dissolve Ang II
(Fig. 3A-C). However, the role of CAV-1 and ACE2 in
the aggravation of myocardial I/R injury by Ang II
infusion was still unclear. To observe the interaction
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between CAV-1 and ACE2 in the aggravation of
myocardial I/R injury by Ang II infusion,
CAV-1-shRNA or ACE2-shRNA were injected into
mice to knockdown the mRNA levels and protein
expression of CAV-1 or ACE2, and shRNA-con were
injected into mice as a viral vector control (Fig. S2B-C,
Fig. 3D-F).

Figure 2. Ang II perfusion aggravates myocardial I/R injury in mice. (A) Ang II levels in mouse plasma. (B-C) TTC staining and myocardial infarction volume, scale bar
is 5 mm, n = 5. (D-E) CK-MB levels and cTn-I levels in mouse plasma. (F-J) Cardiac function indicators left ventricular ejection fraction (LVEF), left ventricular fraction (LVFS), left
ventricular end systolic diameter (LVESd) and left ventricular end diastolic diameter (LVEDd) were assessed by echocardiography, time stamp is 0.2 s and scale bar is 2 mm. (K-L)
The superoxide dismutase (SOD) activity and malondialdehyde (MDA) activity of myocardial tissue. The results are expressed as the mean±SEM, n = 8. * p < 0.05, ** p < 0.01,
*** p < 0.001 by one-way ANOVA (Tukey’s test).
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Int. J. Biol. Sci. 2022, Vol. 18

864

Figure 3. The proteins interaction between CAV-1 and ACE2 in myocardial I/R injury. (A-C) Immunohistochemical results of CAV-1 and ACE2 proteins in
myocardial tissue, scale bar is 20μm, n = 3. (D-F) The changes in the expression of CAV-1 protein or ACE2 in mouse myocardial tissue after injection of CAV-1-shRNA,
ACE2-shRNA, shRNA-con, n = 3. (G-I) Immunohistochemical results of CAV-1 and ACE2 proteins in myocardial tissue, scale bar is 20μm, n = 3. (J) STRING database analysis
results of mouse CAV-1 and ACE2 interaction network. (K) The Co-immunoprecipitation experiments of proteins interaction between CAV-1 and ACE2, n = 3. The results are
expressed as the mean±SEM. * p < 0.05, ** p < 0.01, *** p < 0.001 by one-way ANOVA (Tukey’s test).

In addition, western blot results showed that
CAV-1 deficiency promoted the protein expression of

ACE2, and knockdown expression of ACE2 also
increased protein expression of CAV-1 during
https://www.ijbs.com
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myocardial I/R injury under Ang II infusion (Fig.
3G-I). STRING database analysis results of mouse
CAV-1 and ACE2 interaction network showed that
CAV-1 might interact with ACE2 (Fig. 3J).
Co-immunoprecipitation experiments were used to
further observe the interaction between CAV-1
protein and ACE2 protein, the results showed that
CAV-1 protein pulled down ACE2 protein, and ACE2
protein also pulled down CAV-1 protein (Fig. 3K).

Knockdown of CAV-1 reduces, while ACE2
silence strengthens the myocardial I/R injury
aggravated by Ang II
Then we observed the role of CAV-1/ACE2 axis
played in the aggravation of myocardial I/R injury by
Ang II infusion (Fig. S2D). Compared to I/R + Ang II
group, CAV-1-shRNA decreased myocardial infarct
size (Fig. 4A-B), reduced the plasma CK-MB level and
cTn-I level (Fig. 4C-D), increased LVEF and LVFS, and
decreased LVESd and LVEDd (Fig. 4E-I); while
ACE2-shRNA increased myocardial infarct size (Fig.
4A-B), raised the plasma CK-MB level and cTn-I level
(Fig. 4C-D), decreased LVEF and LVFS, and enlarged
LVESd and LVEDd (Fig. 4E-I). Furthermore,
CAV-1-shRNA increased the SOD activity and
reduced MDA activity of myocardial tissue, while
ACE2-shRNA decreased the SOD activity and
increased MDA activity (Fig. 4J-K). These
demonstrated that CAV-1 deficiency reduced, but
knockdown expression of ACE2 aggravated
myocardial I/R injury under Ang II infusion.

