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Upregulation of miR-335 exerts protective effects
against sepsis-induced myocardial injury
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Abstract. Septicemia is associated with excessive inflam-
mation, oxidative stress and apoptosis, causing myocardial
injury that results in high mortality and disability rates
worldwide. The abnormal expression of multiple microRNAs
(miRNAs/miRs) is associated with more severe sepsis-induced
myocardial injury (SIMI) and miR-335 has been shown to
protect cardiomyocytes from oxidative stress. The present
study aimed to investigate the role of miR-335 in SIMI. An
SIMI model was established by cecal ligation and puncture
(CLP) in mice. An miRNA-335 precursor (pre-miR-335) was
transfected to accelerate miR-335 expression and an miR-335
inhibitor (anti-miR-335) was used to inhibit miR-335 expres-
sion. CLP or sham surgery was performed on pre-miR-335,
anti-miR-335 and wild-type mice and miR-335 expression
was determined by reverse transcription-quantitative PCR.
Inflammatory factors (TNF-a, IL-6 and IL-10) and troponin
(cTNI), brain natriuretic peptide (BNP), creatine kinase (CK),
lactate dehydrogenase (LDH) and aspartate aminotransferase
(AST) were assessed using commercial kits. Apoptosis was
detected by flow cytometry and cardiac function was assessed
using a Langendorff isolated cardiac perfusion system.
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miR-335 expression was upregulated and an elevation in
inflammatory factors and cTNI, BNP, CK, LDH and AST
was observed. Compared with the wild-type control group,
pre-miR-335 mice treated with CLP exhibited significantly
reduced left ventricular development pressure, maximum
pressure increased reduction rates, as well as decreased levels
of TNF-a, IL-6 and IL-10, myocardial injury and apoptosis;
by contrast, these features were amplified in CLP-treated
anti-miR-335 mice. In conclusion, the upregulation of miR-335
exerted ameliorative effects on myocardial injury following
sepsis and may indicate a novel therapeutic intervention for
SIMI.

Introduction

Septicemia remains an all too common pathology that is
associated with multiple abnormalities and heterogeneous
responses, but particularly with cardiovascular dysfunction (1).
Due to a lack of effective interventions, sepsis is one of the
primary causes of high morbidity and mortality rates world-
wide, with confirmed mortality rates of <47% in patients with
sepsis (2). Despite efforts to improve diagnosis and treatment,
sepsis remains a major medical challenge. Cardiac dysfunction
is considered to be a widely accepted manifestation of sepsis,
which is closely related to sepsis-associated dilemma. Studies
have indicated that 40-50% of patients with sepsis exhibit
varying degrees of myocardial dysfunction, with a mortality
rate of 70-90% in those with myocardial injury, compared with
20% in those without it (3,4). Therefore, the determination
of novel interventions for sepsis-induced myocardial injury
(SIMI) is an urgent requirement for reducing the morbidity
and mortality rates of individuals with sepsis.

MicroRNAs (miRNAs/miRs) are small endogenous
non-coding single-stranded RNAs (~22 nucleotides in length),
which are transcribed and transported to the cytoplasm from
the nucleus (5). miRNAs negatively regulate gene expression
by interacting with the 3'untranslated regions of target
mRNAs, resulting in mRNA inhibition or degradation (6). It
has been demonstrated that miRNAs may be involved in the
regulation of almost all major cellular functions, including
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development, differentiation, proliferation and apoptosis (7).
Previous studies have shown that miRNAs are also
associated with a diverse array of disorders, including sepsis,
heart disease and diabetes (8-10). Studies have confirmed
that the dysregulation of multiple miRNAs during sepsis
(including miRNA-146a, miRNA-499-5p, miRNA-297,
miRNA-574-5p, miRNA-122 and miRNA-133a) accelerates
sepsis-associated disorders (11-15). Studies have also shown
that loss of the miRNA-144/451 cluster impairs ischemic
preconditioning-mediated cardio-protection (16-18).
Furthermore, overexpression of miRNA-494 has a
protective effect on ischemia/reperfusion-induced cardiac
injuries, while elevation of miRNA-320 has a detrimental
effect (19-21). miR-214 overexpression also protects against
SIMI (22) and the same results obtained by Ge et al (22) also
confirmed that miR-214 overexpression showed ameliorative
effect against SIMI (data not published) and the protective
effects miRNA-335 on H,0,-induced cardiomyocyte injury
have been demonstrated (23). However, whether miRNA-335
expression is also associated with SIMI remains to be
elucidated. As myocardial damage is the leading cause of
sepsis-related mortality, the present study aimed to determine
the association between miRNA-335 upregulation and SIMI
and the effect of miRNA-335 on the progression of SIMI.

