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Inhibition of miR-194-5p
avoids DUSP9 downregulation
thus limiting sepsis-induced
cardiomyopathy

Jie Wang'?, Ting Weil2, Wei Zhang?, Yi Chu?, Dongwei Zhang?, Mingming Zhang?,
Jiangiang Hu?, Zhaole Ji** & Qimeng Hao'**

Sepsis-induced cardiomyopathy (SIC) is described as a reversible myocardial depression that occurs
in patients with septic shock. Increasing evidence shows that microRNA-194-5p (miR-194-5p)
participates in the regulation of oxidative stress, mitochondrial dysfunction, and apoptosis and its
expression is associated with the occurrence and progression of cardiovascular disease; however, the
effects of miR-194-5p in SIC are still unclear. This study explores whether miR-194-5p could modulate
SIC by affecting oxidative stress, mitochondrial function, and apoptosis. Experimental septic mice
were induced by intraperitoneal injection of lipopolysaccharide (LPS) in C57BL/6J mice. The biological
role of miR-194-5p in SIC in vivo was investigated using cardiac echocardiography, ELISA, western
blot, qRT-PCR, transmission electron microscopy, terminal deoxynucleotidyl transferase dUTP

nick end labeling (TUNEL) assay, bioinformatics analysis, and dual-luciferase reporter gene assay.
Our major finding is that miR-194-5p antagomir mitigates sepsis-induced cardiac dysfunction,
inflammation, oxidative stress, apoptosis and mitochondrial dysfunction in the hearts of septic mice,
while miR-194-5p agomir triggers the opposite effects. Furthermore, dual-specificity phosphatase 9
(DUSP9) is a direct target of miR-194-5p and the cardioprotective effects of miR-194-5p antagomir
on cardiac dysfunction, inflammation, apoptosis, mitochondrial dysfunction and oxidative stress

are abolished through inhibiting DUSP9. Therefore, miR-194-5p inhibition could mitigate SIC via
DUSP9 in vivo and the novel miR-194-5p/DUSP9 axis might be the potential treatment targets for SIC
patients.

Keywords MicroRNA-194-5p, Sepsis-induced cardiomyopathy, Dual-specificity phosphatase 9, Mitogen-
activated protein kinases, Lipopolysaccharide

Sepsis, induced by a maladjusted host response to infection, is a life-threatening organ dysfunction and an
increasingly severe global health burden'. It is estimated that 18 million patients worldwide are infected with
sepsis, which is one of the leading causes of death in critically ill patients®. Although the treatment of sepsis has
improved significantly in the past few years, sepsis incidence and mortality are still increasing®. Sepsis-induced
cardiomyopathy (SIC) is a common complication of sepsis and the typical clinical manifestations of SIC are
ventricular dilatation, reduced ventricular contractility and/or decreased volume resuscitation response®. It
is a reversible myocardial depression and many myocardial depressant factors have been identified including
oxidative stress, mitochondrial dysfunction, dysregulation of inflammatory mediators, endothelial dysfunction,
abnormal calcium movement within cells, myocyte apoptosis, and autonomic dysregulation®. Despite advances
in intensive care and supportive technology to prevent the progression of SIC, these strategies are often disap-
pointing and the pathogenesis of SIC is still unclear. Therefore, it is urgent to find new therapeutic targets to
protect against cardiac injury caused by sepsis.

MicroRNAs (miRNAs) are endogenous small noncoding RNAs that regulate gene expression by binding to
the 3'-untranslated region (3'-UTR) of target mRNAs to inhibit translation or induce mRNA degradation and,
therefore, are involved in various physiological and pathophysiological processes, such as proliferation, cell death,
migration, and differentiation®-®. Growing evidence indicates that miRNAs play vital roles in the maintenance
of normal heart development and are involved in the etiology and pathogenesis of cardiovascular diseases,
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including SIC*'°. Recent studies have revealed that the serum level of miR-194 is significantly increased both
in patients with heart failure within one year after acute myocardial infarction and in patients suffering from
obese cardiomyopathy, and the level of circulating miR-194 is positively correlated with cardiac dysfunction!!2.
Although currently the regulatory mechanism of miR-194 production is still poorly clarified, the changes in
miR-194 level may indicate a pathophysiological condition. Furthermore, obese mice-original circulating exo-
somal miR-194 can dampen mitochondrial function in mouse cardiomyocytes, while miR-194 sponge, a specific
inhibitor, can effectively reverse the mitochondrial inhibitory effect from obese mice-original exosomes'?. More
interestingly, miR-194 inhibitor can protect against obesity-induced cardiac dysfunction, structural disorders and
mitochondrial inactivity'?. Besides, miR-194-5p has been reported to be involved in the regulation of apoptosis
and endoplasmic reticulum stress in doxorubicin-induced cardiotoxicity model and silencing of miR-194-5p can
improve DOX-induced cardiac dysfunction®’. Although accumulating evidence indicates that miR-194-5p may
exert protective cardiovascular effects, the physiological role of miR-194-5p in SIC is currently poorly elucidated.

Dual-specificity phosphatase 9 (DUSP9), also known as MAP kinase phosphatase-4 (MKP-4), belongs to the
threonine/tyrosine dual-specific phosphatase family'*. DUSP9 plays a vital role in human diseases, including
cancer, myocardial injury, diabetes, obesity, and liver metabolic syndromes'. It can dephosphorylate mitogen-
activated protein kinases (MAPK), including JNK, p38, and ERK1/2, resulting in the negative control of MAPK
signal transduction, which is closely associated with the development of cardiovascular disease'®. Previous studies
indicate DUSP9 overexpression attenuates cardiac hypertrophy in mice!®>. DUSP9 may be a crucial factor involved
in the progression of cardiovascular disease. However, the role of DUSP9 in SIC is currently poorly understood.

