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Angiotensin-(1-7) ameliorates

sepsis-induced cardiomyopathy by alleviating
inflammatory response and mitochondrial
damage through the NF-kB and MAPK pathways
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Abstract

Background: There is no available viable treatment for Sepsis-Induced Cardiomyopathy (SIC), a common sepsis com-
plication with a higher fatality risk. The septic patients showed an abnormal activation of the renin angiotensin (Ang)
aldosterone system (RAAS). However, it is not known how the Ang Il and Ang-(1-7) affect SIC.

Methods: Peripheral plasma was collected from the Healthy Control (HC) and septic patients and Ang Il and Ang-(1-
7) protein concentrations were measured. The in vitro and in vivo models of SIC were developed using Lipopolysac-
charide (LPS) to preliminarily explore the relationship between the SIC state, Ang Il, and Ang-(1-7) levels, along with
the protective function of exogenous Ang-(1-7) on SIC.

Results: Peripheral plasma Ang Il and the Ang ll/Ang-(1-7) levels in SIC-affected patients were elevated compared
to the levels in HC and non-SIC patients, however, the HC showed higher Ang-(1-7) levels. Furthermore, peripheral
plasma Ang II, Ang Il/Ang-(1-7), and Ang-(1-7) levels in SIC patients were significantly correlated with the degree of
myocardial injury. Additionally, exogenous Ang-(1-7) can attenuate inflammatory response, reduce oxidative stress,
maintain mitochondrial dynamics homeostasis, and alleviate mitochondrial structural and functional damage by
inhibiting nuclear factor-kappa B (NF-kB) and mitogen-activated protein kinase (MAPK) signaling pathways, thus
alleviating SIC.

Conclusions: Plasma Ang-(1-7), Ang Il, and Ang ll/Ang-(1-7) levels were regarded as significant SIC biomarkers. In
SIC, therapeutic targeting of RAAS, for example with Ang-(1-7), may exert protective roles against myocardial damage.

Keywords: Sepsis-induced cardiomyopathy, Mitochondria, Angiotensin (1-7), Angiotensin Il, Oxidative stress,
Apoptosis

Introduction susceptible to sepsis, and cardiac insufficiency elevates

Dysregulation of the host response by an established or
suspected infection causes sepsis, which is a life-threat-
ening organ dysfunction [1]. The heart is particularly
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the likelihood of patient death [2]. Sepsis-induced car-
diomyopathy (SIC) is an invertible myocardial depression
disease mainly caused by myocardial energy metabolism
disorder or direct myocardial injury [2, 3]. SIC mainly
presents with systemic diastolic and/or systolic dysfunc-
tion [2, 3]. SIC occurs in about 44% of septic patients, and
the relative risk of death more than doubles [4]. Although
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SIC is common in clinical practice, its pathogenesis has
not been fully elucidated. Relevant studies suggest that
the occurrence of SIC is related to oxidative stress, car-
diomyocyte apoptosis, excessive inflammatory response,
mitochondrial dysfunction, disturbance of calcium ion
regulation, and autonomic dysfunction [5, 6]. Presently,
there are no effective preventive and therapeutic meas-
ures for SIC [7]. Therefore, new therapeutic strategies are
urgently needed.

Following the onset of sepsis, pathogenic microorgan-
isms invade the body and trigger the intracellular sign-
aling processes in immune cells, which allows them to
synthesize and secrete several inflammatory factors that
can cause myocardial damage [6]. Related studies have
found that a large number of macrophages and neutro-
phils infiltrate the myocardial tissue during the early
stages of SIC [8, 9]. However, nicotinamide adenine dinu-
cleotide phosphate (NADPH) oxidase in macrophages
and neutrophils can promote the intracellular produc-
tion of reactive oxygen species (ROS), which can damage
the cardiac myocytes and impair myocardial contractile
function [10]. In addition, higher production of ROS
promotes the translocation of nuclear factor-kappa B
(NF-xB) from the cytoplasm to the nucleus, thereby
increasing the release of pro-inflammatory cytokines
[11]. ROS also disrupts the myocardial mitochondrial cell
membrane, inhibits mitochondrial oxidative phospho-
rylation, and hinders the tricarboxylic acid cycle, thereby
decreasing the adenosine triphosphate (ATP) produc-
tion, which results in impaired energy supply to cardiac
myocytes [12]. Intracellular apoptotic signaling pathways
can be activated during the development of sepsis due to
excessive inflammation, oxidative stress, and mitochon-
drial malfunctioning in cardiomyocytes, which further
accelerate the apoptosis of cardiomyocytes [13]. As a
result, SIC treatment strategies must focus on identify-
ing solutions that can simultaneously decrease oxidative
stress and inflammatory responses, and alleviate mito-
chondrial dysfunctioning.

The renin—angiotensin—aldosterone system (RAAS)
balances the blood pressure and electrolyte concentra-
tion, and it also promotes the repair of damaged blood
vessels [14]; regulates inflammatory responses, reduces
oxidation stress, and maintains immune balance [15].
Therefore, RAAS is critical in sepsis-induced organ dys-
function. Being the core effector molecule of classical
RAAS, Angiotensin (Ang) II is a powerful pro-inflam-
matory mediator [16]. Ang II Type 1 Receptor (AT1R),
as a major Ang II receptor, can be found in the kidney,
brain, heart, lung tissues, blood vessels, and immune cells
[17]. In addition to inducing vasoconstriction, increased
sympathetic activity, inflammatory cell infiltration, and
fibrosis in associated organs, the Ang II/AT1R activation
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also increases the production of adhesion molecules and
chemokine factors [18-22]. Angiotensin-Converting
Enzyme 2 (ACE2) catalyzes the conversion of Ang II
(a biologically active peptide in RAAS) to Ang-(1-7) [23,
24]. Mas Receptor (MasR) is a primary Ang-(1-7) recep-
tor [25]. After binding to MasR, Ang-(1-7) blocks Ang II/
AT1R function by exhibiting anti-apoptotic, vasodilatory,
anti-inflammatory, anti-hypertrophic, and anti-fibrotic
properties [25-28].

When sepsis occurs, the host Ang II/AT1R and the
Ang-(1-7)/MasR axes become imbalanced, Ang II lev-
els are elevated and it is associated with microvascular
dysregulation and organ damage [29]. Additionally, Ang
II can be regarded as the predictor of mortality in sep-
tic patients, and the earlier use of AT1R blockers (ARBs)
could decrease short-term mortality in septic patients
[30-34]. However, the clinical relevance and variations
in the Ang-(1-7) and Ang II levels in septic patients with
myocardial dysfunction complications have not been
widely studied. In the past, a few researchers conducted
animal experiments and noted that classical RAAS inhib-
itors can down-regulate the Ang II/AT1R axis to reduce
sepsis-induced organ (such as kidney and lung) injuries
[35-38]. Furthermore, additional animal experiments
revealed that ACE2/Ang-(1-7)/MasR axis upregulation
improves sepsis-related acute lung injury (ALI) by hin-
dering the NF-kB and mitogen-activated protein kinase
(MAPK) pathways [37, 39, 40]. The administration of
exogenous Ang-(1-7) to mice lowers their Ang II lev-
els, reduces inflammation, reduces oxidative stress, and
alleviates sepsis-induced acute kidney injury (SIAKI) via
the NF-kB pathway [41]. However, it is unclear whether
the Ang-(1-7) or Ang II proteins are involved in SIC and
whether the exogenous addition of Ang-(1-7) can allevi-
ate SIC by inhibiting Ang II/AT1R axis.

This study’s clinical component investigated the regu-
larity of variations in Ang-(1-7) and Ang II concentra-
tions among SIC patients and their relationship with
myocardial injury in SIC patients. In addition, the animal
and cell models of SIC were constructed by LPS to fur-
ther explore whether Ang-(1-7) has a cardiac protective
impact on SIC and its related molecular mechanisms. In
conclusion, this research provides new theoretical sup-
port and an experimental base for designing new treat-
ment strategies for SIC through a combination of clinical
and basic research.

Experimental procedures

Chemicals

LPS (O111:B4, #L2630) was procured from Sigma-
Aldrich Ltd. (St. Louis, USA). APExBIO (Houston, TX,
USA) supplied Ang-(1-7) (#A1041;>99% purity) and
A-779 (#B6056; > 98% purity).
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Subjects

In this study, the sepsis (SIC and non-SIC) patients as
well as the healthy control (HC) admitted to the General
Hospital of Tianjin Medical University in the duration
ranging from July 2021 to September 2022, were investi-
gated. The septic patients satisfying all inclusion criteria
were allowed to participate in this research: (1) Fulfilled
the diagnostic criteria of Sepsis 3.0, and (2) Ages rang-
ing from 18 to 80 years. In addition, the SIC patients who
satisfied all inclusion criteria [7, 42] were involved in this
research: (1) Satisfied the criteria for sepsis diagnosis; (2)
Showed the Troponin I (Tnl) concentrations > 0.4 ng/mL
(wherein normal concentrations at the hospital ranged
between 0 and 0.4 ng/mL) or brain natriuretic peptide
(BNP) concentration > 100 pg/mL, within 24 h of admit-
ting the patients, and (3) Showed the Left Ventricular
Ejection Fraction (LVEF) less than 50% within 24 h of
admitting the patients. On the other hand, the exclusion
criteria for patients included: (1) Those suffering from a
pre-diagnosed autoimmune disease, chronic heart failure,
cardiomyopathy, liver failure, renal failure, or tumors;
and (2) Aged less than 18 and above 80 years. Within
2 h of their admission, blood samples from all groups of
patients were drawn, analyzed, and significant clinical
data was noted. All members included in this research, or
their families, provided informed consent, and the Ethics
Committee members at the General Hospital of Tianjin
Medical University were sent a copy of the experimental
procedures performed in this study for approval.