Materials and methods

Animals. All protocols were approved by the Medical
Animal Ethics Committee of Hunan Academy of Chinese
Medicine (Xiang 20200015). All animals were handled in
strict accordance with good animal practice as defined by the
Hunan Academy of Chinese Medicine animal welfare bodies.
Healthy male Kunming mice (age 7-8 weeks; weight, 25-30 g;
n=100) purchased from the Experimental Animal Center
of Central South University were kept under standardized
laboratory conditions of a maintained on a 12-h light/dark cycle,
temperature-controlled environment. Mice were housed 4-5 per
cage in an enriched environment with an ambient temperature
of 22+1°C and humidity of 50+5% for with ad libitum access
to food and water for 1 week before the experiments started.
All of the mice were randomly divided (15 mice per group)
into 6 groups: Normal group (NC); Sham group; CLP group
(cecal ligation and puncture); pre-miR-335 group; anti-miR-335
group and wild-type group (WT). The experiment continued
for one week and all surgical procedures were performed under
anesthesia with an initial intraperitoneal injection of sodium
pentobarbital (30 mg/kg body weight) to minimize animal
suffering until they lost consciousness. All the animals were
sacrificed following anesthesia by exsanguination (24,25).
During all the experiments, the care and treatment of the
animals received prior institutional approval from the Ethical
Commission on Animal Research of the Hunan Academy of
Chinese Medicine.

Establishment of septicemia. Sepsis was established by cecal
ligation and puncture (CLP) as previously described (26)
and with slight modifications. Following anesthesia with an
intraperitoneal injection of sodium pentobarbital (30 mg/kg)
to minimize animal suffering, the cecum was exposed via a
1-2 cm midline incision across the abdomen, the cecum was

exposed via a 1-2 cm midline incision across the abdomen.
The cecum was ligated with a 5-0 sterile silk thread just
below the ileocecal valve. The area between the ligation point
and the tip of the cecum was punctured twice with a 18-gauge
needle (with a 1-cm drainage tube attached). A small amount
of feces was gently squeezed from the cecum, which was then
returned to its anatomical position. Warm saline (0.05 ml/g)
was then subcutaneously injected into each mouse. Mice in
the Sham group underwent cecum exposure only.

Determination of cardiac function by Langendorff perfusion.
Mice were anesthetized with an intraperitoneal injection of
sodium pentobarbital (30 mg/kg) to minimize animal suffering
at 3, 6, 12 and 24 h post-sham or -CLP surgery. A midsternal
sternotomy was performed and the heart was mounted on a
Langendorff isolated cardiac perfusion system. The aorta was
intubated with a 30-gauge cannula and perfusion was initiated
by intubating in retrograde mode. The perfusion solution
consisted of 7 mmol/l glucose, 0.4 mmol/I oleate, 1% BSA and a
low concentration of insulin (10 zU/ml). Pressure was monitored
by inserting a water-filled latex balloon into the left ventricle,
which was connected to a pressure sensor. The balloon volume
was adjusted to a constant baseline left ventricular end-diastolic
pressure of 5 mm Hg for 15 min. The signal acquisition system
(cat. no. RM6240B; Chengdu Biological Instruments) was used
to record the left ventricular development pressure (LVDP),
maximum pressure increase rate (+dp/dt), maximum pressure
reduction rate (-dp/dt), heart rate, cardiac output and stroke
output.