In the present study, we investigated the potential role of miR-194-5p in lipopolysaccharide (LPS)-induced
myocardial injury. Our results demonstrated that miR-194-5p was upregulated in the hearts of septic mice
compared to normal controls. Mechanistically, knockdown or overexpression of miR-194-5p led to improved
or deteriorated cardiac function in mice with sepsis, respectively. In addition, miR-194-5p targeted DUSP9 and
inhibited its expression. These findings suggest that the novel miR-194-5p/DUSP9 axis might be the potential
treatment targets for SIC patients.

Materials and methods

Experimental animals

Eight-week-old C57BL/6 male mice were purchased from the Laboratory Animal Center of the Air Force Medical
University. All procedures were approved by the Institutional Animal Care and Use Committee of the Fourth
Military Medical University following Animal Research: Reporting of In Vivo Experiments (ARRIVE) guidelines
and conformed to the Guide for the Care and Use of Laboratory Animals published by the National Institutes
of Health.

Experimental protocol

The experimental mice were randomly allocated into the following groups (25 mice in each group): The con-
trol group (control), the LPS group (LPS), the LPS + antagomir control group (LPS +antagomir control), the
LPS + miR-194-5p antagomir group (LPS + miR-194-5p antagomir), the LPS +agomir control group (LPS +ago-
mir control) and the LPS + miR-194-5p agomir group (LPS + miR-194-5p agomir). To explore whether miR-
194-5p regulates LPS-induced myocardial injury via targeting DUSP9, mice were allocated to the following
groups (25 mice in each group): (1) the LPS + shControl group (LPS + shCtrl); (2) the LPS + shDUSP9 group
(LPS +shDUSP9); (3) the LPS + miR-194-5p antagomir (LPS + miR-194-5p antagomir) and (4) the LPS + miR-
194-5p antagomir + shDUSP9 group (LPS + miR-194-5p antagomir + shDUSP9). Modified miR-194-5p agomir
and antagomir were synthesized by GenePharma (Shanghai, China), which were used to increase and decrease
miR-194-5p expression in vivo, respectively. Agomir control and antagomir control are non-functional double-
stranded RNAs and single-stranded RNAs with unrelated sequences, respectively. MiR-194-5p agomir (10 mg/
kg each time), antagomir (10 mg/kg each time), and a comparable dose of negative control (agomir control or
antagomir control), were dissolved with RNase-free PBS and injected through tail vein twice weekly for 3 weeks
prior to LPS injection. The dose of the agomir/antagomir we used was referring to the previous study'® and the
introduction manuals of the miR-194-5p agomir/antagomir. Aadeno-associated virus serotype 9 (AAV9) carrying
cardiac troponin T (cTnT) promoter-driven small haripin RNA targeting DUSP9 (shDUSP9) or negative control
(shCtrl) were generated by Hanbio Biotechnology (Shanghai, China) and 50 ul of 2 x 10" IU/ml viral particles
per mouse were injected via tail vein 3 weeks prior to LPS injection. LPS (Cat. No. SMB00704; Sigma-Aldrich)
was used to establish animal model. LPS (10 mg/kg) was dissolved in normal saline and administered through
intraperitoneal injection. Levels of miR-194-5p, DUSP9, p-p38, p38, p-JNK and JNK expression in heart tis-
sue were measured by using RT-qPCR and western blot at 0 h, 6 h, 12 h, 18 h and 24 h after LPS injection. The
remaining experiments were implemented at 24 h after LPS injection.

Echocardiography and measurement of cardiac hemodynamics

Cardiac echocardiography was performed by using an echocardiogram (15.0 MHz, VisualSonics Vevo 2100)
after anesthesia to evaluate the changes in left ventricular end-diastolic dimension (LVEDD), left ventricular
end-systolic dimension (LVESD), left ventricular ejection fraction (LVEF) and left ventricular fraction shortening
(LVES). The systolic pressure of left ventricular (LVSP) and end-diastolic pressure of left ventricular (LVEDP)
were measured by Millar Mikro-tip catheter sensor and hemodynamic indexes were calculated. The first deriva-
tive of left ventricular pressure (+ LV dp/dt max) was measured and evaluated by computer algorithms and an
interactive video camera program (Po-Ne-Mah Physiology Platform P3 Plus, Gould Instrument Systems).
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Measurement of tissue interleukin (IL)-1B, IL-6 and tumor necrosis factor (TNF)-a
concentrations

The concentrations of IL-1p (Cat. No. H002-1-2; Nanjing Jiancheng Bioengineering Institute), IL-6 (Cat. No.
HO007-1-2; Nanjing Jiancheng Bioengineering Institute) and TNF-a (Cat. No. H052-1-2; Nanjing Jiancheng
Bioengineering Institute) in the heart tissue were evaluated using commercially available ELISA kits according
to the instructions of the Kits, respectively.

Transmission electron microscopy

The mice were anaesthetized using inhalational isoflurane (1.5%). The hearts were harvested and the blood of the
hearts was washed off with PBS on wet ice. The left ventricular myocardium was cut into 1 mm cubes and fixed in
2% glutaraldehyde. The specimens were graded dehydrated, embedded, solidified, sliced and double stained with
3% uranium acetate and lead citrate. The images were observed by a JEOL JEM-2000EX transmission electron
microscope (JEOL, Ltd.). Five fields were randomly selected and photographed. The pictures were analyzed by
two technicians blinded to the study.

Isolation of mitochondria
A cell mitochondria isolation kit (Cat. No. G006-1-1; Nanjing Jiancheng Bioengineering Institute) was used to
isolate mitochondria from hearts as previously described”.