C3 reverses elevated Ang II levels and
myocardial I/R injury
As a metabolite of intestinal flora, C3 has been
proven to be involved in regulating blood pressure.
Mice that drank sodium propionate aqueous solution
for 15 days (Fig. S3A) had significantly lower plasma
Ang II level (Fig. 5A), less myocardial infarct size (Fig.
5B-C), lower plasma CK-MB level and cTn-I level (Fig.
5D-E), higher LVEF and LVFS, and smaller LVESd
and LVEDd (Fig. 5F-J) after establishing an
myocardial I/R model than mice that drank sterile
water or mice that drank sodium chloride aqueous
solution. Furthermore, compared to I/R group or I/R
+ control group, C3 increased the SOD activity, and
reduced MDA activity of myocardial tissue (Fig.
5K-L).

The C3 content in preoperative stool of
patients with CPB is correlated with the
degree of myocardial I/R injury
To further observe the relationship between
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propionate content and myocardial I/R injury, we
analyzed the correlation between the level of C3 in the
feces of CPB patients before the operation and the
level of myocardial I/R injury markers in the plasma
at T0 or at T3. The C3 content in the patient's feces
before surgery is significantly negatively correlated
with the Ang II level in the plasma at T0 (r=-0.4284,
p=0.0073; Fig. 6A) and at T3 (r=-0.6533, p<0.001; Fig.
6B). Furthermore, there is no significant correlation
between the C3 content in the patient's feces before
surgery and CK-MB level (r=-0.1725, p=0.3003; Fig.
6C), cTn-I level (r=-0.1467, p=0.3795; Fig. 6D) in the
patient’s plasma before the operation at T0. While the
C3 content in preoperative stool were negatively
correlated with plasma CK-MB level (r=-0.3553,
p=0.0286; Fig. 6E) and plasma cTn-I level (r=-0.3657,
p=0.0239; Fig. 6F) at T3.

C3 reduces Ang II levels and myocardial I/R
injury through GPR41
Compared to I/R group or I/R + control group,
C3 increased the protein expression of GPR41 in
myocardial tissue (Fig. 7A-B). GPR41-shRNA or
shRNA-con were injected into myocardial tissue to
observe the role of GPR41 in the protective effect of C3
on myocardial I/R injury (Fig. 7C-D; Fig. S3B-C).
Compared to I/R group, C3 decreased plasma Ang II
level (Fig. 7E), reduced myocardial infarct size (Fig.
7F-G) and plasma CK-MB level and cTn-I level (Fig.
7H-I), increased LVEF and LVFS, reduced LVESd and
LVEDd (Fig. 7J-N), increased the SOD activity, and
reduced MDA activity of myocardial tissue (Fig.
7O-P); while GPR41-shRNA increased plasma Ang II
level (Fig. 7E), increased myocardial infarct size (Fig.
7F-G) and plasma CK-MB level and cTn-I level (Fig.
7H-I), decreased LVEF and LVFS, increased LVESd
and LVEDd (Fig. 7J-N), decreased the SOD activity,
and increased MDA activity of myocardial tissue (Fig.
7O-P). Furthermore, plasma Ang II level was lower
(Fig. 7A), myocardial infarct size (Fig. 7F-G) was
smaller and plasma CK-MB level and cTn-I level (Fig.
7H-I) were lower, LVEF and LVFS were higher, and
LVESd and LVEDd were shorter (Fig. 7J-N), the SOD
activity of myocardial tissue was higher, and the
MDA activity of myocardial tissue was lower in I/R +
C3 group than that in I/R + C3 + GPR41-shRNA
group (Fig. 7O-P). Consistent with GPR41-shRNA
significantly abolished the protective effect of C3 on
myocardial I/R injury, GPR41-shRNA significantly
reversed the decrease in CAV-1 expression and the
increase in ACE2 expression during myocardial I/R
caused by C3 treatment (Fig. S4A-C).