RNA extraction and reverse transcription-quantitative
(RT-q)PCR. TRIzol® (Thermo Fisher Scientific, Inc.) was
used to isolate total RNA from the heart tissues of mice that
underwent sham or CLP surgery at 6, 12 and 24 h. RNA purity
was determined using a microplate reader at a wavelength of
260 nm. Cardiac mRNA expression levels were determined by
RT-gPCR (Applied Biosystems; Thermo Fisher Scientific, Inc.).
First, the extracted total RNA was purified with 75% ethanol
and its concentration was determined by spectrophotometry.
The RNA (200 ng per sample) was then used as a template
for reverse transcription using the PrimeScript® RT reagent kit
(cat. no. RP1201, BioTeke Corporation) with U6 as the internal
standardized control. In the reaction system with a total amount
of 10 ul,2X SYBR-Green Mixture 5.0,0.5 u1 5 ym/I positive and
reverse primers, 1 #l cDNA and ddH,O replenishment volume
to 10.0 1. The conditions of reverse transcription reaction were:
50°C for 15 min, 85°C for 5 min. Reaction conditions were
denaturation at 95°C for 5 min, 95°C for 15 sec, 60°C for 1 min,
for 40 cycles and were performed on Bio-Rad CFX96 Real-time
Quantitative Fluorescence PCR (Bio-Rad Laboratories,
Inc.). The following primers were provided by GeneCopoeia
Inc.: miR-335 forward, 5-GCGGTCAAGAGCAATAAC
GAA-3" and reverse, 5-GTGCAGGGTCCGAGGTATTC-3";
U6 (internal control) forward, 5'-CTCGCTTCGGCAGCA
CA-3' and reverse, 5-AACGCTTCACGAATTTGCGT-3".
To determine a ACt value, the Ct value of the target gene
was normalized by subtracting the U6 Ct value. The relative
expression level between treatments was then calculated
using the following equation: relative gene expression=2-(ACt
sample-ACt control) (27).
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Transfection and survival. Transfection and survival were
performed as previously described (28-31). Mice were
intravenously injected with miR-335 precursor (5'-UCAAGA
GCAAUAACGAAAAAUGU-3") or inhibitor (5-ACAUUU
UUCGUUAUUGCUCUUGA-3'; purchased from Guangzhou
RiboBio Co.,Ltd.) and corresponding controls (negative control:
5'-UUCUCCGAACGUGUCACGUTT-3"; negative control
inhibitor 5'-CAGUACUUUUGUGUAGUACAA-3'"; Thermo
Fisher Scientific, Inc.) using Lipofectamine® 2000 (Invitrogen;
Thermo Fisher Scientific, Inc.) at a final concentration of 50 nM
according to the manufacturer's protocols and transfection
efficiency was assessed after 12 h. CLP was performed 4 days
post-transfection. For the wild-type (WT), pre-miR-335
negative control, anti-miR-335 negative control, pre-miR-335
and anti-miR-335 mice (10 mice per group), survival rates were
observed every 2 h for 36 h.

The mice were transfected with miR-335 precursor or
anti-miR-335 using adenovirus (2x10'" pfu; GenePharma,
Shanghai, China) for 4 days according to the manufacturer's
protocol. The mice were anesthetized and 200 ul adenovirus
was injected into tail veins.

Detection of inflammatory and diagnostic markers. The mice
were anesthetized intraperitoneally with an intraperitoneal
injection of sodium pentobarbital (30 mg/kg) to minimize
animal suffering. Retro-orbital puncture was performed to take
a 100 pl blood sample with a Brand micropipette, where the eye
was pulled out to collect at =500 ul blood. At 3, 6, 12 and 24 h
post-sham or -CLP surgery, the animals were anesthetized with
an intraperitoneal injection of sodium pentobarbital (30 mg/kg)
till loss of consciousness and sacrificed following anesthesia
by exsanguination. The heart tissues were collected and
homogenized. The blood samples and tissue homogenates were
centrifuged at 500 x g for 10 min at 4°C and the supernatants
were collected for storage at -80°C. The levels of TNF-a,
IL-6 and IL-10 and troponin (cTNI; cat. no. MAB3152;
Sigma-Aldrich; Merck KGaA), brain natriuretic peptide
(BNP; cat. no. AF6336; Sigma-Aldrich; Merck KGaA),
creatine kinase (CK; cat. no. MAK116; Sigma-Aldrich; Merck
KGaA), lactate dehydrogenase (LDH; cat. no. MAKO066;
Sigma-Aldrich; Merck KGaA) and aspartate aminotransferase
(AST; cat. no. MAKOS55; Sigma-Aldrich: Merck KGaA) were
determined using commercially available kits.