Determination of ATP content and citrate synthase

An ATP assay kit (Cat. No. S0026; Beyotime Institute of Biotechnology) was employed to assess the ATP content
of heart tissues. Citrate synthase (CS) was evaluated using the CS Assay kit (Cat. No. 232-821-7; Sigma-Aldrich)
according to the instructions of the kit.

Determination of mitochondrial calcium retention capacity (mCRC)
The mCRC indicates the ability of mitochondria to absorb calcium before permeability transition. The detection
method of mCRC was previously described in the literature'’.

Estimation of malondialdehyde (MDA) and reactive oxygen species (ROS) production in heart
tissue

The levels of MDA and ROS were measured using MDA assay kit (Cat. No. S0131S; Beyotime Institute of
Biotechnology) and ROS assay kit (Cat. No. E004-1-1; Nanjing Jiancheng Bioengineering Institute) according
to the protocols of the kits, respectively.

Western blot analysis

The hearts were quickly removed and the blood was washed off with pre-cooled PBS. The heart tissues were lysed
with RIPA lysate containing a protease inhibitor cocktail (Cat. No. P0013B; Beyotime Institute of Biotechnology).
A BCA protein assay kit (Cat. No. A045-4-2; Nanjing Jiancheng Bioengineering Institute) was used to quantify
protein concentration. Following protein electrophoresis and transfer, the membranes were blocked, and
incubated with primary antibodies overnight. These full-length membranes were not cut prior to hybridization
with antibodies. The membranes were incubated with HRP-conjugated secondary antibodies the next day and
the bands were detected by a chemiluminescence system (Bio-Rad). Image] software was employed to analyze

protein expression'®.

RNA extraction and quantitative real-time PCR

The total RNA of tissues was extracted by homogenization in RNAiso Plus (Takara, Japan). The level of miR-
194-5p was quantified using the stem-loop RT-qPCR method. A quantitative real-time PCR assay was performed
with SYBR Premix ExTaq (Cat. No. DRR041A; Takara) on a CFX96 real-time PCR operating system (Bio-
Rad, Hercules, CA, USA) using the cDNA as the template. The reaction conditions were defined as follows: a
pre-denaturation step at 95 °C for 10 s, and 40 cycles of 95 °C for 15 s, 60 °C for 30 s, and 72 °C for 60 s. The
expression level of miRNA was normalized to U6 was used as an internal control for mRNA. The comparative
2°48C method was used to analyze the gene expression levels. The primer sequences for qPCR were as follows:
miR-194-5p Forward: 5'-CGCGTGTAACAGCAACTCCA-3' and Reverse: 5'-AGTGCAGGGTCCGAGGTA
TT-3'; U6 Forward: 5'-ATTGGAACGATACAGAGAAGATT-3" and Reverse: 5'-GGAACGCTTCACGAATTT
G-3'.

Reagents and antibodies

The following primary antibodies were used: JNK (1:1000; Cat. No. #9252; Cell Signaling Technology, Inc.),
phosphorylated (p)-JNK (Thr183/ Thr185) (1:1000; Cat. No. #9255; Cell Signaling Technology, Inc.), p38 (1:1000;
Cat. No. #8690; Cell Signaling Technology, Inc.), p-p38 (Thr180/ Thr182) (1:1000; Cat. No. #4511; Cell Signaling
Technology, Inc.), p65 (1:1000; Cat. No. #8242; Cell Signaling Technology, Inc.), p-p65 (Ser536) (1:1000; Cat.
No. #3033; Cell Signaling Technology, Inc.), Jak2 (1:500; Cat. No. ab108596; Abcam, Inc.), p-Jak2 (Tyr1007/
Tyr1008) (1:500; Cat. No. ab32101; Abcam, Inc.), Stat3 (1:500; Cat. No. ab68153; Abcam, Inc.), p-Stat3 (Tyr705)
(1:500; Cat. No. ab267373; Abcam, Inc.), DUSP9 (1:1000; Cat. No. 26718-1-AP; Proteintech, Wuhan, China)
and GAPDH (1:5000; Cat. No. sc-32233; Santa Cruz, Biotechnology. Inc.). HRP-conjugated secondary antibody
(anti-rabbit IgG) (1:5000; Cat. No. 15015; Proteintech) were used.
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Examination of cardiac apoptosis

Cardiac apoptosis was evaluated by using a TUNEL assay kit (Cat. No. C10617; Thermo Fisher Scientific) as
described previously!’. Heart sections were incubated with fluorescein-dUTP in a humid chamber for 1 h and
the apoptotic cell nuclei were stained by DAPI (Cat. No. D9542; Sigma-Aldrich). Five visual fields under the
confocal microscope were selected randomly and then an average apoptosis index was calculated by dividing the
number of Troponin I/TUNEL-positive cells by the total number of Troponin I/DAPI-positive cells in each group.

Determination of caspase-3 and caspase-9 activity

The activities of caspase-3 and caspase-9 in the heart tissue were evaluated using the Caspase-3 Activity Assay
kit (Cat. No. C1116; Beyotime) and Caspase-9 Activity Assay kit (Cat. No. C1158; Beyotime) according to
the manufacturer’s protocols. Briefly, after homogenization of the heart tissue in cell lysis buffer, homogenates
were centrifuged for 15 min at 12,000 x g, and the supernatant (100 pg protein) was incubated with reaction
buffer containing Ac-DEVD-pNA (caspase-3 substrate) or Ac-LEHD-pNA (caspase-9 substrate). After further
incubation at 37 °C for 4 h, the release of p-nitroanilide (pNA) was evaluated by measuring the absorbance at
a wavelength of 405 nm using a microplate reader. The activities of caspase-3 and caspase-9 were expressed
relative to the control sample.