https://www.ijbs.com
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Figure 4. Knockdown of CAV-1 reduces, while ACE2 silence strengthens the myocardial I/R injury aggravated by Ang II. (A-B) TTC staining and myocardial
infarction volume of mouse myocardial tissue, scale bar is 5 mm, n = 5. (C-D) CK-MB levels and cTn-I levels in mouse plasma. (E-I) Cardiac function indicators left ventricular
ejection fraction (LVEF), left ventricular fraction (LVFS), left ventricular end systolic diameter (LVESd) and left ventricular end diastolic diameter (LVEDd) were assessed by
echocardiography, time stamp is 0.2 s and scale bar is 2 mm. (J-K) The superoxide dismutase (SOD) activity and malondialdehyde (MDA) activity of myocardial tissue. The results
are expressed as the mean±SEM, n = 8. * p < 0.05, ** p < 0.01, *** p < 0.001 by one-way ANOVA (Tukey’s test).
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Figure 5. C3 reverses elevated Ang II levels and myocardial I/R injury. (A) Ang II levels in mouse plasma. (B-C) TTC staining and myocardial infarction volume of mouse
myocardial tissue, scale bar is 5 mm, n = 5. (D-E) CK-MB levels and cTn-I levels in mouse plasma. (F-J) Cardiac function indicators left ventricular ejection fraction (LVEF), left
ventricular fraction (LVFS), left ventricular end systolic diameter (LVESd) and left ventricular end diastolic diameter (LVEDd) were assessed by echocardiography, time stamp is
0.2 s and scale bar is 2 mm. (K-L) The superoxide dismutase (SOD) activity and malondialdehyde (MDA) activity of myocardial tissue. The results are expressed as the mean±SEM,
n = 8. * p < 0.05, ** p < 0.01, *** p < 0.001 by one-way ANOVA (Tukey’s test).
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Figure 6. The C3 content in preoperative stool of patients with CPB is correlated with the degree of myocardial I/R injury. (A-B) The correlation analysis
between the level of propionate in the patient’s feces before surgery and the level of Ang II in the patient’s plasma before surgery (T0, A), and at the time of myocardial reperfusion
(T3, B). (C-F) The correlation analysis between the level of propionate in the patient’s feces before surgery and the level of CK-MB, cTn-I in the patient’s plasma before surgery
(T0, C&D), and at the time of myocardial reperfusion (T3, E&F). The results are expressed as the mean ± SEM, n = 38. * p < .05, ** p < .01, *** p < .001 by spearman analysis.

Discussion
In this study, we found that elevated Ang II
aggravated myocardial reperfusion injury in mice,
and the level of Ang II was positively correlated with
the level of myocardial injury during CPB patient's
reperfusion. Furthermore, CAV-1 deletion alleviated,
while ACE2 deletion enhanced Ang II-induced
myocardial I/R injury in mice, and the interaction
experiment between proteins showed that there is a
direct interaction between CAV-1 and ACE2, these
indicate that CAV-1/ACE2 axis plays an important
regulatory role in myocardial I/R injury aggravated
by Ang II. In addition, we uncovered that C3 inhibited