Flow cytometric detection of apoptosis. Heart tissues were
collected from the WT, pre-miR-335 and anti-miR-335 mice
12 h post-CLP. The animals were anesthetized with an initial
intraperitoneal injection of sodium pentobarbital (30 mg/kg)
prior to exsanguination till loss of consciousness (24,25).
Then the chest cavity was opened and the heart was removed
and washed with 0°C calcium solution (140 mM NaCl, I mM
CaCl,, 1 mM MgCl,, 0.33 mM NaH,PO,, 10 mM glucose, and
10 mM HEPES, pH 7.2). The aorta was isolated and filled with
calcium-free solution (140 mM NaCl, 1 mM CaCl,, 0.33 mM
NaH,PO,, 10 mM glucose, and 10 mM HEPES, pH 7.2) until
the heart stopped beating. The heart was then placed in a
pre-prepared solution of collagen and albumin (4°C), after
which the tissues were minced and digested in KB solution
for 1 h (4°C) (32). A cardiomyocyte sample was collected from
one mouse in each group and an elemental suspension was

prepared. Following the protocols of Annexin V-fluorescein
isothiocyanate (FITC) apoptosis detection kit (cat. no. C1065;
Beyotime Institute of Biotechnology), Annexin V-FITC,
propidium iodide (PI), hydroxyethyl piperazine ethylsulfonic
acid buffer was added to Annexin V-FITC/PI staining
solution in the proportion of 1:2:50. Cells at a concentration of
1x10° cells/100 ul of the staining solution were resuspended,
incubatedatambienttemperaturefor 15 mininthedarkandadded
with 1 ml of 4-(2-hydroxyethyl)-1-piperazine&thanesulfonic
acid buffer and then analyzed using BD Accuri C6 software
(version 5.0; BD Biosciences). A flow cytometer (BD
Accuri C6; BD Biosciences) was employed to determine the
excitation wavelength at 488 nm. The excitation wavelength
at 525 or 620 nm was employed to detect FITC or PI
fluorescence for cell apoptosis, respectively. The samples
(n=10) were randomly selected in each group. The apoptotic
rate was calculated as the percentage of early apoptotic cells,
or the percentage of late apoptotic cells.

Histological examination. At 24 h post-CLP, all animals
received cardiac perfusion under anesthesia. The heart
specimens were then fixed in 4% paraformaldehyde for 24 h
at room temperature, dehydrated, cleared and embedded
in paraffin. A microtome was used to cut the specimens
into 5-um sections and each section was stained with
hematoxylin and eosin at room temperature for 5 min. Changes
in the myocardial tissue structure were observed under an light
microscope (magnification, x400).

Statistical analysis. SPSS 21.0 (IBM Corp) was used for statis-
tical analysis. All data are presented as the mean =+ standard
deviation. Measurements at single time point were performed
by the Student's unpaired t-test. One-way analysis of variance
was used for comparison between multiple groups, followed
by Tukey's post hoc test. P<0.05 was considered to indicate a
statistically significant difference.

Results

CLP accelerates myocardial injury in mice. Compared with
the Sham group, CLP led to reduced animal activity and
slow response to stimuli with increasing time, as well as a
decreased appetite. In a pre-study experiment, the mortality
rates of the septic mice following CLP were 50% at 48 h,
rising to 80% at 72 h and 90% at 96 h. Over time, cardiac
functions, including heart rate, cardiac output and stroke
output, showed an increase and then decreased. Additionally,
cardiac evaluations from the perfused CLP-mice showed that
LVDP, +dP/dt and -dP/dt were significantly reduced compared
with those of the WT group. By contrast, inflammatory factors
(TNF-a, IL-6 and IL-10) and myocardial enzyme indicators
(cTNI, BNP, AST, LDH and CK) were elevated in the septic
mice at various time points (Fig. 1; P<0.05).

miR-335 is upregulated in myocardial tissues following
septic assault. Differential expression of multiple different
miRNAs has been reported in diseases of the heart (33).
In particular, the expression of miR-335 has been shown to
significantly increase, which has been demonstrated to protect
cardiomyocytes from oxidative stress (34,35). Therefore, it
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Figure 1. CLP accelerates myocardial injury following CLP surgery. (A) Levels of inflammatory factors (TNF-a, IL-6 and IL-10). (B) Myocardial enzyme
indicators (cTNI, BNP, AST, LDH and CK). (C) Alterations in cardiac function (LVDP, +dP/dt and -dP/dt). "P<0.05 and “"P<0.01 vs. the Sham group; n=5.
CLP, cecal ligation and puncture; ¢cT'NI, troponin; BNP, brain natriuretic peptide; AST, aspartate aminotransferase; LDH, lactate dehydrogenase; CK creatine
kinase; LVDP, left ventricular development pressure; +dp/dt, maximum pressure increase rate; -dp/dt maximum pressure reduction rate.

was hypothesized that miR-335 may also be involved in SIMI.
To confirm this hypothesis, RT-qPCR was used to detect the
expression of miR-335 at 6, 12 and 24 h post-CLP. The results
showed that the expression of miR-335 in the myocardial
tissues of septic mice was significantly higher than that of the
sham-operated mice at 6, 12 and 24 h (Fig. 2; P<0.05).