Animals and models

C57BL/6] male mice (weight 22-25 g) were procured
from HFK Animal Science and Tech. Co. (China). All
the animals were categorized randomly into 4 sets: (1)
Control; (2) Ang-(1-7); (3) LPS; 4) LPS+ Ang-(1-7).
The Ang-(1-7) molecules were dissolved using saline.
Based on the earlier studies, the intervention measures
of Ang-(1-7) were 2 mg/kg Intraperitoneal (IP) injec-
tion every day for 3 consecutive days [43]. Referring to
previous studies, a reproducible animal model of SIC
was established by injecting LPS, (10 mg/kg; IP) [44,
45]. The Ang-(1-7) and control groups were IP-injected
using Ang-(1-7) (2 mg/kg) and the same volume of sol-
vent (saline) daily for 3 consecutive days. The animals in
LPS and LPS+ Ang-(1-7) groups were IP injected with
saline or Ang-(1-7) every day for 3 consecutive days,
and LPS (10 mg/kg) was IP injected, within 30 min, at
the end of 3 days. The mouse survival rate was observed
every 12 h after administering a lethal dose of LPS
(20 mg/kg; IP) until 72 h. Additionally, echocardiography
was performed 12 h after modeling. The Animal Ethics
Committee in the General Hospital of Tianjin Medical
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University granted its approval to all animal research
experiments, based on the National Institute of Health
(NIH) regulations.

Cell culture and treatments

The Chinese Academy of Sciences Cell Bank (China) pro-
vided the rat cardiomyocyte-derived cell line, i.e., H9c2,
used in this study. DMEM medium with 1% (v/v) anti-
biotic solution and 10% (w/v) Fetal Bovine Serum (FBS)
was used for the purpose of cultivating the H9¢2 rat car-
diomyocytes in the carbon dioxide incubator using 5%
CO, and 95% humidified air, at 37 °C. FBS (#5A211.02)
was purchased at CellMax (Beijing, China). Using data
published in the past, a SIC cell model was constructed
using LPS (1 ug/mL) [45, 46]. To calculate the optimal
intervention concentration, the H9¢c2 cells were initially
pretreated using varying Ang-(1-7) concentrations (i.e.,
1078, 1077, and 107® mol/L) for 1 h; and cells were either
cultured with/without LPS for 12 h. Then, after identify-
ing the optimum Ang-(1-7) intervention concentration,
the H9c2 cells were classified into four distinct groups:
LPS, LPS+ Ang-(1-7), Ang-(1-7), and control.

Cell viability

In a 96-well plate, H9c2 cells were inoculated (cell density
of 5000 cells in every well), where the volume in every
well was kept at 90 pL. When the H9¢c2 cells (in differ-
ent groups) formed a monolayer at the bottom of the
well, the corresponding drug treatment was given for the
respective time durations. CCK-8 (10 pL; Dakewe, Bei-
jing, China) was added to every well in the culture plate
and the plates were further incubated in the incubator for
1.5 h. Lastly, the absorbance of every well was measured
to calculate cell viability.

Echocardiography

Firstly, the mice in every group were subjected to 1%
isoflurane anesthesia and bound to the heating plate of
the ultrasound instrument. The heating plate was set at
37 °C, and their chest hair was removed. Then, an ultra-
sound probe (Vevo2100; Fujifilm Visual Sonics, Canada)
with a 30 MHz sampling frequency was used to capture
the M-type motion curve from the mitral papillary mus-
cle in mice and all corresponding indices were measured.

Histologic analysis

The mice myocardial tissue specimens were fixed with
4% Paraformaldehyde (PFA), dehydrated using a sucrose
gradient, embedded, and cut into 5 pm slices. Sections
in each group were dewaxed using the alcohol gradient
and stained using the Hematoxylin—Eosin stains (HE),
and the histopathological differences in myocardial tis-
sue were observed under the light microscope. The
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pathological damage score of myocardial tissues was
based on the following parameters: myocardial tissue
structure; myocardial fiber arrangement; whether the
myocardial cell nucleus has obvious nuclear swelling and
pyknosis; the presence of obvious inflammatory cell infil-
tration, edema, or congestion in the interstitial layer (all
scored from 0 to 3). Both pathologists completed all his-
topathological scores in a double-blind manner.

Immunofluorescence

Each myocardial tissue section was ruptured, blocked,
and incubated at 4 °C, overnight using the F4/80 primary
antibodies (Bioss, Beijing, China). Afterward, the thin
slices were thoroughly rinsed using PBS for 10 min and
incubated in the presence of Alexa Fluor 488-conjugated
secondary antibodies (Beyotime, Shanghai, China) for
60 min. Lastly, the samples were analyzed with the aid of
the fluorescence microscope (Olympus, Japan), and pho-
tomicrographs were acquired.

Transmission electron microscopy (TEM)

The left ventricular myocardium of each group was cut
into 1 mm? pieces using a sterile blade and the pieces
were fixed with 4% glutaraldehyde for 4 h and 1% osmium
tetroxide for 2 h. Then, the fixed tissue was rinsed with
PBS, dehydrated, embedded in paraffin, sectioned, and
stained. The stained sections were micrographed at ran-
dom locations using an H7500 TEM (Hitachi, Tokyo,
Japan). Finally, the Flameng score method was used to
semi-quantitatively analyze the mitochondrial damage in
the cardiomyocytes from each group [47].

Terminal deoxynucleotidyl transferase dUTP nick end
labeling (TUNEL) assay

Myocardial specimens were stained using a commercial
TUNEL kit (Elabscience, China). The myocardial tis-
sue specimens were immersed in 4% PFA and fixed for
30 min, and washed twice with PBS, 5 min each. Pro-
teinase K (100 pL) solution was pipetted to every sam-
ple and samples were incubated for 10 min at 37 °C, and
rinsed with PBS twice. Then, the equilibrium buffer (100
uL) was added to every slice and the reaction was con-
tinued for 10 min. After removing the equilibration solu-
tion, the labeled working solution (50 uL) was added to
each section, incubated for 60 min, in dark at 37 °C, and
rinsed with PBS (3-times), and the tissue sections were
sealed with the aid of the DAPI-containing reagents. The
positive nucleus was seen to be green under the Olympus
fluorescence microscope (Japan), and the no. of TUNEL
positive cells/ unit area of myocardial tissue slices, in
every group, was calculated.
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Dihydroethidium (DHE) staining

The DHE staining technique was employed to observe the
concentration of reactive oxygen species (ROS) in H9¢c2
cells and myocardial tissues, based on the kit instruc-
tions (Beyotime, Shanghai, China). Briefly, a serum-free
medium was used to prepare the working solution for the
ROS probe at a concentration of 10 um. Each myocardial
tissue section was covered with this ROS probe work-
ing solution (30 pL) and incubated for 60 min, at 37 °C,
in dark. Finally, the slices were photographed under the
fluorescence microscope, and the Mean Fluorescence
Intensity (MFI) was analyzed. The ROS detection method
for H9c2 cells was as follows: The working solution of the
ROS probe was used to resuspend H9c2 cells, and MFI
was detected by flow cytometry after incubating them for
30 min, in dark, at 37 °C.

Mitochondrial membrane potential (MMP) assay

A commercial JC-1 staining kit (Solarbio, Beijing, China)
was employed to measure the MMP in myocardial tissue
and H9c2 cells. The following MMP detection method
was used for myocardial tissues: Initially, the mitochon-
drial organelles were extracted from the myocardial tis-
sues by a kit (Solarbio, China), and the total protein
concentration in the mitochondrial samples was esti-
mated using the Bradford assay. Thereafter, the puri-
fied mitochondria (20 pg) were suspended in a dilute
JC-1 working solution. Finally, the fluorescence inten-
sity of the JC-1 aggregates and monomer was detected
with a BioTek fluorescence microplate analyzer (Syn-
ergy HT; USA). Here, MMP can be defined as the ratio
of red and green fluorescence intensities. The MMP in
HOc2 cells is detected using the following method: The
H9c¢2 cells from each group (after respective treatment)
were collected, suspended in the JC-1 working solution,
incubated for 20 min at 37 °C, and rinsed using the JC-1
buffer. Finally, they were analyzed using the flow cytom-
etry technique.

ATP content detection

A kit (Solarbio, Beijing, China) was used to detect the
ATP concentration in the myocardial mitochondria,
using the following steps: Initially, the myocardial tissue
weights were recorded (approx. 0.1 g), and the tissues
were suspended in the extract (1 mL), and homogenized.
This homogenate was centrifuged at 800xg for 10 min
at 4 °C, and Cell-Free Supernatant (CFS) was collected
in a different tube. Chloroform (500 uL) was added to a
tube, shaken thoroughly, and then centrifuged for 3 min,
10,000xg, at 4 °C. The clear supernatant was separated
into another tube. Then, the OD of the supernatant
was spectrophotometrically measured (Thermo Fisher



Chen et al. Journal of Translational Medicine (2023) 21:2

Scientific, USA) at 340 nm before and after incubating
the samples in a water bath at 37 °C. Finally, ATP content
was estimated.

Detection of cardiomyocyte apoptosis by flow cytometry
The AnnexinV-FITC kit (Beyotime, China) was employed
for detecting the apoptosis of H9c2 cells. After treat-
ment of H9¢c2 cells in each group, the cell suspension
was buffer rinsed and centrifuged. The cell pellet was
gently resuspended using the binding solution (195 pL)
and Annexin V-FITC (3 pL) and propidium iodide (PI, 5
pL) stains were pipetted into the tubes, respectively, and
mixed gently. Finally, the cells were allowed to incubate in
dark, at room temperature (RT) for 20 min, and detected
by means of the flow cytometry technique.

Quantitative real-time PCR technique

Myocardial tissue (10 mg) was collected from every
group and homogenized thoroughly. Then, the TRI-
zol reagent (TR201-50; Tianmo Biotech, China) was used
for total RNA extraction. Thereafter, the concentration
and purity of extracted RNA sample were determined
and the reverse transcription commercial kit (KR118;
Tiangen, Beijing, China) was employed for reverse tran-
scribing the purified RNA into cDNA. This cDNA was
used as a template, and the 2x SYBR Green Master Mix
(B21203; Bimake, TX, USA) and the downstream and
upstream primers of the target gene were sequentially
added to the reaction mixture (20 pL), and amplified
with the help of a CFX96 RT-PCR apparatus (Bio-Rad,
USA). Primer sequences of internal reference and tar-
get genes are presented in Additional file 1: Table S1.
Finally, the 272" method was employed for analyzing
the quantitative data.