Dual-luciferase reporter gene assay

The 3'-UTR of DUSP9 was constructed and cloned downstream of the luciferase gene into the luciferase reporter
vector pGL3 (Promega, W1, USA). A mutant 3’-UTR of DUSP9 was constructed using the Quick Change II XL
Site-Directed Mutagenesis Kit (Agilent Technologies, USA). HEK-293T cells were cultured at 85% confluence
and transfected with miR-194-5p mimics or mimic control (20 pmol) along with the luciferase reporter gene
construct (DUSP9-3'UTR and Mut-DUSP9-3'UTR, 100 ng) using Lipofectamine 3000 (Cat. No. L3000008;
Invitrogen). The luciferase activity was determined using the Glomax20/20 luminometer (Promega) and the
luciferase assay kits (cat. no. 11402ES60; Yeasen Bioengineering Institute).

Statistical analysis

Data are expressed as means + standard deviation (SD). The differences between multiple groups were evaluated
using one-way analysis of variance followed by the Student-Newman-Keuls test. P values < 0.05 was considered
to indicate a statistically significant difference.

Results

MiR-194-5p antagomir improves, whereas miR-194-5p agomir deteriorates cardiac function
and inflammation in septic mice

To investigate the implication of miR-194-5p in LPS-induced cardiac dysfunction, miR-194-5p expression was
measured at 0 h, 6 h, 12 h, 18 h and 24 h after LPS injection (Fig. 1a). Time-dependent upregulation in mRNA
expression of miR-194-5p was detected in the septic myocardium, which may indicate that miR-194-5p may
be involved in LPS-induced myocardial injury. Knockdown and overexpression efficiency of miR-194-5p at the
mRNA level were confirmed by qRT-PCR (Fig. 1b). As revealed by echocardiography and cardiac hemodynamics
parameters, significantly increased LVEDD, LVESD, and LVEDP, and decreased LVEE, LVES, LVSP, and + LV dp/
dt were observed in the septic myocardium compared with in the control myocardium (Fig. 1c). The treatment
of miR-194-5p antagomir reduced the levels of LVEDD, LVESD, and LVEDP, and augmented the levels of LVEE,
LVFS, LVSP, and £ LV dp/dt in the septic myocardium. On the contrary, the delivery of miR-194-5p agomir
exhibited opposite effect as evidenced by increased levels of LVEDD, LVESD, and LVEDP. It decreased levels of
LVEF, LVES, LVSP, and + LV dp/dt in the septic myocardium (Fig. 1d-i; Supplement Fig. 1a,b).

Inflammatory response is the central link of SIC, and therefore, the effects of miR-194-5p on the inflamma-
tory response in septic myocardium were evaluated. Compared with the LPS group, IL-1p, IL-6 and TNF-a were
significantly decreased in the miR-194-5p antagomir group while increased in the miR-194-5p agomir group
(Fig. 1j-1). In SIC, the activation of NFxB pathway and Jak2/Stat3 pathway may be critical mechanisms involved
in the release of IL-1B, IL-6 and TNF-a in septic myocardium. Compared with the LPS group, p-p65/p65 ratio
was significantly decreased in the miR-194-5p antagomir group while increased in the miR-194-5p agomir group.
Interestingly, no significant changes in p-Jak2/Jak2 and p-Stat3/Stat3 ratios were observed in either miR-194-5p
antagomir group or miR-194-5p agomir group compared with in the LPS group (Supplement Fig. 2a-d). These
results indicate that miR-194-5p antagomir relieves, whereas miR-194-5p agomir exacerbates inflammation in
mice with LPS-induced sepsis by regulating the NF«kB pathway.

MiR-194-5p antagomir mitigates, whereas miR-194-5p agomir aggravates cardiac apoptosis
in hearts from sepsis-challenged mice

The effects of miR-194-5p on cardiac apoptosis were probed by the TUNEL assay (Fig. 2a). More TUNEL-
positive cells were observed in the septic myocardium compared with in the control myocardium. TUNEL-
positive cells were decreased by miR-194-5p antagomir treatment, whereas they increased by miR-194-5p agomir
administration in the septic myocardium (Fig. 2a,b). The effects of miR-194-5p on caspase activities were also
explored (Fig. 2¢,d). Higher levels of caspase-3 and caspase-9 activities were detected in the septic myocardium
compared with in the control myocardium. MiR-194-5p antagomir treatment decreased caspase-3 and caspase-9
activities, whereas miR-194-5p agomir administration exerted an opposite role in the septic myocardium. These
results indicate that miR-194-5p is involved in cardiac apoptosis in SIC, which may be mediated through the
caspase-dependent pathway.
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Fig. 1. Effects of miR-194-5p knockdown or overexpression on cardiac function and inflammation in mice with
sepsis. (a) Levels of miR-194-5p mRNA expression in the septic myocardium at different time points after LPS
injection (n=3). *P<0.05 versus 0 h. (b) Levels of miR-194-5p mRNA expression in the myocardium from the
respective groups (n=3). (c) Representative echocardiographic images (n=20). (d) Left ventricular end-diastolic
diameter (LVEDD). (e) Left ventricular end-systolic diameter (LVESD). (f) Left ventricular ejection fraction
(LVEF). (g) Left ventricular fraction shortening (LVES). (h) and (i) First derivative of the left ventricular
pressure (+ LV dp/dt max) (n=4). (j-1) Levels of IL-1f, IL-6, and TNF-a in heart tissue were measured
(n=5).*P<0.05 versus control, *P<0.05 versus LPS, *P < 0.05 versus LPS + antagomir control, &P <0.05 versus

LPS +agomir control.
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Fig. 2. Effects of miR-194-5p knockdown or overexpression on apoptosis in hearts from sepsis-challenged
mice. (a) and (b) Representative immunofluorescence images of TUNEL (green), DAPI staining (blue), and
Troponin I antibody staining (red) and quantification of TUNEL-positive cells (n=5). (c) and (d) Caspase-3 and
caspase-9 activities in heart tissue were measured (n=>5). *P<0.05 versus control, *P<0.05 versus LPS, *P<0.05
versus LPS +antagomir control, ¥P<0.05 versus LPS +agomir control.