Regulation of miR-335 expression in mouse cardiac tissues.
miR overexpression and silencing were performed to further
investigate the expression of miR-335 in cardiac tissue.
Preliminary experiments showed that miR-335 transfec-
tion efficiency is highly effective (Fig. SI). Compared with
the CLP group, miR-335 expression was increased in heart
tissues after transfection with miR-335 precursors peaked
at 12 h and then decreased after 24 h (Figs. 3 and S2). By
contrast, the miR-335 inhibitor caused a decrease in miR-335
expression. The effects of the precursors and inhibitor were
both specific to miR-335 and no off-target effects on other

miRNAs were observed. In addition, all transfected mice
were healthy and without significant cardiac dysfunction
(Fig. 3).

Effect of miR-335 on CLP-induced myocardial dysfunction.
At 6 h post-CLP, LVDP, +dP/dt and -dP/dt were significantly
altered, thus cardiac functions at 6 h were determined in each
group. Compared with the WT group, the administration
of miRNA-335 precursors 6 h post-CLP significantly
improved cardiac LVDP and +dP/dt (n=6; P<0.05), while
anti-miR-335-pretreated mice experienced a decline in these
parameters (n=6; P<0.05). Compared with the WT group,
miR-335 expression level had no significant effect on cardiac
contractile function (Fig. 4).

miR-335 inhibits myocardial inflammation in septic mice.
Sepsis-induced myocardial suppression may be associated
with increased cardiac inflammation (36). Therefore, the
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Figure 2. miRNA expression profiles of mouse hearts following CLP. After
6, 12 and 24 h of CLP, miR-335 expression in mouse hearts was significantly
upregulated. "P<0.05 vs. the Sham group; n=5. miRNA/miR, micro RNA;
CLP, cecal ligation and puncture.

expression levels of inflammatory cytokines (TNF-a, IL-6
and IL-10) were detected in the myocardial tissues of mice
12 h after CLP. Compared with the WT group, no changes in
myocardial inflammatory cytokine levels (TNF-a, IL-6 and
IL-10) were observed in the pre-miR-335 and anti-miR-335
mice (Fig. SA-C). Compared with the CLP-treated WT mice,
pre-miR-335 caused a decrease in TNF-a and IL-6 expres-
sion, while inflammation was significantly aggravated in
anti-miR-335 mice (Fig. 5A and B; n=6; P<0.05). Changes in
IL-10 showed the opposite trend (Fig. 5C). Compared with the
WT Sham group, the levels of TNF-a in the CLP-treated group
were increased by 1.33 times in the pre-miR-335 group and
2.69 times in the anti-miR-335 group (Fig. 5A; n=6; P<0.05).
It is worth noting that compared with the sham-operated
mice, CLP caused an increase in IL-6 levels in the WT and
pre-miR-335 mice, but particularly in the anti-miR-335-treated
mice (Fig. 5B; n=6; P<0.05). By contrast, compared with
the sham-operated WT group, IL-10 levels increased by
5.93 times in the pre-miRNA-335 mice post-CLP and were
2.58-fold higher in anti-miRNA-335 than in pre-miRNA-335
mice (Fig. 5C; n=6; P<0.05).

Upregulation of miR-335 attenuates SIMI. Detection of
myocardial enzymes is critical for the assessment of myocar-
dial injury (22,37,38). Therefore, in the present study, changes
in myocardial enzyme levels were examined 12 h after CLP
treatment. Compared with the WT sham-operated mice, no
significant differences were observed in cITNI, BNP, AST, LDH
or CK in the sham-operated mice treated with miRNA-335
precursors or miRNA-335 inhibitors (Fig. 6A-E; n=6; P>0.05).
By contrast, the levels of myocardial enzymes increased
significantly in WT, pre-miRNA-335 and anti-miRNA-335
mice following CLP. miRNA-335 precursors were then used
to treat septic mice 4 days before surgery. Compared with
WT mice receiving CLP, significantly reduced levels of serum
¢T'NI, BNP, AST, LDH and CK were observed, while the
miRNA-335 inhibitor increased these levels (Fig. 6A-E; n=6;
P<0.05).