Enzyme-linked immunosorbent assay (ELISA) procedure
The peripheral blood specimens, extracted from the
clinical research subjects and mice, were centrifuged.
The supernatant was collected and stored at — 80 °C till
further use. Centrifuge tubes and cryopreservation tubes
were purchased from NEST Biotechnology Co., Ltd.
(Wuxi, China). The total protein content in myocardial
tissue homogenates and H9c2 cells from every group
were extracted and the total concentration was measured
with a bicinchoninic acid (BCA) assay. The IL-1f, TNEF-
a, Ang-(1-7), IL-6, Ang II, and cTnT concentrations
could be detected using the ELISA kit. IL-1B, TNF-a, and
IL-6 ELISA kits were purchased from Dakewe (Beijing,
China); while the Ang-(1-7), Ang II, and cTnT ELISA kits
were purchased from Jingkang Bioengineering Co., Ltd
(Shanghai, China).
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Western blotting

The myocardial tissue and H9c2 cells were collected,
and RIPA lysate was added to homogenize them on ice
with a homogenizer. After lysis, the supernatant was
collected after centrifugation. Then, the concentration
of total proteins in CFS was estimated by the BCA tech-
nique. First, total protein (40 pug) was pipetted in the
SDS-PAGE apparatus and electrophoresed, transferred
to the membrane, blocked, and incubated overnight
using the corresponding primary antibody at 4 °C. This
membrane was TBST-rinsed and incubated using the
corresponding secondary antibodies at RT for 60 min.
Eventually, the enhanced chemiluminescent solution
(Millipore) was added drop-by-drop onto the protein
strip for visualization using the imaging apparatus (Bio-
Rad). All antibodies used for western blotting analysis
were as follows: anti-B-actin (1:1000, #3700), anti-Bax
(1:1000, #14796), anti-caspase-9 (1:1000, #9508),
anti-Bcl-2 (1:1000, #3498), anti-P65 (1:1000, #8242),
anti-cleaved caspase-3 (1:1000, #9664), and anti-p-
P65 (1:1000, #3033) (purchased from Cell Signaling
Technology, Danvers, USA); while anti-p-P38 (1:1000,
#28,796—1-AP), anti-JNK (1:1000, #51151-1-AP),
anti-P38 (1:1000, #14064—1-AP), anti-p-ERK (1:1000,
#28733—1-AP), anti-p-JNK (1:1000, #80024-1-AP), and
anti-ERK (1:1000, #16443-1-AP), were procured from
Proteintech (Wuhan, China). Antibodies like anti-Drpl
(1:1000, #sc-271583), anti-Mfn2 (1:1000, #sc-515647),
anti-IkBa (1:1000, #sc-1643), and anti-p-IkBa (1:1000,
#sc-8404) were purchased from Santa Cruz Biotech Ltd
(USA).

Statistical analysis

The Shapiro—Wilk test was conducted for testing the nor-
mal data distribution. If the data fit into a normal distri-
bution, it was expressed as an average value & Standard
Deviation (SD). Both groups were tested using a t-test.
To compare numerous groups, a one-way ANOVA with
the Bonferroni multiple comparison test was employed.
If the data exhibited a non-normal distribution, the inter-
quartile and median ranges were used. A Mann—Whit-
ney test was utilized for the comparison of two groups,
and comparisons across multiple groups were done
with the Kruskal-Wallis and Dunn post-hoc multiple
comparison procedures. The chi-squared test (x?) was
employed for comparing the groups for categorical vari-
ables, which are represented as frequency and percent-
age. Using Spearman’s rank correlation coefficient, the
correlation between the variables was expressed. The
log-rank test was performed to assess the survival data,
and the Kaplan—Meier (KM) curve was utilized to depict
the cumulative survival rate. The Prism v8.0 statistical
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package (GraphPad, USA) was used for the above calcu-
lations. Values with P <0.05 were considered significant.

Results

Clinical data comparison and correlation analysis

of patients with sepsis

In total, 46 participants who satisfied the inclusion cri-
teria were allowed to participate in this study, which
included 34 septic (18 non-SIC and 16 SIC) and 12 HC
patients. Additional file 2: Table S2 shows the clini-
cal data of all the included subjects. Patients with sep-
sis exhibited lower platelet and lymphocyte counts and
higher White Blood Cells (WBC), Total Bilirubin (TBIL),
Aspartate aminotransferase (AST), creatinine and neu-
trophil levels in comparison to HC.

In comparison to non-SIC patients, the SIC patients
also showed high BNP, procalcitonin (PCT), lactate,
Creatine kinase (CK)-MB, Tnl, SOFA, and Acute Physi-
ology and Chronic Health Evaluation (APACHE II)
scores. The concentrations of the peripheral plasma
Ang II and Ang-(1-7) proteins in different groups
were measured using the ELISA method. The find-
ings revealed that peripheral blood Ang II levels were
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significantly elevated in SIC patients, which were
followed by the non-SIC and HC groups (Fig. 1A).
However, Ang-(1-7) concentrations were reduced sig-
nificantly in SIC patients compared to HC patients
(Fig. 1B). Additionally, SIC patients showed the highest
Ang II/Ang-(1-7) concentration, followed by non-SIC
and HC patients (Fig. 1C).

Due to the larger variability in SIC patients, the rela-
tionship between clinical markers was also investigated
(Fig. 1D). The results indicated that the CK-MB levels
(r=0.69, p=0.004), SOFA scores (r=0.55, p=0.030),
and Tnl levels (r =0.62, p=0.013) were positively and sig-
nificantly linked with Ang II levels (Fig. 1D). Interestingly,
a strong negative relationship was noted between the Tnl
(r=—0.65, p=0.008) and Ang-(1-7) levels (Fig. 1D).
Additionally, a positive relationship was observed
between Ang II/Ang-(1-7) and CK-MB (r=0.54,
p=0.034) levels, SOFA score (r=0.51, p=0.045), and
Tnl (r=0.80, p<0.001) levels (Fig. 1D). The above clinical
data suggested that plasma Ang II/Ang-(1-7), Ang-(1-7),
and Ang II could be regarded as potential SIC biomarkers
and the SIC-based treatment may be feasible using a tar-
geted RAAS intervention approach.
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Ang-(1-7) alleviates systemic inflammatory response

and myocardial injury in SIC mice

The regulatory effect of Ang-(1-7), which is an impor-
tant bioactive product in the RAAS cascade, was investi-
gated on the systemic inflammatory response and cardiac
function in SIC mice. Initially, the pretreated mice were
subjected to a daily IP injection of Ang-(1-7) for 3 days,
and then the LPS (10 mg/kg) IP injection was utilized
to construct the SIC model for subsequent experiments
(Fig. 2A).

The activation of inflammatory reactions was seen
to be the initiating factor in SIC. We found that serum
IL-6, TNF-a, and IL-1p concentrations were significantly
increased in the LPS group (Fig. 2B-D). Ang-(1-7) pre-
treatment could reverse the LPS-induced increase of
these inflammatory factors (Fig. 2B—D). Additionally, the
findings indicated that the serum Ang II level was higher
in the LPS group, which could be reversed following
Ang-(1-7) pre-treatment (Fig. 2E). All the serum sam-
ples collected from the different groups of mice showed
similar Ang-(1-7) levels (Additional file 3: Fig. S1A).
However, serum Ang II/Ang-(1-7) levels were still higher
in the LPS group, which were reversed after Ang-(1-7)
pretreatment (Additional file 3: Fig. S1B). These find-
ings indicated that the occurrence of SIC is accompanied
by activation of RAAS, which is inhibited by exogenous
Ang-(1-7) pretreatment.

The echocardiography images were used to assess the
cardiac functions in mice (Fig. 2G). It was noted that the
mice in the LPS group developed myocardial dysfunction
after 12 h, which manifested as a significant decrease in
their Left Ventricular Fractional Shortening (LVFS) and
LVEF values, and a significant elevation in their LV end-
systolic volume (LVESV) and the LV internal dimension
at end-systole (LVID; s) (Fig. 2G—H). Ang-(1-7) pretreat-
ment reversed the LPS-induced myocardial dysfunction,
increased the LVFS and LVEF, and decreased LVESV and
LVID; s (Fig. 2G-H). Similarly, serum c¢TnT protein and
myocardial BNP mRNA expression levels were elevated
in the LPS group, while Ang-(1-7) pretreatment group
could significantly reduce these LPS-induced changes
(Fig. 2F, K).

The histopathological analysis found that in the Ang-
(1-7) and control groups, the tissue structure was com-
plete, the myocardial cells were neatly arranged, and no
visible congestion and inflammatory immune cell infiltra-
tion were noted (Fig. 2L, J). In the LPS group, the myo-
cardial fibers were disordered, the myocardial tissue was
extensively damaged; the outline was unclear, and myo-
cardial lysis and nuclear fragmentation occurred, along
with interstitial edema, hyperemia, and inflammatory
cell infiltration (Fig. 2I, J). However, LPS-induced myo-
cardial histopathological changes in mice were reversed

Page 7 of 21

in Ang-(1-7) pretreatment group (Fig. 2L, J). Also, it was
noted that the Ang-(1-7) pretreatment affected the sur-
vival of mice after LPS (20 mg/kg) injection (Fig. 2L). The
results indicated that the Ang-(1-7) pretreatment group
was able to alleviate the lethality caused by LPS com-
pared to the LPS group (Fig. 2L).