MiR-194-5p antagomir relieves, whereas miR-194-5p agomir exacerbates mitochondrial dys-
function and oxidative stress in the septic myocardium
Mitochondrial dysfunction is involved in the occurrence and development of LPS-induced myocardial injury*.
The effects of miR-194-5p inhibition or overexpression on mitochondrial ultrastructural changes were assessed
by transmission electron microscopy (Fig. 3a). Mitochondria with sharply defined cristae lining up alongside
the myofibrils were observed in the control myocardium. Swelling mitochondria with ruptured cristae, even
accompanied by vacuolization of mitochondria were seen in the septic myocardium. Interestingly, miR-194-5p
antagomir improved mitochondrial structural injury, but miR-194-5p agomir acted oppositely in the septic
myocardium. Consistent with the morphological changes of mitochondria, decreased ATP content, CS activity
and mCRC were detected in the septic myocardium compared with in the control myocardium, and treatment
with miR-194-5p antagomir significantly increased the level of these three indexes. MiR-194-5p agomir treatment
further decreased the ATP content, CS activity and mCRC in hearts from sepsis-challenged mice (Fig. 3b-d).
Oxidative stress exerts negative influence on SIC’. The levels of ROS and MDA were evaluated to investigate
the effect of miR-194-5p inhibition or overexpression on oxidative stress in the septic myocardium (Fig. 3e,f).
The levels of ROS and MDA were significantly increased in the septic myocardium compared with in the control
myocardium. The levels of ROS and MDA were significantly decreased in the hearts of miR-194-5p antagomir-
treated mice, while increased in miR-194-5p agomir-treated mice.

DUSP9 is a direct target of miR-194-5p

Bioinformatics analysis was used to predict the biological function of miR-194-5p. As is shown in the work-
flow (Fig. 4a), target genes of miR-194-5p were predicted using miRDB (www.mirdb.org), TargetScan (http://
www.targetscan.org), and miRanda (www.miranda.org). A total of 178 targets were identified, and DUSP9 is
a potential target. Increasing evidence indicates that DUSP9 is a key upstream regulatory molecule of MAPK
signaling and dephosphorylation by DUSP9 manipulates the duration, intensity and spatiotemporal profile of
the MAPK signaling cascade'*?. Thus, all predicted targets were used for pathway enrichment analysis. Based
on the DAVID database, KEGG pathway'? analysis indicates that the predicted targets were mostly enriched in
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Fig. 3. Effects of miR-194-5p knockdown or overexpression on mitochondrial function and oxidative stress

in hearts from sepsis-challenged mice. (a) Representative transmission electron micrographs of left ventricular
specimens, n=4 in each group. (b) and (c) ATP content and citrate synthase (CS) in mitochondria isolated from
mice, n=4 in each group. (d) Mitochondrial calcium retention capacity (mCRC), n=4 in each group. (e) and (f)
Reactive oxygen species (ROS) and malondialdehyde (MDA) levels, n=4 in each group. *P<0.05 versus control,
#P<0.05 versus LPS, *P<0.05 versus LPS +antagomir control, ¥P<0.05 versus LPS +agomir control.

14,15

“MAPK signaling pathway” (Fig. 4b). Besides, DUSP9 plays a crucial role in cardiovascular disease'*'>, so we
selected this target for further investigation. As shown in Fig. 4c, DUSP9 3’-UTR contained the binding sequence
of miR-194-5p. DUSP9-3"UTR or Mut-DUSP9-3'UTR reporter plasmids were co-transfected into HEK293T cells
with or without miR-194-5p overexpression. The relative luciferase activity of DUSP9-3'UTR was significantly
inhibited by miR-194-5p transfection. However, the mutant reporter plasmid invalidated the miR-194-5p medi-
ated decrease in luciferase activity (Fig. 4d). These data indicate that DUSP9 is a potential target of miR-194-5p.

More and more studies have revealed that DUSP9 can repress the activation of p38 and JNK pathways by
dephosphorylating serine/threonine and tyrosine residues''*, whether miR-194-5p exerts an influence on the
hearts of septic mice by targeting the DUSP9-p38/JNK axis is still unknown. Protein levels of DUSP9, p-p38,
P38, p-JNK and JNK were measured at 0 h, 6 h, 12 h, 18 h and 24 h after LPS injection (Fig. 5a). Western blot
analysis found a time-dependent downregulation in DUSP9 expression as well as upregulation in the protein
levels of p-p38 and p-JNK in the septic myocardium (Fig. 5a-d). In addition, miR-194-5p depletion in the
septic myocardium upregulated DUSP9 and downregulated p-p38 and p-JNK at the protein level, while miR-
194-5p overexpression in the septic myocardium resulted in opposite results (Fig. 5e-h). These data indicate
that miR-194-5p could promote the activation of p38 and JNK signaling pathways via targeting DUSP9 in the
septic myocardium.
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Fig. 4. DUSP9 was a direct target of miR-194-5p. (a) Workflow showing miR-194-5p target screening and the
tools used for the KEGG pathway analysis. (b) DAVID KEGG analysis results for the predicted targets. The
results were ranked by P value. (c) and (d) Luciferase reporter gene activity was used to detect the binding of
miR-194-5p to the 3'UTR region or mutant 3'UTR region of DUSP9 mRNA. *P <0.05 versus mimic control.