Relative mRNA-335 expression

Sham CLP Pre-miR-335 Anti-miR-335

Figure 3. miRNA expression profiles of mouse hearts following transfection.
At 12 h, compared with CLP-treated mice, miR-335 expression increased
following miR-335 precursor treatment, while miR-335 inhibitors decreased
expression. ‘P<0.05 vs. the CLP group; n=5. miRNA/miR, micro RNA; CLP,
cecal ligation and puncture.

In addition, the results of histological analysis revealed
myocardial degeneration, myocardial fibrillation and inter-
stitial edema in CLP-treated mice compared with the Sham
group (Fig. 6F and G; n=6). Pre-miR-335 mice showed reduced
myocardial injury following CLP and accelerated myocardial
injury was observed in anti-miRNA-335 mice after CLP
(Fig. 6H and I; n=6). Therefore, these findings indicated that
treatment with miRNA-335 precursors ameliorates SIMI in
septic mice.

miR-335 inhibits apoptosis in SIMI. Apoptosis is consid-
ered an important aggravator of myocardial injury and may
be an indicator for evaluating this pathology. As shown in
Fig. 7, no significant differences in apoptosis were observed
between the WT, pre-miR-335 and anti-miR-335 groups
following surgery. However, CLP promoted significant
apoptosis, which was reversed by pre-miRNA-335 treatment.
Anti-miRNA-335-pretreated mice showed stable myocardial
apoptosis following CLP.

Discussion

The aim of the present study was to determine the effects and
underlying molecular mechanisms of miRNA-335 in SIMI.
The results suggested that pre-miRNA-335 reduced cardiac
function, the inflammatory response, myocardial damage and
myocardial apoptosis. These findings provided insights into
the mechanisms underlying miRNA-335 function and suggest
that it may be a novel target for attenuating SIMI.

Patients with SIMI exhibit higher rates of mortality and
disability worldwide than those without cardiovascular
dysfunction (39). SIMI is considered to be difficult to treat.
Although there are various available treatments, including
early target-oriented remedies, timely appropriate antibiotic
management, boosters and positive inotropic interventions
and mechanical ventilation (40), the development of effec-
tive interventions to decrease mortality rates remains
clinically challenging. Clinical trials have widely focused
on regulating uncontrolled immune responses to suppress
SIMI (41). miRNAs are extensively implicated in biological
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Figure 6. Upregulation of miR-335 attenuates sepsis-induced myocardial injury and histological changes. Levels of (A) ¢cI'NI, (B) BNP, (C) AST, (D) LDH
and (E) CK 12 h after CLP. Pathological morphology was assessed by hematoxylin and eosin staining; (F) Hearts from the Sham surgery group. (G) CLP
mouse heart. (H) Pre-miR-335 and (I) anti-miR-335 mouse heart (magnification, x400). "P<0.05 vs. WT. n=5. miRNA/miR, micro RNA; ¢TNI, troponin; BNP,
brain natriuretic peptide; AST, aspartate aminotransferase; LDH, lactate dehydrogenase; CK, creatine kinase; CLP, cecal ligation and puncture; WT, wild-type.

and pathophysiological processes, including sepsis-associated
dysfunction (42-44). Studies have shown that miRNA-335 is
markedly upregulated in the infarcted and bordered areas of
the heart following acute myocardial infarction in rats (42).
Upregulation of miR-335 also ameliorates myocardial isch-
emia/reperfusion injury by inhibiting hypoxia-inducible factor
la (45). Furthermore, miR-335 protects the mouse heart from
ischemic injury by inhibiting Ca** overload and apoptosis (46).
These studies indicate that miR-335 exerts protective effects
in SIMI. In the present study, miR-335 expression was found
to increase after CLP in mice, which proved beneficial to
sepsis-associated cardiac dysfunction. The results confirmed
that miR-335 protects against SIMI and further demonstrated
that miR-335 expression/reactivity is first increased in sepsis,
which is a compensatory protective mechanism, followed
by a gradual decrease. Further research confirmed that the
decrease in miR-335 expression was time-dependent. In order
to investigate the potential role of miR-335 in SIMI, miR-335
precursors and inhibitors were then used to regulate miR-335

expression. The results indicated that miR-335 preconditioning
improves myocardial dysfunction in septic mice.