Ang-(1-7) attenuates macrophage infiltration

and oxidative stress in the myocardial tissue of SIC mice
Immune cell infiltration, inflammatory reaction, and
oxidative stress were regarded as crucial factors affect-
ing the onset and progression of SIC. Hence, the Ang-
(1-7) pretreatment effect on SIC mice was investigated
in this respect. The findings revealed that the infiltration
of macrophages in SIC mice myocardium was increased,
whereas the Ang-(1-7) pre-treatment reduced the LPS-
induced infiltration of macrophages (Fig. 3A, B). Further-
more, Ang-(1-7) concentration was decreased and Ang II
concentration was increased in the myocardial tissues of
SIC mice compared to the control group. However, exog-
enous Ang-(1-7) pretreatment was able to reverse the
LPS-induced changes in Ang II and Ang-(1-7) expres-
sion in myocardial tissues (Fig. 3C, D). Consistent with
these findings, IL-1B, IL-6, TNF-a, protein, and mRNA
concentrations were seen to be lower in the myocardial
tissue of LPS+ Ang-(1-7) mice than LPS mice (Fig. 3E—
). Also, immunofluorescence results showed that LPS
increased the oxidative stress in mice myocardial tissues
(Fig. 3K, L); however, Ang-(1-7) pretreatment alleviated
the LPS-induced increase in oxidative stress (Fig. 3K, L).

Ang-(1-7) maintains myocardial mitochondrial function
and attenuates cardiomyocyte apoptosis in SIC mice
Mitochondria are the main organelles that supply energy
to the cardiomyocytes. Hence, the altered mitochon-
drial structure and dysfunction can lead to aggravated
cardiomyocyte damage. TEM analysis indicated that
LPS caused myocardial fiber lysis, severe mitochondrial
swelling, mitochondrial cristae loss, and vacuolar degen-
eration in mice (Fig. 4A, B). Ang-(1-7) pretreatment
can reverse myofibrolysis, and reduce the mitochondrial
cristae damage and mitochondrial swelling (Fig. 4A, B).
Damage to the mitochondrial structure will affect MMP,
resulting in abnormal oxidative phosphorylation and
reduced ATP production. The results suggested that LPS
reduced the ATP and MMP levels in mouse myocardial
tissues, but Ang-(1-7) pretreatment reversed the LPS-
induced reduction. (Fig. 4C, D).

Mitochondrial damage and changes in energy metabo-
lism will break the homeostasis of mitochondrial fusion
and fission and continuously aggravate the damage. The
findings of the western blotting technique implied that
mitofusin 2 (Mfn2) protein concentration was decreased,
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while dynamin-related protein 1 (Drpl) protein concen-
tration was significantly increased in myocardial tissue
samples of LPS-induced SIC mice (Fig. 4G-I). Addi-
tionally, the cleaved caspase-3, Bcl2-associated X pro-
tein (Bax), and caspase-9 protein concentrations were
elevated, whereas the B cell lymphoma 2 (Bcl-2) protein
levels were lowered in SIC mice (Fig. 4G, J-M). How-
ever, Ang-(1-7) pretreatment could eliminate all these
changes (Fig. 4G—M). Similarly, the TUNEL assay was
carried out and a significant elevation was noted in the
TUNEL-positive cells in myocardial tissues of LPS-
induced SIC mice, and Ang-(1-7) pretreatment could
reverse this phenomenon (Fig. 4E, F).

Ang-(1-7) inhibits NF-kB and MAPK pathway activation

in the myocardial tissue of SIC mice

The activation of the NF-xB and MAPK signaling path-
ways was involved in the occurrence of the inflamma-
tory storm in SIC mice. In this study, the protective role
played by Ang-(1-7) in reducing inflammatory and mito-
chondrial damage in SIC murine myocardium tissues and
the effect of Ang-(1-7) on the NF-kB and MAPK signal-
ing pathways were examined. The findings revealed that
the P38, c-Jun N-terminal kinase (JNK), extracellular
signal-regulated kinase (ERK), IkBa, and P65 phospho-
rylation levels were upregulated significantly in the myo-
cardial tissue of the LPS-induced SIC mice (Fig. 5A-GQ).
However, Ang-(1-7) pretreatment could reverse the
above LPS-induced changes (Fig. 5A-G). Additionally,
the results also showed the LPS-induced increase in p65
(nucleus) protein expression levels in the myocardial tis-
sue of SIC mice (Additional file 3: Fig. S2A). However,
pretreatment with Ang-(1-7) could inhibit the nuclear
translocation of p65, induced by LPS (Additional file 3:
Fig. S2A).

Ang-(1-7) inhibits oxidative stress, inflammatory response,
and mitochondrial dysfunction in the LPS-induced H9c2
cells

The toxicity of Ang-(1-7) was tested at different con-
centrations on the H9c2 cells and its pretreatment influ-
ence on the viability of LPS-stimulated H9¢2 cells was
estimated with the CCK-8 assay (Fig. 6A, B). The find-
ings indicated that all tested concentrations of Ang-
(1-7) were nontoxic to H9¢c2 cells (Fig. 6A). H9c2 cells
were preincubated with varying Ang-(1-7) protein con-
centrations for 60 min before LPS stimulation, and the
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H9c2 cell viability increased in a dose-dependent tech-
nique with an elevation in the Ang-(1-7) concentrations
(Fig. 6B). Furthermore, ELISA indicated that the Ang-
(1-7) levels of 107® mol/L could significantly inhibit the
IL-1P expression in H9¢2 cells (Fig. 6C). Therefore, Ang-
(1-7) (at 107° mol/L) could be used for pretreatment in
the following experiments.

When stimulated by LPS, the IL-1p, TNF-«, and IL-6,
mRNA levels, and the IL-6 and TNF-a protein levels
increased in H9c2 cells, but Ang-(1-7) pretreatment
could eliminate this change (Fig. 6D—H). Excessive pro-
inflammatory factors exacerbate oxidative stress and
mitochondrial damage in H9c2 cells. We observed that
LPS increased ROS production and JC-1 monomer pro-
portion (representing mitochondrial damage) in H9c2
cells (Fig. 61-L). However, Ang-(1-7) pretreatment could
decrease the excess ROS and stabilize the MMP in HOC2
cells in contrast with the LPS group (Fig. 6I-L).

Ang-(1-7) maintains mitochondrial dynamic equilibrium

in H9¢2 cardiomyocytes and alleviates LPS-induced
apoptosis

Furthermore, mitochondrial dynamics-related proteins
and mitochondria-dependent apoptosis-related pro-
tein levels in H9c2 cells were estimated with the help of
the Western blot technique. The findings revealed that
LPS disrupted the mitochondrial dynamic balance in
the H9c2 cells, increased the Drpl protein concentra-
tion, and decreased the Mfn2 protein concentration
(Fig. 7A-C). Additionally, LPS also elevated the Bax,
caspase-9, and cleaved caspase-3 protein levels, but low-
ered the Bcl-2 protein level in H9c2 cells (Fig. 7A, D-G).
However, Ang-(1-7) pretreatment can reverse the above
changes (Fig. 7A, D-GQ). Similarly, it was also seen that
LPS increased the apoptosis rate of H9c2 cells, but Ang-
(1-7) pretreatment could significantly reverse this phe-
nomenon (Fig. 7H, I).

Also, to determine if Ang-(1-7) alleviates LPS-induced
H9c2 cell damage through its functional Mas receptor
(MasR), the MasR antagonist A-779 was utilized in the
subsequent experiments. Firstly, the effect of various
concentrations of A-779 pretreatment on the viability of
H9c2 cells preincubated in the presence of Ang-(1-7),
and stimulated with LPS, was evaluated by CCK-8 assay.
It was noted that Ang-(1-7) pretreatment could improve
the viability of H9¢2 cells compared to the LPS group
(Fig. 7]). However, the repressive function of Ang-(1-7)

(See figure on next page.)

Fig. 3 Ang-(1-7) attenuates inflammatory response, macrophage infiltration, and oxidative stress in myocardial tissues of the SIC mice. A
Representative immunofluorescence images of macrophage infiltration in myocardial tissue of each group (20 um; x 400, scale bar). B Number
of F4/80" macrophages (n=4). C-G The IL-6, Ang I, TNF-a, Ang-(1-7), and IL- 1B protein concentrations in the myocardial specimens (n=6). H-J
TNF-q, IL-1B, and IL-6 mRNA levels in myocardial tissue samples (n=4). K Images showing the DHE staining in myocardial tissues (50 pm; x 200,
scale bar). L Relative fluorescence intensity of the DHE procedure (n=4). *p<OA05, wp<OAO1 , ***p<OAOO1
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(See figure on next page.)
Fig. 6 Ang-(1-7) inhibits inflammatory response, mitochondrial dysfunctioning, and oxidative stress, in LPS-induced H9c2 cells. A The H9c2 cell
viability, after being pretreated with varying concentrations of Ang-(1-7) (1 07,107,107 mol/L) for 12 h, was measured using the CCK8 assay
(n=6). BThe H9c2 cell viability after Ang-(1-7) (107,107, 1078 mol/L) pretreatment for 1 h before LPS stimulation for 12 h was measured using
the CCK8 assay (n=6). C IL-13 protein concentration in the H9c2 cells (n =6). D-F The IL-1{3, TNF-q, and IL-6 mRNA expression levels in H9c2 cells
(n=4). G, HTNF-a and IL-6 protein concentrations in H9c2 cells (n=16). I, J Quantitative analysis and flow cytometry histograms depicting the
ROS production in H9c2 cells (n=6). K, L Quantitative analysis and flow cytometry plots describing the ratio of monomer JC-1 cells (representing
mitochondrial damage) in every group (n=4). Cells with monomeric JC-1 were green in the P2 region, representing damaged mitochondria. B
"p<0.05 than control, *p <0.05 than LPS mice. D-L Ang-(1-7) intervention using the pretreatment concentration of 10° mol/L for 1 h, and LPS
activation of 1 ug/mL for 12 h. NS: no significant difference, "p<0.05, "p <0.01, "p<0.001
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on the LPS-induced reduction of H9¢2 cell activity could
be reversed when pretreated with A-779 (10~ mol/L)
(Fig. 7)). Therefore, A-779 (10> mol/L concentration)
was used for pretreatment in subsequent experiments.

Further experiments showed that A-779 could reverse
the inhibitory effect of the Ang-(1-7) on LPS-stimu-
lated changes of IL-6, TNF-a, Bcl2, and Bax transcrip-
tion or/and protein levels in H9¢2 cells (Fig. 7K-P). In
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conclusion, Ang-(1-7) functions mainly through MasR,
and A-779 can reverse the protective impact of Ang-(1-
7) on the inflammatory response and H9c2 cell apoptosis.