the increase level of Ang II through GPR41 during
myocardial reperfusion, thereby reducing myocardial
I/R injury in mice. Clinically, the level of C3 in
preoperative stool was negatively correlated with the
level of Ang II and myocardial I/R injury markers in
plasma during CPB patient's reperfusion. Therefore,
this study reveals that reasonable dietary control
methods, such as dietary fiber or sodium propionate
aqueous solution, to promote the increase of C3 levels
are potential strategies for the treatment of
myocardial I/R injury. And we confirmed the
important role of C3 in regulating Ang II and the
important mechanism of Ang II aggravating
myocardial injury during myocardial I/R.
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Figure 7 C3 reduces Ang II levels and myocardial I/R injury through GPR41. (A-B) Changes in GPR41 expression in mouse myocardial tissue after C3 treatment during
myocardial I/R; n = 3. (C-D) The changes in the expression of GPR41 in mouse myocardial tissue after injection of GPR41-shRNA, shRNA-con; n = 3. (E) Ang II levels in mouse
plasma. (F-G) TTC staining and myocardial infarction volume of mouse myocardial tissue, scale bar is 5 mm, n = 5. (H-I) CK-MB levels and cTn-I levels in mouse plasma. (J-N)
Cardiac function indicators left ventricular ejection fraction (LVEF), left ventricular fraction (LVFS), left ventricular end systolic diameter (LVESd) and left ventricular end diastolic
diameter (LVEDd) were assessed by echocardiography, time stamp is 0.2 s and scale bar is 2 mm. (O-P) The superoxide dismutase (SOD) activity and malondialdehyde (MDA)
activity of myocardial tissue. The results are expressed as the mean±SEM, n = 8. * p < 0.05, ** p < 0.01, *** p < 0.001 by one-way ANOVA (Tukey’s test).
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Ang II is the most important component of
angiotensin, and it is also one of the strongest
vasoconstrictor substances known. Consistent with
our findings, some studies have also suggested the
role of Ang II in myocardium I/R injury. Li et al.
revealed that losartan, an angiotensin II (Ang II)
receptor blocker acting on the Ang II type-1 receptor
(AT1R) subtype, protects against myocardial I/R
injury via vascular integrity preservation [42]. Liu et
al. showed that inhibiting Ang II can improve
ventricular remodeling in murine models of
myocardial I/R injury [43]. These indicate that
maintaining a steady state of Ang II levels is a
potential strategy for treating myocardial I/R injury.
However, the underlying mechanism of Ang II's role
in cardiovascular injury during myocardial I/R has
not yet been elucidated. CAV-1, as an important
membrane protein for cell membrane signal
transduction, can adsorb and bind eNOS protein to
reduce the level of NO in plasma, while NO as an
important vasodilator in plasma can counteract the
vasoconstrictive effect of Ang II. Meanwhile, ACE2
can hydrolyze Ang II to Ang (1-7), and then act on the
Mas receptor to relax the blood vessels,
anti-proliferative and anti-oxidative stress [13, 44].
Not only CAV-1, CAV-3 has also been confirmed to
play an important role in myocardial I/R injury. It has
been found that promoting the expression of CAV-3
significantly reduces myocardial dysfunction and I/R
injury [45], hyperglycemia-induced oxidative stress
and I/R injury [46], suppresses autophagy and death
of cardiomyocytes [47]. Markandeya et al. found that
stable CAV-3 expression is essential for protecting the
signaling mechanisms in pharmacologically and
pressure overload-induced cardiac hypertrophy [48].
CAV-1 is mainly expressed in endothelial cells,
adipocytes, fibroblasts, etc., while the expression of
CAV-3 has muscle cell specificity (cardiomyocytes,
smooth muscle cells, etc.). In this study, we have not
only confirmed the regulatory role of CAV-1 and
ACE2 in Ang II aggravated myocardial I/R injury, but
also confirmed the interaction between CAV-1 and
ACE2 protein, and clarified a new mechanism that
Ang II aggravates myocardial I/R injury, providing a
potential target for treating myocardial I/R injury.
Meanwhile, some studies have found that inhibition
of Ang II production increases susceptibility to acute
ischemia/reperfusion arrhythmias [49]. Therefore,
regulating Ang II at a relatively stable level is essential
for the prevention and treatment of myocardial I/R
injury.
To a large extent, our health also depends on the
gut flora. This is because the gut flora helps the body
use food and produce the necessary micronutrients,
including vitamins. Gut bacteria can produce many
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easily metabolizable substances from dietary fiber,
including C3. These materials have energy storage
effects, can reduce intestinal osmotic pressure, and
play an important role in regulating colorectal
function and colonic epithelial cell shape. With the
in-depth study of intestinal flora and its metabolites,
more and more studies have confirmed that
metabolites of intestinal flora can regulate
cardiovascular injury. C3-fed mice had reduced
cardiac hypertrophy, fibrosis, vascular dysfunction,
and hypertension in the hypertensive model
compared to control mice, which also reduced
susceptibility to arrhythmias and atherosclerosis
lesions.[39] In addition, C3 affects the release of renin
and the level of Ang II in plasma through the kidney
olfr78 receptor.[36] In this study, we show that C3
inhibits the rapid increase of Ang II levels during
reperfusion and reduces myocardial I/R injury
through GPR41. In addition to GPR41, some other G
protein-coupled receptors have also been found to
play an important role in the regulation of blood
pressure or cardiovascular disease by SCFA. The
adverse effects of a low-fiber Westernized diet may
lead to high blood pressure through SCFA production
and insufficient GPR43/109A signaling, suggesting
that maintaining a healthy SCFA-producing
microbiota is important for cardiovascular health [50].
Acetate
and
butyrate
improve
endothelial
dysfunction induced by AngII by increasing the
bioavailability of NO. The effect of butyrate seems to
be related to GPR41/43 activation, whereas acetate
effects were independent of GPR41/43 [34]. This
suggests that different SCFAs may have different
mechanisms to regulate blood pressure or Ang II
levels. In daily life, dietary fiber is a good source of
C3. Whole grain foods and fruits contain cellulose and
inulin fiber, and the gut flora produces a short-chain
fatty acid during the digestion of these ingredients,
which is the C3 in the study [51, 52]. Meanwhile,
lecithin, choline, and carnitine contained in foods can
eventually be transformed into trimethylamine
N-oxide (TMAO) through metabolism of the intestinal
flora and liver transformation, which has been proven
to participate in promoting a variety of cardiovascular
disease progression [53-55]. All these indicate that
differences in diet may lead to different metabolites of
the flora, which in turn affects the outcome of
cardiovascular disease. This study opens up a new
way to treat myocardial I/R disease, indicates the
importance of reasonable diet, maintaining the
homeostasis of intestinal flora and promoting the
production of beneficial metabolites for the treatment
of patients with myocardial I/R injury.
This study also has some limitations. In this
study, we only observed the role of C3 in myocardial
https://www.ijbs.com
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I/R, but it is not clear whether other components in
SCFA also have similar effects to C3. This study did
not reveal how GPR41 regulates Ang II levels in
plasma and the protein interaction between GPR41
and CAV-1 or ACE2. We focused on the role of GPR41
in the regulation of Ang II levels in myocardial I/R
injury by propionic acid, but we did not observe
whether GPR43 or GPR109A also has a similar effect.
Therefore, the role of GPR43 or GPR109A in reducing
myocardial I/R injury by propionate has not yet been
determined. In addition, in order to avoid the
interference of estrogen on the experiment, this study
only used male mice as the research object. CAV-3
and CAV-1 are both caveolins played important roles
in myocardial I/R injury, but this study did not
involve the expression changes and underlying
mechanisms of CAV-3. The clinical transformation
and application of intestinal flora and its metabolites
is a direction worth exploring in the future.
In summary, we revealed that Ang II relied on
the CAV-1/ACE2 axis to aggravate myocardial I/R
injury, elucidating a new mechanism of myocardial
I/R injury; confirmed that C3 regulates Ang II levels
and myocardial I/R injury through GPR41, providing
a new direction and basis for the prevention and
treatment of myocardial I/R injury.