DUSP9 inhibition ablated the protective effects of miR-194-5p antagomir on cardiac function
and inflammation in mice with LPS-induced sepsis
To further demonstrate the important role of miR-194-5p/DUSP? signaling in LPS-induced myocardial injury, we
utilized AAV9 particles to explore whether blocking DUSP9 could reverse the benefits of miR-194-5p antagomir.
Knockdown efficiency of shDUSP9-expressing AAV9 particles at the protein level in the septic myocardium was
confirmed by western blot (Fig. 6a,b). Western blot analysis found a significantly decrease in DUSP9 expression
as well as a significantly increase in protein levels of p-p38 and p-JNK in the LPS + shDUSP9 group compared
with in the LPS + shCtrl group. Besides, DUSP9 depletion not only reduced DUSP9 expression but enhanced
protein levels p-p38 and p-JNK in the hearts of miR-194-5p antagomir-injected septic mice (Fig. 6a-d).
Echocardiography showed that DUSP9 inhibition alone further decreased cardiac function markers LVEF,
LVES, LVSP, and + LV dp/dt and increased LVEDD, LVESD, and LVEDP in the septic mice. Additionally, DUSP9
inhibition ablated the protective effects of miR-194-5p antagomir on cardiac function as evidenced by increased
LVEDD, LVESD, and LVEDP, and decreased LVEF, LVFES, LVSP, and + LV dp/dt in the miR-194-5p antagomir-
injected septic mice (Fig. 6e-k; Supplement Fig. 3a,b). Consistent with the changes in heart function, DUSP9
depletion alone could contribute to an increase in levels of IL-1p, IL-6 and TNF-a in the hearts of septic mice.
Furthermore, DUSP9 depletion reversed miR-194-5p antagomir-mediated suppression of inflammation as
demonstrated by the increased levels of IL-1B, IL-6 and TNF-a in the hearts of miR-194-5p antagomir-injected
septic mice (Fig. 61-n). Besides, DUSP9 depletion enhanced p-p65 protein level in the hearts of miR-194-5p
antagomir-injected septic mice, but not protein levels of p-Jak2 and p-Stat3 (Supplement Fig. 4a—-d). These data
indicate that inhibition of miR-194-5p avoids DUSP9 downregulation thus improving cardiac function and
inhibiting inflammation in the septic myocardium.

DUSP9 inhibition abolished the protective effects of miR-194-5p antagomir on cardiac apop-
tosis in septic mice

TUNEL assays showed that the silencing of DUSP9 alone further significantly increased TUNEL-positive cells
and enhanced caspase-3 and caspase-9 activities in the LPS + shDUSP9 group compared with in the LPS + shCtrl
group (Fig. 7a-d). Interestingly, the silencing of DUSP9 invalidated miR-194-5p antagomir mediated-apoptosis
suppression and the downregulation of caspase-3 and caspase-9 activities in the hearts of miR-194-5p antagomir-
injected septic mice (Fig. 7a-d), indicating that inhibition of miR-194-5p avoids DUSP9 downregulation thus
reducing cardiac apoptosis in the septic myocardium.
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Fig. 5. Effects of miR-194-5p knockdown or overexpression on DUSP9-p38/JNK axis. (a-d) Representative
immunoblots for DUSP9, p-p38, p-38, p-JNK, JNK and GAPDH in the septic myocardium at different time
points after LPS injection and densitometric quantification (n=3). *P<0.05 versus 0 h. (e-h) MiR-194-5p
depletion in the septic myocardium upregulated DUSP9 and downregulated p-p38 and p-JNK at the protein
level, while miR-194-5p overexpression in the septic myocardium resulted in opposite results. Representative
immunoblots for DUSPY, p-p38, p-38, p-JNK, JNK and GAPDH in the septic myocardium at different time
points after LPS injection and densitometric quantification (n=4). *P<0.05 versus control, “P<0.05 versus LPS,
$P<0.05 versus LPS +antagomir control, ¥P<0.05 versus LPS +agomir control.

DUSP?9 inhibition abolished the protective effects of miR-194-5p antagomir on mitochondrial
dysfunction and oxidative stress in the septic myocardium

Transmission electron microscopy was used to assess the role of miR-194-5p/DUSP9 signaling in changes of
mitochondrial ultrastructure (Fig. 8a). The results revealed that DUSP9 knockdown further caused damage to
mitochondrial ultrastructure in the septic myocardium. Consistent with changes in mitochondrial ultrastructure,
DUSP9 knockdown further significantly decreased ATP content, CS activity and mCRC in the LPS + shDUSP9
group compared with those in the LPS + shCtrl group. Interestingly, DUSP9 inhibition abolished the protective
effects of miR-194-5p antagomir on mitochondria as evidenced by the ruptured and disappeared cristae in some
mitochondria and the decreased ATP content, CS activity and mCRC in the hearts of miR-194-5p antagomir-
injected septic mice (Fig. 8a—d). In addition, a significant upregulation in the levels of ROS and MDA was
observed when comparing the hearts of siDUSP9-injected septic mice and shCtrl-injected septic mice. DUSP9
inhibition cancelled the protective effects of miR-194-5p antagomir on oxidative stress as evidenced by increased
levels of ROS and MDA (Fig. 8e-f). These data indicate that inhibition of miR-194-5p avoids DUSP9 downregula-
tion thus alleviating mitochondrial dysfunction and oxidative stress in the septic myocardium.