Ang-(1-7) inhibits the LPS-induced stimulation of NF-kB
and MAPK pathway in H9c2 cardiomyocytes
In this study, experiments were carried out to determine
if Ang-(1-7) affected the LPS-stimulated proinflam-
matory cytokine expression and apoptosis in H9¢2 cells
by controlling NF-kB and MAPK pathways. Initially,
the subcellular translocation of NF-kB was investigated
and the findings revealed that the p65 expression in the
nucleus was significantly enhanced in the LPS-induced
H9c2 group (Additional file 3: Fig. S2B, C). However,
Ang-(1-7) pretreatment alleviated p65 nuclear trans-
location induced by LPS (Additional file 3: Fig. S2B, C).
On the other hand, the results revealed that LPS acti-
vated NF-kb and MAPK pathways in H9¢2 cells, and sig-
nificantly upregulated the JNK, P38, ikBa, ERK, and P65
protein phosphorylation levels (Fig. 8A—G). As expected,
Ang-(1-7) pretreatment significantly reduced the LPS-
induced elevation in the phosphorylation levels of the
above proteins (Fig. 8A—G). In addition, different path-
way inhibitors (p38 inhibitor SB202190, ERK inhibitor
U0126, INK inhibitor SP600125, NF-kB inhibitor TPCK
and TLR4 inhibitor TAK-242) were used to further vali-
date the causal relationship between NF-kB and MAPK
pathways and Ang-(1-7) regulation of SIC in vitro mod-
els. The results showed that these inhibitors were able to
reverse the LPS-induced increase in IL-1f, IL-6, and Bax
protein levels as well as the decrease in Bcl-2 protein lev-
els in H9c2 cells (Additional file 3: Fig. S3A-E). Further-
more, the IL-1p, IL-6, Bax and Bcl-2 protein levels were
similar in the Ang-(1-7) + inhibitor group and Ang-(1-7)
only pretreatment group.

(Additional file 3: Fig. S3A—E).Taken together, Ang-(1-
7) pretreatment can protect H9c2 cells from LPS-induced
damage by regulating NF-kb and MAPK pathways.

Discussion

This study has investigated the involvement of Ang
(1-7) in SIC and determined whether it could be used
as an effective treatment strategy for SIC patients. SIC
can be described as cardiac dysfunction owing to sepsis,
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affecting many patients in the Intensive care units (ICUs)
[2]. The results in this study indicated that the SIC
patients showed significantly higher peripheral plasma
Ang I and Ang II/Ang-(1-7) levels than those expressed
in HC and non-SIC patients, but Ang-(1-7) expression
was lowered significantly compared to those expressed
in HC. Peripheral plasma Ang II, Ang II/Ang-(1-7), and
Ang-(1-7) levels in SIC patients were significantly related
to the level of myocardial injuries. The findings indicate
that the RAAS activation in SIC can lead to a homeosta-
sis imbalance between the Ang-(1-7)/MasR and Ang II/
AT1 axis. Plasma Ang II, Ang II/Ang-(1-7), and Ang-
(1-7) concentrations could be regarded as potential bio-
markers of SIC. To further investigate and validate the
hypothesis, the influence and mechanisms of exogenous
Ang-(1-7) in the in vivo and in vitro SIC models were
tested. The results show that Ang-(1-7) regulates the
inflammatory response, reduces oxidative stress, main-
tains mitochondrial homeostasis, and alleviates the mito-
chondrial structure and function damage through NF-«kb
and MAPK pathways, thereby alleviating SIC. The find-
ings revealed that Ang-(1-7) could be regarded as an effi-
cient therapeutic drug for SIC.

There are no available efficient treatment plans for
SIC patients in clinic settings, who are in critical condi-
tion and have a significant fatality rate [7]. Compared to
non-SIC patients, SIC patients showed higher SOFA and
APACHE II scores, as well as higher levels of CK-MB,
BNP, Tnl, lactate, and PCT. This conclusion was con-
sistent with those presented in earlier studies [48-52].
RAAS was stimulated and the Ang II levels are elevated
during the initial sepsis stages [53]. In this study, the
results indicated that the SIC patients showed higher
Ang II and Ang II/Ang-(1-7) levels, followed by non-
SIC patients and HC. Additionally, SIC patients had low
Ang-(1-7) levels than HC patients. Relevant studies indi-
cated that RAAS was activated in COVID-19 patients,
which led to an increase in their peripheral plasma Ang
II concentrations, whereas their Ang-(1-7) concentra-
tion was decreased [54]. Additionally, the d-dimer and
proinflammatory cytokines showed a negative relation-
ship with Ang-(1-7) expression levels [54]. In COVID-19
patients, lower Ang-(1-7) levels influenced the activation
of multiple immunological responses and disseminated

(See figure on next page.)

Fig. 7 Ang-(1-7) maintained mitochondrial dynamic equilibrium in H9c2 cardiomyocytes and alleviated LPS-induced apoptosis. A

Western blot images of Drp1, Mfn2, caspase-9, cleaved caspase-3, Bcl-2, and Bax in H9c2 cells. B-G Quantification of the concentrations of cleaved
caspase-3, Drp1, Mfn2, Bcl-2, caspase-9, and Bax proteins in H9c2 cells (n=4). H, | Flow cytometry plots and quantitative analysis depicting the
proportion of H9¢c2 apoptotic cells (n=4). J Before LPS stimulation of H9c2 cells for 12 h, cells in each group were pretreated using differing

concentrations of A-779 (107,107,10~ mol/L) for 2 h, using Ang-(1-7) (10" mol/L) for 1 h and then with CCK8 assay for cell viability (n=6). ‘p < 0.05
than the control group, *p <0.05 than LPS group, < 0.05 in comparison to LPS 4+ Ang-(1-7) group. K, L) The IL-6 and TNF-a protein concentrations
in H9¢2 cells (n=6). M-P IL-6, Bcl-2, TNF-q, and the Bax mRNA levels in the H9c2 cells (n=4). K-P The A-779 intervention was pretreatment with
107 mol/L for 2 h, the Ang-(1-7) intervention included 107 mol/L pretreatment for 1 h, and LPS activation of 1 ug/mL for 12 h. p<0.05, “p<0.01,
"p<0.001
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Fig. 8 Ang-(1-7) inhibits LPS-induced activation of NF-kb and MAPK pathways in H9c2 cardiomyocytes. A Western blotting images of the p-P65,
p-IkBa, P65, and IkBa in H9c2 cells. B Western blots of p-JNK, p-P38, p-ERK, P38, ERK, and JNK in H9c2 cells. C-G Quantifying the concentrations of
p-IkBa/IkBa, p-ERK/ERK, p-JNK/INK, p-P38/P38, and p-P65/P65 proteins in HIc2 cells (n=4). " "p<0.001, “p<0.01, 'p<0.05
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coagulation [54]. Furthermore, the COVID-19 patients,
who died, had lower serum Ang-(1-7) levels and corre-
spondingly higher Ang II/Ang-(1-7) levels [55]. Thus, the
Ang II/Ang-(1-7) concentrations could be regarded as
independent predictors of COVID-19 mortality [55]. This
result offers convincing evidence that Ang II and Ang-
(1-7) could play a role in SIC. It also suggests that using
drugs to target the regulation of RAAS homeostasis may
be effective in treating SIC patients.

During the occurrence of the sepsis-induced organ
injury, RAAS is often activated, while the angiotensin-
ACE2/Ang-(1-7)/MasR axis gets down-regulated, and

the ACE/Ang II/AT1R axis is up-regulated [56]. Sepsis-
induced ALI causes an imbalance in the ACE2/ACE and
Angll/Ang-(1-7), and the ACE2 overexpression can up-
regulate ACE2/Ang-(1-7)/MasR axis to relieve ALI [37,
39]. Studies revealed that targeted inhibition of midkine
expression in the lung samples suppresses ACE activ-
ity through Notch 2 receptors and decreases the secre-
tion of angiotensin 1I, thereby improving sepsis-induced
ALI [57]. Exogenous Ang-(1-7) can significantly allevi-
ate SIAKI by reducing oxidative stress and inflamma-
tion in renal tissue [41]. Furthermore, lipoxin receptor
agonists (BML-11) also can alleviate LPS-induced lung
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and liver injury by modulating the RAAS [58]. Notably,
neuromodulin-1 (NRG-1), adenosine, and Chinese yam
can reduce the inflammatory response, protect cardio-
myocytes, and ameliorate sepsis-induced cardiac dys-
function by inhibiting RAAS overactivation [59, 60].
Experiments were carried out in this study to determine
if the exogenous Ang-(1-7) pretreatment could regulate
RAAS, and the outcome of these experiments showed
that Ang-(1-7) effectively inhibits the biological func-
tion of Ang II, thereby alleviating SIC. Excessive inflam-
matory responses and oxidative stress can aggravate
cardiomyocyte apoptosis and promote the occurrence
and development of SIC [61, 62]. We observed that the
LPS stimulation resulted in an excessive inflammatory
response, elevated ROS production, and increased car-
diomyocyte apoptosis in the in vivo and in vitro SIC
models. However, this phenomenon could be reversed
by Ang-(1-7) pretreatment. An earlier study stated
that Ang-(1-7) inhibits the infiltration of splenic mac-
rophages, and also regulates the in vitro and in vivo
polarization of macrophages to reduce the inflammatory
injury of sepsis [43]. Similarly, Souza et al. found that the
Ang-(1-7) also inhibited the inflammatory responses and
prevented hypothermia in septic mice [63]. Increased
RAAS activity in sepsis can lead to endothelial dysfunc-
tion and aggravated oxidative stress, and pretreatment
with Ang-(1-7) can reduce lipid peroxidation, superox-
ide, and ROS generation [16, 64]. Related studies have
shown that exogenous Ang-(1-7) intervention can atten-
uate pulmonary and hepatic fibrosis by inhibiting oxi-
dative stress [20, 28]. In addition, exogenous Ang-(1-7)
pretreatment can also attenuate doxorubicin-mediated
oxidative stress, thereby improving cardiac dysfunction
[65]. Furthermore, a higher apoptosis was noted in the
organ injuries caused by severe sepsis, and inhibition of
apoptosis could improve the survival rate of septic ani-
mal models [16, 66]. Studies implied that the Ang-(1-7)
inhibits the LPS and Ang II-induced apoptosis in epi-
thelial and endothelial cells, as well as the apoptosis of
mouse hepatocytes induced by sepsis [16, 39, 67, 68].
These results implied that Ang-(1-7) can regulate RAAS
and exert its anti-apoptotic, antioxidant, and anti-inflam-
matory effects, which were consistent with the results
presented in this study.