Supplementary Material
Supplementary figures.
https://www.ijbs.com/v18p0858s1.pdf

Acknowledgements
We gratefully acknowledge Wen-Jing Zeng and
Hui-Xia Wei (Department of Anesthesiology, Taihe
Hospital, Hubei University of Medicine, China).

Data Availability Statements
The data underlying this article are available
from the corresponding author on reasonable request.

performed immunohistochemistry, elisa, oxidative
stress level of myocardial tissue. J.Y.C, W.Q.Y, Y.W
and Y.P.L collected clinical samples. Y.W and Y.P.L
analyzed data and statistical analysis.

Competing Interests
The authors have declared that no competing
interest exists.

References
1.
2.
3.
4.
5.
6.
7.
8.
9.
10.

11.
12.
13.
14.

15.

Funding
This work was supported by grants from China
Postdoctoral Science Foundation, Beijing, China
(2021M701611 to Fan Deng); National Natural Science
Foundation, Beijing, China (81671955 to Kexuan Liu,
82902010 to Jingjuan Hu); Key Program of National
Natural Science Foundation, Beijing, China (81730058
to Kexuan Liu).

Author Contributions
F.D, L.Q.Z, K.X.L and J.J.H conceived and
designed the project, wrote the manuscript. H.W and
Y.H performed mouse myocardial I/R model,
echocardiography to evaluate cardiac function and
cardiac TTC staining. F.D, W.Q.Y, X.Q.Z, Q.S.S, Z.B.L

16.
17.

18.

19.
20.
21.
22.