Discussion

LPS is derived from the Gram-negative bacterium and considered as an essential pathogenic factor in the
pathogenesis of sepsis®. LPS can activate immune cells and the immune system to induce a systemic inflammatory
response, which can further lead to SIC®. SIC has generally been defined as an intrinsic and reversible systolic
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Fig. 6. DUSP9 inhibition abolished the favorable effects of miR-194-5p antagomir on cardiac function and
inflammation in sepsis-challenged mice. (a—d) Representative immunoblots for DUSP9, p-p38, p-38, p-JNK,
JNK and GAPDH in the heart tissue from the respective groups (n=4). (e) Representative echocardiographic
images are shown (n=20). (f) Left ventricular end-diastolic diameter (LVEDD). (g) Left ventricular end-systolic
diameter (LVESD). (h) Left ventricular ejection fraction (LVEF). (i) Left ventricular fraction shortening (LVES).
(j) and (k) First derivative of the left ventricular pressure (+ LV dp/dt max) (n=4). (I-n) Levels of IL-1p, IL-6,
and TNF-a in heart tissue were measured (n=>5). *P<0.05 LPS +shCtrl, *P<0.05 versus LPS + shDUSP9,
$P<0.05 versus LPS +miR-194-5p antagomir.
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Fig. 7. DUSP9 inhibition blocked the effects of miR-194-5p antagomir on apoptosis in hearts from sepsis-
challenged mice. (a) and (b) Representative immunofluorescence images of TUNEL (green), DAPI staining
(blue), and Troponin I antibody staining (red) and quantification of TUNEL-positive cells (n=5). (¢) and (d)
Caspase-3 and caspase-9 activities in heart tissue were measured (n=5). *P<0.05 LPS + shCtrl, P <0.05 versus
LPS+shDUSPY, *P<0.05 versus LPS + miR-194-5p antagomir.

and diastolic dysfunction of both the left and right sides of the heart induced by sepsis'. Accumulating studies
have reported that multiple miRNAs can exert crucial effects in various kinds of diseases. The potential clinical
value of multiple miRNAs deserves deep exploration and finding effective miRNAs engaged in SIC may be an
effective way to improve the strategies of SIC treatment in the future. MiR-194-5p has been proved to exert a
critical role in a variety of diseases, including multiple types of tumors?!~%*, atopic dermatitis®, psoriasis?’, chronic
cerebral ischaemia®®, intervertebral disc degeneration®, postmenopausal osteoporosis®, but the effects of miR-
194-5p on SIC are barely elucidated. Our major finding in this study was that miR-194-5p antagomir mitigated
sepsis-induced cardiac dysfunction, inflammation, apoptosis, mitochondrial dysfunction and oxidative stress
in the hearts of septic mice, while miR-194-5p agomir triggered the opposite effect, indicating that miR-194-5p
is detrimental in sepsis-induced cardiac injury. Furthermore, DUSP is a direct target of miR-194-5p and the
cardioprotective effects of miR-194-5p antagomir were abolished through inhibiting DUSP9. Therefore, our
results revealed that the miR-194-5p/DUSP9 pathway might serve as a potential therapeutic target for septic
myocardial dysfunction.

Recently, miR-194-5p has been identified to be correlated with cardiovascular risk factors®!. Additionally, the
abnormal regulation of miR-194-5p has been revealed to play crucial roles in myocardial ischemia/reperfusion
injury* and doxorubicin-induced cardiotoxicity'. But it is worth noting that the effects of miR-194-5p on
cardiovascular injuries are controversial depending on different experimental models. Zhang et al.** found
that the expression of miR-194-5p was decreased in myocardial ischemia/reperfusion-induced injury, and
overexpression of miR-194-5p could improve cardiomyocyte damage in ischemic models. Conversely, Fa et al."?
argued that miR-194-5p was upregulated in mouse heart tissue with doxorubicin treatment, and silencing miR-
194-5p could alleviate DOX-induced cardiotoxicity. Thus it is urgently needed to make sense of the functional
roles of miR-194-5p in sepsis-cardiac dysfunction. Interestingly, in the present study, pharmacological inhibition
of miR-194-5p improved cardiac function in the hearts of septic mice as evidenced by decreased levels of LVEDD,
LVESD, and LVEDP, and increased levels of LVEF, LVFS, LVSP, and + LV dp/dt, while overexpression of miR-
194-5p further exacerbated cardiac dysfunction as demonstrated by the opposite changes in cardiac function
markers.
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Fig. 8. DUSP9 inhibition hindered the effects of miR-194-5p antagomir on mitochondrial function and
oxidative stress in hearts of sepsis-challenged mice. (a) Representative transmission electron micrographs of left
ventricular specimens, n=5 in each group. (b) and (c) ATP content and citrate synthase (CS) in mitochondria
isolated from mice, n=5 in each group. (d) Mitochondrial calcium retention capacity (mCRC), n=5 in each
group. (e) and (f) Reactive oxygen species (ROS) and malondialdehyde (MDA) levels, n=5 in each group.
*P<0.05 LPS +shCtrl, *P<0.05 versus LPS + shDUSP9, *P<0.05 versus LPS + miR-194-5p antagomir.

As a well-known immunomodulatory miRNA, miR-194-5p has been reported to be induced by LPS and
control the inflammatory response in different cells and organs®***-3. Notably, a recent study has revealed that
miR-194a-5p could regulate the expression of Toll-like receptor 4 (TLR4), an important molecule involved in
pathogen virulence, recognition and activation of innate immunity in Salmonella infection®”. Besides, miR-194-5p
has been reported to regulate the TRAF6/NLRP3 interaction and alleviate neuroinflammation in intracerebral
hemorrhage®. However, the effect of miR-194-5p on inflammation in sepsis-induced myocardial dysfunction
remains largely unclear. In the present study, we found that miR-194-5p antagomir significantly reduced
the inflammatory factors IL-1p, IL-6 and TNF-a and decreased p-p65 expression in the septic myocardium,
while miR-194-5p agomir further enhanced inflammatory factors IL-1p, IL-6 and TNF-a and increased p-p65
expression, indicating that regulation of inflammatory response may be one of the most important mechanisms
for miR-194-5p antagomir to render myocardial protection to LPS-challenged mice.