Earlier studies have found that the energy supply of
cardiomyocytes mainly depends on mitochondria, and
the structure and function of mitochondria in cardio-
myocytes will be abnormal when SIC occurs [61, 69,
70]. In this study, the mitochondrial dynamics of SIC
mice were disturbed, which was related to the excessive
inflammatory responses, the lower energy production of
cardiomyocytes, and increased oxidative stress, wherein
all these factors interacted with each other to eventually
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increase the rate of cardiomyocyte apoptosis. Notably,
it was seen that Ang-(1-7) can alleviate mitochondrial
dysfunctioning and inhibit the apoptosis of cardiomyo-
cytes by regulating LPS-induced abnormal RAAS acti-
vation and inflammatory response according to in vivo
and in vitro experiments. The Ang-(1-7) mainly wields
its effect through MasR, and the Ang-(1-7) protective
function on sepsis can be eliminated by initially inject-
ing the septic mice with A-779, a MasR-specific inhibi-
tor [43, 56]. To confirm the fact that Ang-(1-7) exerts its
role via the Ang-(1-7)/MasR axis, in vitro experiments
were conducted in this study using A-779, and the find-
ings implied that A-779 could reverse the Ang-(1-7) pro-
tective effect on H9c2 cell inflammatory response and
apoptosis.

LPS activated the NF-kB and MAPK pathways and
induced inflammatory responses [71-74]. The relation-
ship between RAAS and NF-«B inflammatory factors is
complex and interrelated. Similarly, higher Ang II lev-
els combined with ATIR under abnormal activation
of RAAS can also activate the NF-kB signaling path-
way to generate many inflammatory cytokines [75, 76].
Related studies showed that Ang-(1-7) can improve
sepsis-induced organ injury by controlling the NF-«xB
and MAPK pathway [41, 43, 56]. Also, some research-
ers noted that Ang-(1-7) can improve cardiovascular
diseases by controlling the MAPK pathway [77-80].
The findings in this study indicated that Ang-(1-7) can
relieve SIC by regulating NF-xkB and MAPK pathways
during the in vivo and in vitro experiments. Thus, the
findings revealed that RAAS could be upstream of NF-xB
and MAPK pathways, and the impact of Ang-(1-7) for
SIC alleviation may be mediated by regulating NF-«xB and
MAPK pathways.

There are some limitations in this study. Firstly, the
relatively small sample size of patients included in our
clinical study did not lend itself to multivariate analysis.
Secondly, the influence of disease severity and volume
status on plasma Ang-(1-7) and Ang II variation could
not be excluded. Large-scale clinical studies need to be
conducted in the future to further validate the clinical
significance of Ang-(1-7) and Ang II in SIC patients.
Finally, in vitro and in vivo experiments indicated that
Ang-(1-7) could be used as a potential therapeutic tar-
get for SIC, however, this strategy needs to be assessed in
patients in the future.

Conclusions

In conclusion, this study observed that the plasma Ang
II, Ang II/Ang-(1-7), and Ang-(1-7) levels were useful
biomarkers among patients suffering from SIC. Addition-
ally, it was established that Ang-(1-7) regulates the oxi-
dative stress, inflammatory responses, and mitochondrial
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Fig. 9 Schematic diagram showing the protective effect of Ang-(1-7) on SIC mice and its underlying mechanism. LPS can induce RAAS activation
and increase Ang Il secretion in blood, tissues, and cells. LPS and Ang Il can activate NF-kB and MAPK pathways and generate a large number

of inflammatory mediators. Excessive production of proinflammatory factors aggravates oxidative stress, mitochondrial damage, and dynamic
imbalance in cardiomyocytes, and further leads to increased apoptosis of cardiomyocytes. Ang-(1-7) may regulate inflammation, reduce oxidative
stress, maintain mitochondrial homeostasis, and alleviate mitochondrial structural and functional damage through NF-kB and MAPK pathways

dynamic equilibrium through NF-kB and MAPK path-  Acknowledgements
We thank Meng Shao and Siyang Zhao for their technical assistance in the

ways to alleviate SIC (Flg' 9, mdlcatmg that it could be experiments. We thank Bullet Edits for their editorial assistance. We are grateful

used as a potential therapeutic strategy for SIC. to Figdraw (www.figdraw.com) for technical support.
. Author contributions

Supplementary Information CX, LY, and CY designed the study. CX, CJ, MX, WS, and WW conducted the

The online version contains supplementary material available at https://doi. experiments. CX, CJ, MX, and GY analyzed the data. CX and LY wrote the

0rg/10.1186/512967-022-03842-5. manuscript. LY and CY revised the paper and provided funding. All authors

read and approved the final manuscript.

Additional file 1: Table S1. Primers for quantitative real-time PCR. g
. ) o Funding
Additional ﬁlg 2: Table 52. Demographic and clinical parameters of the This study was funded by the National Natural Science Foundation of China
study population. (Nos. 82172120, 81871593, 81601714).
Additional file 3: Fig S1. Ang-(1-7) and Ang II/Ang-(1-7) levels in the
serum of each group of mice. Fig S2. Effect of Ang-(1-7) on LPS-mediated Availability of data and materials
NF-kB nuclear translocation. Fig S3. Ang-(1-7) alleviates H9c2 cells apop- Any data involved in this study can be requested from the corresponding
tosis induced by LPS-mediated inflammatory response through the NF-kB author.
and MAPK signaling pathways.



https://doi.org/10.1186/s12967-022-03842-5
https://doi.org/10.1186/s12967-022-03842-5
http://www.figdraw.com

Chen et al. Journal of Translational Medicine (2023) 21:2

Declarations

Ethics approval and constant to participate

All members included in this research, or their families, provided informed
consent, and the Ethics Committee members at the General Hospital of
Tianjin Medical University were sent a copy of the experimental procedures
performed in this study for approval. The Animal Ethics Committee in the
General Hospital of Tianjin Medical University granted its approval to all
animal research experiments, based on the National Institute of Health (NIH)
regulations.

Consent for publication
Not applicable.

Competing interests
All authors have no competing interests.

Received: 11 October 2022 Accepted: 20 December 2022
Published online: 02 January 2023

References

1. Singer M, Deutschman CS, Seymour CW, Shankar-Hari M, Annane D,
Bauer M, et al. The Third International Consensus Definitions for Sepsis
and Septic Shock (Sepsis-3). JAMA. 2016;315(8):801-10.

2. Beesley SJ,Weber G, Sarge T, Nikravan S, Grissom CK, Lanspa MJ, et al.
Septic cardiomyopathy. Crit Care Med. 2018;46(4):625-34.

3. Lanspa MJ, Cirulis MM, Wiley BM, Olsen TD, Wilson EL, Beesley SJ, et al.
Right ventricular dysfunction in early sepsis and septic shock. Chest.
2021;159(3):1055-63.

4. Kakihana, Ito T, Nakahara M, Yamaguchi K, Yasuda T. Sepsis-induced
myocardial dysfunction: pathophysiology and management. J Intensive
Care. 2016;4:22.

5. LiuYC Yu MM, Shou ST, Chai YF. Sepsis-induced cardiomyopathy: mecha-
nisms and treatments. Front Immunol. 2017;8:1021.

6. Hollenberg SM, Singer M. Pathophysiology of sepsis-induced cardiomyo-
pathy. Nat Rev Cardiol. 2021;18(6):424-34.

7. Martin L, Derwall M, Al Zoubi S, Zechendorf E, Reuter DA, Thiemermann
C, et al. The septic heart: current understanding of molecular mecha-
nisms and clinical implications. Chest. 2019;155(2):427-37.

8. ChenJ, LaiJ,Yang L, Ruan G, Chaugai S, Ning Q et al. Trimetazidine
prevents macrophage-mediated septic myocardial dysfunction
via activation of the histone deacetylase sirtuin 1. Br J Pharmacol.
2016;173(3):545-61.

9. ZhangJ,Wang M, Ye J, Liu J, Xu Y, Wang Z, et al. The anti-inflammatory
mediator Resolvin E1 protects mice against lipopolysaccharide-induced
heart injury. Front Pharmacol. 2020;11:203.

10. PengS, Xu J, Ruan W, Li S, Xiao F. PPAR-y activation prevents septic cardiac
dysfunction via inhibition of apoptosis and necroptosis. Oxid Med Cell
Longev. 2017;2017:8326749.

11. Sul OJ, Ra SW. Quercetin prevents LPS-induced oxidative stress and
inflammation by modulating NOX2/ROS/NF-kB in lung epithelial cells.
Molecules (Basel, Switzerland). 2021;26(22):6949.

12. Stanzani G, Duchen MR, Singer M. The role of mitochondria in sepsis-
induced cardiomyopathy. Biochim Biophys Acta. 2019;1865(4):759-73.

13. Qi Z, WangR, Liao R, Xue S, Wang Y. Neferine ameliorates sepsis-induced
myocardial dysfunction through anti-apoptotic and antioxidative effects
by regulating the PI3K/AKT/mTOR signaling pathway. Front Pharmacol.
2021;12: 706251,

14. Almeida LF, Tofteng SS, Madsen K, Jensen BL. Role of the renin-angio-
tensin system in kidney development and programming of adult blood
pressure. Clin Sci. 2020;134(6):641-56.

15. Ning L, Rong J, Zhang Z, Xu Y. Therapeutic approaches targeting renin-
angiotensin system in sepsis and its complications. Pharmacol Res.
2021;167: 1054009.