Shan X, Lv ZY, Yin MJ, et al. The Protective Effect of Cyanidin-3-Glucoside on
Myocardial Ischemia-Reperfusion Injury through Ferroptosis. Oxid Med Cell
Longev. 2021; 2021: 8880141.
Lv S, Ju C, Peng J, et al. 25-Hydroxycholesterol protects against myocardial
ischemia-reperfusion injury via inhibiting PARP activity. Int J Biol Sci. 2020;
16: 298-308.
Deng F, Wang S, Cai S, et al. Inhibition of Caveolae Contributes to Propofol
Preconditioning-Suppressed Microvesicles Release and Cell Injury by
Hypoxia-Reoxygenation. Oxid Med Cell Longev. 2017; 2017: 3542149.
Gabisonia K, Prosdocimo G, Aquaro GD, et al. MicroRNA therapy stimulates
uncontrolled cardiac repair after myocardial infarction in pigs. Nature. 2019;
569: 418-22.
Huang KY, Que JQ, Hu ZS, et al. Metformin suppresses inflammation and
apoptosis of myocardiocytes by inhibiting autophagy in a model of
ischemia-reperfusion injury. Int J Biol Sci. 2020; 16: 2559-79.
Zhang P, Li Y, Fu Y, et al. Inhibition of Autophagy Signaling via
3-methyladenine Rescued Nicotine-Mediated Cardiac Pathological Effects and
Heart Dysfunctions. Int J Biol Sci. 2020; 16: 1349-62.
Chen YH, Lin H, Wang Q, et al. Protective role of silibinin against myocardial
ischemia/reperfusion injury-induced cardiac dysfunction. Int J Biol Sci. 2020;
16: 1972-88.
Zhang H, Xiao Y, Nederlof R, et al. NLRX1 Deletion Increases
Ischemia-Reperfusion Damage and Activates Glucose Metabolism in Mouse
Heart. Frontiers in immunology. 2020; 11: 591815.
Zhang L, Wang J, Liang J, et al. Propofol prevents human umbilical vein
endothelial cell injury from Ang II-induced apoptosis by activating the
ACE2-(1-7)-Mas axis and eNOS phosphorylation. PloS one. 2018; 13: e0199373.
Ibarra-Lara L, Sanchez-Aguilar M, Sanchez-Mendoza A, et al. Fenofibrate
Therapy Restores Antioxidant Protection and Improves Myocardial Insulin
Resistance in a Rat Model of Metabolic Syndrome and Myocardial Ischemia:
The Role of Angiotensin II. Molecules. 2016; 22.
Sun L, Bian K. The Nuclear Export and Ubiquitin-Proteasome-Dependent
Degradation of PPARgamma Induced By Angiotensin II. Int J Biol Sci. 2019;
15: 1215-24.
Oyamada S, Bianchi C, Takai S, et al. Impact of acute myocardial ischemia
reperfusion on the tissue and blood-borne renin-angiotensin system. Basic
research in cardiology. 2010; 105: 513-22.
Kassiri Z, Zhong J, Guo D, et al. Loss of angiotensin-converting enzyme 2
accelerates maladaptive left ventricular remodeling in response to myocardial
infarction. Circ Heart Fail. 2009; 2: 446-55.
Ibarra-Lara L, Sanchez-Aguilar M, Del Valle-Mondragon L, et al. Clofibrate
improves myocardial ischemia-induced damage through regulation of
renin-angiotensin system and favours a pro-vasodilator profile in left
ventricle. J Pharmacol Sci. 2020; 144: 218-28.
Zipeto D, Palmeira JDF, Arganaraz GA, et al. ACE2/ADAM17/TMPRSS2
Interplay May Be the Main Risk Factor for COVID-19. Frontiers in
immunology. 2020; 11: 576745.
Wicik Z, Eyileten C, Jakubik D, et al. ACE2 Interaction Networks in
COVID-19: A Physiological Framework for Prediction of Outcome in Patients
with Cardiovascular Risk Factors. J Clin Med. 2020; 9.
Haga S, Tsuchiya H, Hirai T, et al. A novel ACE2 activator reduces
monocrotaline-induced pulmonary hypertension by suppressing the
JAK/STAT and TGF-beta cascades with restored caveolin-1 expression. Exp
Lung Res. 2015; 41: 21-31.
Zhu JZ, Bao XY, Zheng Q, et al. Buyang Huanwu Decoction Exerts
Cardioprotective
Effects
through
Targeting
Angiogenesis
via
Caveolin-1/VEGF Signaling Pathway in Mice with Acute Myocardial
Infarction. Oxid Med Cell Longev. 2019; 2019: 4275984.
Umesalma S, Houwen FK, Baumbach GL, et al. Roles of Caveolin-1 in
Angiotensin II-Induced Hypertrophy and Inward Remodeling of Cerebral Pial
Arterioles. Hypertension. 2016; 67: 623-9.
Chen Z, S DSO, Zimnicka AM, et al. Reciprocal regulation of eNOS and
caveolin-1 functions in endothelial cells. Mol Biol Cell. 2018; 29: 1190-202.
Deng F, Zhao BC, Yang X, et al. The gut microbiota metabolite capsiate
promotes Gpx4 expression by activating TRPV1 to inhibit intestinal ischemia
reperfusion-induced ferroptosis. Gut microbes. 2021; 13: 1-21.
Sanchez-Tapia M, Miller AW, Granados-Portillo O, et al. The development of
metabolic endotoxemia is dependent on the type of sweetener and the
presence of saturated fat in the diet. Gut microbes. 2020; 12: 1801301.