Widespread cardiac apoptosis resulting in impaired cell activity is a crucial contributing factor to the
development of SIC*. Enhanced cardiac apoptosis and caspase activity were detected in the hearts of septic
rats, while inhibiting caspase activity improves cardiac function and apoptosis®. In the present study, miR-
194-5p antagomir treatment decreased TUNEL-positive cells and caspase-3 and caspase-9 activities, whereas
miR-194-5p agomir administration exerted an opposite role in the septic myocardium, indicating that caspase-
9-mediated intrinsic apoptosis may be a crucial downstream pathway of miR-194-5p and mitochondria may
greatly function in this process.

Therefore, the pathophysiological mechanisms of SIC through mitochondrial signaling are worth exploring.
Sepsis-induced mitochondrial dysfunction contributing to SIC has been reported by a growing number of studies
during sepsis, such as abnormalities in mitochondrial structure, mitochondrial energy metabolism disorder,
oxidative stress, mitochondrial quality control systems and mitochondrial permeability transition*’. In our study,
we found that sepsis caused damage to mitochondrial structure and decreased the ATP content, CS activity and
mCRGC, consistent with previous findings*’. Moreover, miR-194-5p antagomir treatment significantly ameliorated
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the pathological abnormalities of mitochondria and increased the levels of the ATP content, CS activity and
mCRC, while miR-194-5p agomir treatment further deteriorated mitochondrial structural injury and decreased
the level of the ATP content, CS activity and mCRC in hearts from sepsis-challenged mice. Mitochondria are the
primary source of ROS within cells under normal conditions*’. Sepsis contributes to cardiac mitochondrial ROS
formation and oxidative stress, resulting in mitochondrial damage and cardiac dysfunction, and simultaneously,
sepsis-induced mitochondrial injury further promotes the generation of mitochondrial ROS*!. In the present
study, the levels of ROS and MDA were significantly decreased in the hearts of miR-194-5p antagomir-treated
mice, while increased in miR-194-5p agomir-treated mice, indicating that the effects of miR-194-5p antagomir
in SIC may be closely related to its ability to maintain a balance between oxidation and anti-oxidation, while
miR-194-5p agomir dysrupts this balance.

In this study, bioinformatics analysis was employed to screen putative targets of miR-194-5p. We identified
that DUSP9 is a potential target and verified by a dual luciferase reporter assay. Interestingly, the KEGG pathway
analysis was mainly enriched in “MAPK signaling pathway”. It is well known that DUSP9 has been reported
to illustrate a substrate preference for the MAPK cascade, including JNK and p38 signaling pathways, both of
which are related to the occurrence and development of cardiovascular diseases'®!*. Therefore, miR-194-5p
may exert its crucial effects in SIC by regulating DUSP9/MAPK axis. The present study documented time-
dependent downregulation in DUSP9 expression as well as upregulation in the protein levels of p-p38 and p-JNK
during the pathological development of sepsis-induced cardiac impairment. Moreover, upregulated DUSP9
protein level and downregulated protein levels of p-p38 and p-JNK were detected in the hearts of miR-194-5p
antagomir-treated septic mice. In contrast, opposite results were observed in miR-194-5p agomir-treated septic
mice. Furthermore, as expected, DUSP9 depletion reversed the inhibitory effect of miR-194-5p antagomir on
levels of p-p38 and p-JNK. It abolished the protective effects of miR-194-5p antagomir on cardiac dysfunction,
inflammation, apoptosis, mitochondrial dysfunction and oxidative stress in the hearts of septic mice. These
findings indicate that inhibition of miR-194-5p avoids DUSP9 downregulation and further induces changes to
MAPK-associated downstream proteins and signaling thus improving SIC.

However, there are still some limitations in the present study. Firstly, the effects of miR-194-5p inhibition or
overexpression on cardiac dysfunction, inflammation, apoptosis, mitochondrial dysfunction and oxidative stress
in SIC have not been verified with in vitro experiment. Secondly, whether miR-194-5p/DUSP9/MAPK axis has
the same regulatory mechanisms in other cardiovascular disease models also deserves further substantiation.
Besides, previous research has shown that miR-194-5p targets DUSP1, which is involved in the occurrence and
development of SIC*>-*. Thus, we cannot rule out the possibility that miR-194-5p can target other molecules
involved in the progression of SIC. Despite these limitations, we believe that miR-194-5p plays a vital role in SIC
development and miR-194-5p may be an important therapeutic target for SIC.

In conclusion, we have demonstrated that miR-194-5p could target DUSP9 and further activates p38 and
JNK signaling pathways (Fig. 9), thereby inducing cardiac dysfunction, inflammatory response, apoptosis, mito-
chondrial dysfunction and oxidative stress in the hearts of septic mice. Although these data collectively indicate
miR-194-5p as a therapeutic target for sepsis-induced heart injury, more researches are needed to explore the
clinical value of miR-194-5p antagomir in protecting against SIC.
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Fig. 9. A Schematic figure showed that miR-194-5p targeted DUSP9 and further activated p38 and JNK
signaling pathways. It was created in BioRender (app.biorender.com) with license (WP275XTOTA).

Data availability
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