16. Tsai HJ, Liao MH, Shih CC, Ka SM, Tsao CM, Wu CC. Angiotensin-(1-7)
attenuates organ injury and mortality in rats with polymicrobial sepsis.
Critical Care (London, England). 2018;22(1):269.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31

32.

33

34.

35.

36.

Page 19 of 21

Santos RAS, Oudit GY, Verano-Braga T, Canta G, Steckelings UM, Bader M.
The renin-angiotensin system: going beyond the classical paradigms. Am
J Physiol Heart Circ Physiol. 2019;316(5):H958-70.

Simoes ESAC, Teixeira MM. ACE inhibition, ACE2 and angiotensin-(1-7)
axis in kidney and cardiac inflammation and fibrosis. Pharmacol Res.
2016;107:154-62.

Molitor M, Rudi WS, GarlapatiV, Finger S, Schuler R, Kossmann S, et al.
Nox24 myeloid cells drive vascular inflammation and endothelial
dysfunction in heart failure after myocardial infarction via angiotensin Il
receptor type 1. Cardiovasc Res. 2021;117(1):162-77.

Cai SM, Yang RQ, LiY, Ning ZW, Zhang LL, Zhou GS, et al. Angioten-
sin-(1-7) improves liver fibrosis by regulating the NLRP3 inflam-

masome via redox balance modulation. Antioxid Redox Signal.
2016;24(14):795-812.

Meng Y, Pan M, Zheng B, Chen Y, LiW, Yang Q, et al. Autophagy attenu-
ates angiotensin Il-induced pulmonary fibrosis by inhibiting redox
imbalance-mediated NOD-like receptor family pyrin domain containing 3
inflammasome activation. Antioxid Redox Signal. 2019;30(4):520-41.
Ning ZW, Luo XY, Wang GZ, Li Y, Pan MX, Yang RQ, et al. MicroRNA-21
mediates angiotensin Il-induced liver fibrosis by activating NLRP3 inflam-
masome/IL-13 axis via targeting Smad7 and Spry1. Antioxid Redox Signal.
2017,27(1):1-20.

Passos-Silva DG, Verano-Braga T, Santos RA. Angiotensin-(1-7): beyond
the cardio-renal actions. Clin Sci. 2013;124(7):443-56.

Santos RA, Ferreira AJ, Verano-Braga T, Bader M. Angiotensin-converting
enzyme 2, angiotensin-(1-7) and Mas: new players of the renin-angioten-
sin system. J Endocrinol. 2013;216(2):R1-r17.

Santos RA, SimoeseSilva AC, Maric C, Silva DM, Machado RP, de Buhr |,

et al. Angiotensin-(1-7) is an endogenous ligand for the G protein-cou-
pled receptor Mas. Proc Nat Acad Sci USA. 2003;100(14):8258-63.

Santos RAS, Sampaio WO, Alzamora AC, Motta-Santos D, Alenina N, Bader
M, et al. The ACE2/Angiotensin-(1-7)/MAS axis of the renin-angiotensin
system: focus on angiotensin-(1-7). Physiol Rev. 2018;98(1):505-53.

You Y, Huang Y, Wang D, Li Y, Wang G, Jin S, et al. Angiotensin (1-7)
inhibits arecoline-induced migration and collagen synthesis in human
oral myofibroblasts via inhibiting NLRP3 inflammasome activation. J Cell
Physiol. 2019;234(4):4668-80.

Pan M, Zheng Z, Chen Y, Sun N, Zheng B, Yang Q, et al. Angiotensin-(1-7)
attenuated cigarette smoking-related pulmonary fibrosis via improving
the impaired autophagy caused by nicotinamide adenine dinucleotide
phosphate reduced oxidase 4-dependent reactive oxygen species. Am J
Respir Cell Mol Biol. 2018;59(3):306-19.

Xu DF, Liu YJ, Mao YF, Wang Y, Xu CF, Zhu XY, et al. Elevated angio-

tensin Il induces platelet apoptosis through promoting oxidative

stress in an AT1R-dependent manner during sepsis. J Cell Mol Med.
2021,25(8):4124-35.

Pregernig A, Muller M, Held U, Beck-Schimmer B. Prediction of mortality
in adult patients with sepsis using six biomarkers: a systematic review
and meta-analysis. Ann Intensive Care. 2019;9(1):125.

Hsieh MS, How CK, Hsieh VC, Chen PC. Preadmission antihypertensive
drug use and sepsis outcome: impact of angiotensin-converting enzyme
inhibitors (ACEls) and angiotensin receptor blockers (ARBs). Shock
(Augusta, Ga). 2020;53(4):407-15.

Hsu WT, Galm BP, Schrank G, Hsu TC, Lee SH, Park JY, et al. Effect

of renin-angiotensin-aldosterone system inhibitors on short-term
mortality after sepsis: a population-based cohort study. Hypertension.
2020;75(2):483-91.

Lee HW, Suh JK, Jang E, Lee SM. Effect of angiotensin converting enzyme
inhibitor and angiotensin Il receptor blocker on the patients with sepsis.
Korean J Intern Med. 2021;36(2):371-81.

Kim J, Kim YA, Hwangbo B, Kim MJ, Cho H, Hwangbo Y, et al. Effect of
antihypertensive medications on sepsis-related outcomes: a population-
based cohort study. Crit Care Med. 2019,47(5):e386-93.

Kostakoglu U, Topcu A, Atak M, Tumkaya L, Mercantepe T, Uydu HA. The
protective effects of angiotensin-converting enzyme inhibitor against
cecal ligation and puncture-induced sepsis via oxidative stress and
inflammation. Life Sci. 2020,241: 117051.

Hagiwara S, lwasaka H, Matumoto S, Hidaka S, Noguchi T. Effects of an
angiotensin-converting enzyme inhibitor on the inflammatory response
in in vivo and in vitro models. Crit Care Med. 2009;37(2):626-33.



Chen et al. Journal of Translational Medicine

37.

38.

39.

40.

41.

42.

43.

44,

45,

46.

47.

48.

49.

50.

51

52.

53.

54.

55.

56.

57.

(2023) 21:2

LiY,Zeng Z, Cao, Liu Y, Ping F, Liang M, et al. Angiotensin-converting
enzyme 2 prevents lipopolysaccharide-induced rat acute lung injury

via suppressing the ERK1/2 and NF-kB signaling pathways. Sci Rep.
2016;6:27911.

Al-Kadi A, El-Daly M, El-Tahawy NFG, Khalifa MMA, Ahmed AF. Angiotensin
aldosterone inhibitors improve survival and ameliorate kidney injury
induced by sepsis through suppression of inflammation and apoptosis.
Fundam Clin Pharmacol. 2022;36(2):286-95.

LiY,CaoY, Zeng Z, Liang M, Xue Y, Xi C, et al. Angiotensin-converting
enzyme 2/angiotensin-(1-7)/Mas axis prevents lipopolysaccharide-
induced apoptosis of pulmonary microvascular endothelial cells by
inhibiting JNK/NF-kB pathways. Sci Rep. 2015;5:8209.

Chen QF, Kuang XD, Yuan QF, Hao H, Zhang T, Huang YH, et al. Lipoxin
A(4) attenuates LPS-induced acute lung injury via activation of the ACE2-
Ang-(1-7)-Mas axis. Innate Immun. 2018;24(5):285-96.

ZhuY,Xu D, Deng F,Yan'Y, Li J, Zhang C, et al. Angiotensin (1-7) attenu-
ates sepsis-induced acute kidney injury by regulating the NF-kB Pathway.
Front Pharmacol. 2021;12: 601909.

Jayaprakash N, Gajic O, Frank RD, Smischney N. Elevated modified shock
index in early sepsis is associated with myocardial dysfunction and mor-
tality. J Crit Care. 2018;43:30-5.

Pan H, Huang W, Wang Z, Ren F, Luo L, Zhou J, et al. The ACE2-Ang-(1-7)-
mas axis modulates M1/M2 macrophage polarization to relieve CLP-
induced inflammation via TLR4-mediated NF-kb and MAPK pathways. J
Inflamm Res. 2021;14:2045-60.

Ruan'W, Ji X, Qin Y, Zhang X, Wan X, Zhu C, et al. Harmine alleviated
sepsis-induced cardiac dysfunction by modulating macrophage polariza-
tion via the STAT/MAPK/NF-kB pathway. Front Cell Develop Biol. 2021;9:
792257.

LiN, Zhou H, Wu H, Wu Q, Duan M, Deng W, et al. STING-IRF3 contributes
to lipopolysaccharide-induced cardiac dysfunction, inflammation, apop-
tosis and pyroptosis by activating NLRP3. Redox Biol. 2019;24: 101215.
Cai ZL, Shen B, Yuan 'Y, Liu C, Xie QW, HuTT, et al. The effect of

HMGA1 in LPS-induced myocardial inflammation. Int J Biol Sci.
2020;16(11):1798-810.

Flameng W, Borgers M, Daenen W, Stalpaert G. Ultrastructural and cyto-
chemical correlates of myocardial protection by cardiac hypothermia in
man. J Thorac Cardiovasc Surg. 1980;79(3):413-24.

Wang L, Xie W, Li G, Hu B, Wu W, Zhan L, et al. Lipocalin 10 as a new prog-
nostic biomarker in sepsis-induced myocardial dysfunction and mortality:
a pilot study. Mediators Inflamm. 2021;2021:6616270.

ChenY, Zhang F, Ye X, Hu JJ, Yang X, Yao L, et al. Association between gut
dysbiosis and sepsis-induced myocardial dysfunction in patients with
sepsis or septic shock. Front Cell Infect Microbiol. 2022;12: 857035.

Lu NF, Jiang L, Zhu B, Yang DG, Zheng RQ, Shao J, et al. Elevated plasma
histone H4 levels are an important risk factor in the development of
septic cardiomyopathy. Balkan Med J. 2020;37(2):72-8.

Wang B, Chen G, Li J, Zeng Y, Wu Y, Yan X. Neutrophil gelatinase-associ-
ated lipocalin predicts myocardial dysfunction and mortality in severe
sepsis and septic shock. Int J Cardiol. 2017;227:589-94.