https://www.ijbs.com

872

Int. J. Biol. Sci. 2022, Vol. 18
23. Watanabe IKM, Andrade-Silva M, Foresto-Neto O, et al. Gut Microbiota and
Intestinal Epithelial Myd88 Signaling Are Crucial for Renal Injury in UUO
Mice. Frontiers in immunology. 2020; 11: 578623.
24. Lu XY, Han B, Deng X, et al. Pomegranate peel extract ameliorates the severity
of experimental autoimmune encephalomyelitis via modulation of gut
microbiota. Gut microbes. 2020; 12: 1857515.
25. Deng F, Hu JJ, Yang X, et al. Gut Microbial Metabolite Pravastatin Attenuates
Intestinal Ischemia/Reperfusion Injury Through Promoting IL-13 Release
From Type II Innate Lymphoid Cells via IL-33/ST2 Signaling. Frontiers in
immunology. 2021; 12: 704836.
26. Djekic D, Shi L, Brolin H, et al. Effects of a Vegetarian Diet on Cardiometabolic
Risk Factors, Gut Microbiota, and Plasma Metabolome in Subjects With
Ischemic Heart Disease: A Randomized, Crossover Study. J Am Heart Assoc.
2020; 9: e016518.
27. Gencer B, Li XS, Gurmu Y, et al. Gut Microbiota-Dependent Trimethylamine
N-oxide and Cardiovascular Outcomes in Patients With Prior Myocardial
Infarction: A Nested Case Control Study From the PEGASUS-TIMI 54 Trial. J
Am Heart Assoc. 2020; 9: e015331.
28. Nemet I, Saha PP, Gupta N, et al. A Cardiovascular Disease-Linked Gut
Microbial Metabolite Acts via Adrenergic Receptors. Cell. 2020; 180: 862-77
e22.
29. Nogal A, Valdes AM, Menni C. The role of short-chain fatty acids in the
interplay between gut microbiota and diet in cardio-metabolic health. Gut
microbes. 2021; 13: 1-24.
30. Agus A, Richard D, Fais T, et al. Propionate catabolism by CD-associated
adherent-invasive E. coli counteracts its anti-inflammatory effect. Gut
microbes. 2021; 13: 1-18.
31. Ta LDH, Chan JCY, Yap GC, et al. A compromised developmental trajectory of
the infant gut microbiome and metabolome in atopic eczema. Gut microbes.
2020; 12: 1-22.
32. Xiang Z, Liu J, Shi D, et al. Glucocorticoids improve severe or critical
COVID-19 by activating ACE2 and reducing IL-6 levels. Int J Biol Sci. 2020; 16:
2382-91.
33. Marques FZ, Nelson E, Chu PY, et al. High-Fiber Diet and Acetate
Supplementation Change the Gut Microbiota and Prevent the Development of
Hypertension and Heart Failure in Hypertensive Mice. Circulation. 2017; 135:
964-77.
34. Robles-Vera I, Toral M, de la Visitacion N, et al. Protective Effects of
Short-Chain Fatty Acids on Endothelial Dysfunction Induced by Angiotensin
II. Frontiers in physiology. 2020; 11: 277.
35. Pluznick J. A novel SCFA receptor, the microbiota, and blood pressure
regulation. Gut microbes. 2014; 5: 202-7.
36. Pluznick JL, Protzko RJ, Gevorgyan H, et al. Olfactory receptor responding to
gut microbiota-derived signals plays a role in renin secretion and blood
pressure regulation. Proceedings of the National Academy of Sciences of the
United States of America. 2013; 110: 4410-5.
37. Parada Venegas D, De la Fuente MK, Landskron G, et al. Short Chain Fatty
Acids (SCFAs)-Mediated Gut Epithelial and Immune Regulation and Its
Relevance for Inflammatory Bowel Diseases. Frontiers in immunology. 2019;
10: 277.
38. Li B, Hu Y, Li X, et al. Sirt1 Antisense Long Noncoding RNA Promotes
Cardiomyocyte Proliferation by Enhancing the Stability of Sirt1. J Am Heart
Assoc. 2018; 7: e009700.
39. Bartolomaeus H, Balogh A, Yakoub M, et al. Short-Chain Fatty Acid
Propionate Protects From Hypertensive Cardiovascular Damage. Circulation.
2019; 139: 1407-21.
40. Hou YF, Shan C, Zhuang SY, et al. Gut microbiota-derived propionate
mediates the neuroprotective effect of osteocalcin in a mouse model of
Parkinson's disease. Microbiome. 2021; 9: 34.
41. Sun F, Duan W, Zhang Y, et al. Simvastatin alleviates cardiac fibrosis induced
by infarction via up-regulation of TGF-beta receptor III expression. British
journal of pharmacology. 2015; 172: 3779-92.
42. Li Y, Yao Y, Li J, et al. Losartan protects against myocardial ischemia and
reperfusion injury via vascular integrity preservation. FASEB journal : official
publication of the Federation of American Societies for Experimental Biology.
2019; 33: 8555-64.
43. Liu J, Meng Q, Liang X, et al. A novel small molecule compound VCP979
improves ventricular remodeling in murine models of myocardial
ischemia/reperfusion injury. Int J Mol Med. 2020; 45: 353-64.
44. Mendoza-Torres E, Oyarzun A, Mondaca-Ruff D, et al. ACE2 and vasoactive
peptides: novel players in cardiovascular/renal remodeling and hypertension.
Ther Adv Cardiovasc Dis. 2015; 9: 217-37.
45. Su W, Zhang Y, Zhang Q, et al. N-acetylcysteine attenuates myocardial
dysfunction and postischemic injury by restoring caveolin-3/eNOS signaling
in diabetic rats. Cardiovasc Diabetol. 2016; 15: 146.
46. Lei S, Su W, Xia ZY, et al. Hyperglycemia-Induced Oxidative Stress Abrogates
Remifentanil Preconditioning-Mediated Cardioprotection in Diabetic Rats by
Impairing Caveolin-3-Modulated PI3K/Akt and JAK2/STAT3 Signaling. Oxid
Med Cell Longev. 2019; 2019: 9836302.
47. Kassan A, Pham U, Nguyen Q, et al. Caveolin-3 plays a critical role in
autophagy after ischemia-reperfusion. Am J Physiol Cell Physiol. 2016; 311:
C854-C65.
48. Markandeya YS, Phelan LJ, Woon MT, et al. Caveolin-3 Overexpression
Attenuates Cardiac Hypertrophy via Inhibition of T-type Ca2+ Current