Li Z, Zhang E, Hu Y, Liu Y, Chen B. High serum sTREM-1 correlates with
myocardial dysfunction and predicts prognosis in septic patients. Am J
Med Sci. 2016;351(6):555-62.

Chen XS, Wang SH, Liu CY, Gao YL, Meng XL, Wei W, et al. Losartan
attenuates sepsis-induced cardiomyopathy by regulating macrophage
polarization via TLR4-mediated NF-kB and MAPK signaling. Pharmacol
Res. 2022;185: 106473.

Carpenter RM, Young MK, Petri WAQO, Lyons GR, Gilchrist C, Carey RM, et al.
Repressed Ang 1-7 in COVID-19 is inversely associated with inflammation
and coagulation. Sphere. 2022,7(4):e0022022.

Amezcua-Guerra LM, Del Valle L, Gonzélez-Pacheco H, Springall R,
Marquez-Velasco R, Masso F, et al. The prognostic importance of the
angiotensin ll/angiotensin-(1-7) ratio in patients with SARS-CoV-2 infec-
tion. Ther Adv Respir Dis. 2022;16:17534666221122544.

Chen Q, Liu J,Wang W, Liu S, Yang X, Chen M, et al. Sini decoction amelio-
rates sepsis-induced acute lung injury via regulating ACE2-Ang (1-7)-Mas
axis and inhibiting the MAPK signaling pathway. Biomed Pharmacother.
2019;115:108971.

Xu JY, Chang W, Sun Q, Peng F, Yang Y. Pulmonary midkine inhibition
ameliorates sepsis induced lung injury. J Transl Med. 2021;19(1):91.

58.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71

72.

73.

74.

75.

76.

77.

78.

Page 20 of 21

Chen QF, Hao H, Kuang XD, Hu QD, Huang YH, Zhou XY.BML-111, a
lipoxin receptor agonist, protects against acute injury via regulating the
renin angiotensin-aldosterone system. Prostaglandins Other Lipid Mediat.
2019;140:9-17.

Zeng M, Zhang L, Zhang B, Li B, Kan Y, Yang H, et al. Chinese yam extract
and adenosine attenuated LPS-induced cardiac dysfunction by inhibit-
ing RAS and apoptosis via the ER-mediated activation of SHC/Ras/Raf1
pathway. Phytomedicine. 2019;61: 152857.

Zhou Q, Pan X, Wang L, Wang X, Xiong D. The protective role of neu-
regulin-1: A potential therapy for sepsis-induced cardiomyopathy. Eur J
Pharmacol. 2016;788:234-40.

Xie S, Qi X, Wu Q, Wei L, Zhang M, Xing Y, et al. Inhibition of 5-lipoxyge-
nase is associated with downregulation of the leukotriene B4 receptor 1/
Interleukin-12p35 pathway and ameliorates sepsis-induced myocardial
injury. Free Radical Biol Med. 2021;166:348-57.

YuY,Hu LL, Liu L, Yu LL, Li JP, Rao JA, et al. Hsp22 ameliorates lipopolysac-
charide-induced myocardial injury by inhibiting inflammation, oxidative
stress, and apoptosis. Bioengineered. 2021;12(2):12544-54.

Souza LL, Duchene J, Todiras M, Azevedo LC, Costa-Neto CM, Alenina N,
et al. Receptor MAS protects mice against hypothermia and mortality
induced by endotoxemia. Shock (Augusta, Ga). 2014;41(4):331-6.
Doerschug KC, Delsing AS, Schmidt GA, Ashare A. Renin-angiotensin
system activation correlates with microvascular dysfunction in a pro-
spective cohort study of clinical sepsis. Critical care (London, England).
2010;14(1):R24.

Rahimi O, Kirby J, Varagic J, Westwood B, Tallant EA, Gallagher PE. Angio-
tensin-(1-7) reduces doxorubicin-induced cardiac dysfunction in male
and female Sprague-Dawley rats through antioxidant mechanisms. Am J
Physiol Heart Circ Physiol. 2020;318(4):H883-94.

Luan YY, Yao YM, Xiao XZ, Sheng ZY. Insights into the apoptotic death of
immune cells in sepsis. J Interferon Cytokine Res. 2015;35(1):17-22.

Ma X, Xu D, AiY, Zhao S, Zhang L, Ming G, et al. Angiotensin-(1-7)/

Mas signaling inhibits lipopolysaccharide-Induced ADAM17 shed-

ding activity and apoptosis in alveolar epithelial cells. Pharmacology.
2016;,97(1-2):63-71.

Gopallawa |, Uhal BD. Angiotensin-(1-7)/mas inhibits apoptosis in alveo-
lar epithelial cells through upregulation of MAP kinase phosphatase-2.
Am J Physiol Lung Cell Mol Physiol. 2016;310(3):L240-8.

Wang Y, Jasper H, Toan S, Muid D, Chang X, Zhou H. Mitophagy coor-
dinates the mitochondrial unfolded protein response to attenuate
inflammation-mediated myocardial injury. Redox Biol. 2021;45: 102049.
Forte M, Schirone L, Ameri P, Basso C, Catalucci D, Modica J, et al. The role
of mitochondrial dynamics in cardiovascular diseases. Br J Pharmacol.
2021;178(10):2060-76.

Chen X, LiuY, Gao'Y, Shou S, Chai Y. The roles of macrophage polarization
in the host immune response to sepsis. Int Immunopharmacol. 2021;96:
107791.

Zhou C, Gao J, Ji H, LiW, Xing X, Liu D, et al. Benzoylaconine Modulates
LPS-Induced Responses Through Inhibition of Toll-Like Receptor-
Mediated NF-kB and MAPK Signaling in RAW2647 Cells. Inflammation.
2021;44(5):2018-32.

Kim SL, Choi HS, Ko YC, Yun BS, Lee DS. 5-Hydroxymaltol derived from
beetroot juice through lactobacillus fermentation suppresses inflamma-
tory effect and oxidant stress via regulating NF-kB, MAPKs Pathway and
NRF2/HO-1 Expression. Antioxidants (Basel, Switzerland). 2021;10(8):1324.
Liu YC, Zou XB, Chai YF, Yao YM. Macrophage polarization in inflammatory
diseases. Int J Biol Sci. 2014;10(5):520-9.

Agarwal D, Dange RB, Raizada MK, Francis J. Angiotensin Il causes imbal-
ance between pro- and anti-inflammatory cytokines by modulating
GSK-3 in neuronal culture. Br J Pharmacol. 2013;169(4):860-74.

Qin B,Wang Q, LuY, Li C, Hu H, Zhang J, et al. Losartan ameliorates cal-
cium oxalate-induced elevation of stone-related proteins in renal tubular
cells by inhibiting NADPH oxidase and oxidative stress. Oxid Med Cell
Longev. 2018;2018:1271864.

Sousa-Lopes A, de Freitas RA, Carneiro FS, Nunes KP, Allahdadi KJ, Webb
RC, et al. Angiotensin (1-7) Inhibits Ang Il-mediated ERK1/2 Activation by
Stimulating MKP-1 Activation in Vascular Smooth Muscle Cells. Int J Mol
Cell Med. 2020;,9(1):50-61.

ZhangF, Li S, Song J, Liu J, CuiY, Chen H. Angiotensin-(1-7) regulates
angiotensin ll-induced matrix metalloproteinase-8 in vascular smooth
muscle cells. Atherosclerosis. 2017;261:90-8.



Chen et al. Journal of Translational Medicine (2023) 21:2 Page 21 of 21

79. Wang Z, Huang W, Ren F, Luo L, Zhou J, Huang D, et al. Characteristics of
Ang-(1-7)/Mas-mediated amelioration of joint inflammation and cardiac
complications in mice with collagen-induced arthritis. Front Immunol.
2021;12: 655614,

80. Yang G, Chu PL, Rump LC, Le TH, Stegbauer J. ACE2 and the homolog
collectrin in the modulation of nitric oxide and oxidative stress in
blood pressure homeostasis and vascular injury. Antioxid Redox Signal.
2017,26(12):645-59.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Ready to submit your research? Choose BMC and benefit from:

e fast, convenient online submission

o thorough peer review by experienced researchers in your field

e rapid publication on acceptance

e support for research data, including large and complex data types

e gold Open Access which fosters wider collaboration and increased citations

e maximum visibility for your research: over 100M website views per year

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions . BMC




	Angiotensin-(1–7) ameliorates sepsis-induced cardiomyopathy by alleviating inflammatory response and mitochondrial damage through the NF-κB and MAPK pathways
	Abstract 
	Background: 
	Methods: 
	Results: 
	Conclusions: 

	Introduction
	Experimental procedures
	Chemicals
	Subjects
	Animals and models
	Cell culture and treatments
	Cell viability
	Echocardiography
	Histologic analysis
	Immunofluorescence
	Transmission electron microscopy (TEM)
	Terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) assay
	Dihydroethidium (DHE) staining
	Mitochondrial membrane potential (MMP) assay
	ATP content detection
	Detection of cardiomyocyte apoptosis by flow cytometry
	Quantitative real-time PCR technique
	Enzyme-linked immunosorbent assay (ELISA) procedure
	Western blotting
	Statistical analysis

	Results
	Clinical data comparison and correlation analysis of patients with sepsis
	Ang-(1–7) alleviates systemic inflammatory response and myocardial injury in SIC mice
	Ang-(1–7) attenuates macrophage infiltration and oxidative stress in the myocardial tissue of SIC mice
	Ang-(1–7) maintains myocardial mitochondrial function and attenuates cardiomyocyte apoptosis in SIC mice
	Ang-(1–7) inhibits NF-κB and MAPK pathway activation in the myocardial tissue of SIC mice
	Ang-(1–7) inhibits oxidative stress, inflammatory response, and mitochondrial dysfunction in the LPS-induced H9c2 cells
	Ang-(1–7) maintains mitochondrial dynamic equilibrium in H9c2 cardiomyocytes and alleviates LPS-induced apoptosis
	Ang-(1–7) inhibits the LPS-induced stimulation of NF-κB and MAPK pathway in H9c2 cardiomyocytes

	Discussion
	Conclusions
	Acknowledgements
	References