49.
50.
51.
52.
53.

54.
55.

Modulated by Protein Kinase Calpha in Cardiomyocytes. J Biol Chem. 2015;
290: 22085-100.
Taskin E, Tuncer KA, Guven C, et al. Inhibition of Angiotensin-II Production
Increases Susceptibility to Acute Ischemia/Reperfusion Arrhythmia. Med Sci
Monit. 2016; 22: 4587-95.
Kaye DM, Shihata WA, Jama HA, et al. Deficiency of Prebiotic Fiber and
Insufficient Signaling Through Gut Metabolite-Sensing Receptors Leads to
Cardiovascular Disease. Circulation. 2020; 141: 1393-403.
Gamage H, Chong RWW, Bucio-Noble D, et al. Changes in dietary fiber intake
in mice reveal associations between colonic mucin O-glycosylation and
specific gut bacteria. Gut microbes. 2020; 12: 1802209.
Cholan PM, Han A, Woodie BR, et al. Conserved anti-inflammatory effects
and sensing of butyrate in zebrafish. Gut microbes. 2020; 12: 1-11.
Li XS, Obeid S, Klingenberg R, et al. Gut microbiota-dependent
trimethylamine N-oxide in acute coronary syndromes: a prognostic marker for
incident cardiovascular events beyond traditional risk factors. European heart
journal. 2017; 38: 814-24.
Hosseinkhani F, Heinken A, Thiele I, et al. The contribution of gut bacterial
metabolites in the human immune signaling pathway of non-communicable
diseases. Gut microbes. 2021; 13: 1-22.
Koay YC, Chen YC, Wali JA, et al. Plasma levels of trimethylamine-N-oxide
can be increased with 'healthy' and 'unhealthy' diets and do not correlate with
the extent of atherosclerosis but with plaque instability. Cardiovasc Res. 2021;
117: 435-49.

https://www.ijbs.com