miRNAs are a class of small non-coding RNA molecules
which are involved in various biological functions, such as
cellular differentiation, proliferation and transformation.
Studies have demonstrated that the aberrant expression of
specific miRNAs is associated with the occurrence and
development of numerous pathologies, including tumors and
cardiovascular diseases (47-49). A previous study demonstrated
that miRNA-335 is involved in the deterioration of a variety of
tumors, as well as Alzheimer's disease (50). However, to the
best of the authors' knowledge, there have been no reports on
the effects of miRNA-335 expression in SIMI. By establishing
a sepsis model and detecting the miRNA expression profiles of
myocardial tissues, the results of the present study illustrated
that miRNA-335 expression in myocardial tissue was
significantly upregulated following CLP in mice. However, the
trend in miRNA-335 expression gradually decreased, which
indicated that miRNA-335 downregulation is time-dependent.
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An miRNA-335 precursor or inhibitor was then employed
to investigate the potential role of miRNA-335 in SIMI. The
results revealed that the levels of ¢cTNI, BNP, CK, LDH,
AST and BNP decreased in pre-miRNA-335 mice, while
the opposite effect was observed in anti-miRNA-335 mice.
These results suggested that miRNA-335 was involved in
ameliorating sepsis-induced myocardial dysfunction.

The inflammatory response is closely associated with various
cardiovascular diseases (51,52). There is evidence to suggest that
the accumulation of different subsets of inflammatory cytokines
occurs in the ischemic heart (53). As important pro-inflammatory

cytokines, TNF-a and IL-6 are regarded as critical contributors
to the initiation and regulation of inflammatory responses and
their expression is elevated in the majority of cardiovascular
diseases (54). For instance, TNF-a is a known potent inducer
of cardiovascular disease which accelerates myocardial injury.
TNF-a also induces chemokine expression in cardiac tissues,
thus promoting uncontrolled inflammation via NF-xB (55).
Further evidence supports that TNF-a impairs systolic and
diastolic function following electrical stimulation. In addition
to TNF-a, IL-6 is also involved in pro-inflammatory processes
and may contribute to increases in myocardial injury by
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promoting neutrophil influx into the injured cardiac tissue (56).
IL-6-deficiency reduces acute myocardial I/R injury and there
is mounting evidence to demonstrate that the critical role of
IL-6 in sepsis-induced cardiac dysfunction is associated with
the PI3K/Akt signaling pathway (57). These data suggest that
the presence of myocardial inhibitory factors (TNF-a and IL-6)
in the serum, or incubation of cardiomyocytes in vitro may
promote contractile dysfunction in both animals and patients
with sepsis (46). Inhibiting TNF-a and IL-6 with neutralizing
antibodies has proven beneficial for treating sepsis (58).
Therefore, the significant reduction in inflammatory factors
following septic challenge may be one of the most important
protective mechanisms of pre-miR-335-mediated myocardial
injury. The present results confirmed that the upregulation of
miR-335 inhibited pro-inflammatory cytokine release and that
its downregulation exacerbated the release of pro-inflammatory
cytokines. In addition, anti-miR-335-treated CLP mice
produced higher levels of the anti-inflammatory cytokine IL-10,
compared with the WT control group, which may lead to an
enlarged myocardial inflammatory response.

Another cardioprotective mechanism of miR-335 during
sepsis may lie in its ability to reduce apoptosis (59). A
large number of studies has demonstrated that myocardial
infarction, myocardial hypertrophy and heart failure
induce excessive apoptosis and that myocardial apoptosis is
involved in SIMI (37,60-62). Sepsis-associated inflammatory
factors induce cardiomyocyte apoptosis by activating the
caspase pathway (63). Additionally, sepsis promotes tissue
hypoxia/ischemia, resulting in a decline in the accumulation
and clearance of oxygen free radicals and an aggravation in
contractility and apoptosis in myocardial cells (64). In the
present study, pre-miR-335 treatment inhibited myocardial
apoptosis in septic mice. By contrast, anti-miR-335-treated
CLP mice exhibited accelerated myocardial apoptosis. These
results indicated that miRNA-335 reduced myocardial injury
by inhibiting apoptosis. Moreover, in vitro experiments have
confirmed that miRNA-335 inhibits myocardial cell apoptosis
by inhibiting the PTEN/PI3K/Akt pathway (22). These
results suggest that PTEN is a pro-apoptotic protein that
negatively regulates the primary phosphatase of the PI3K/Akt
signaling (65). Studies have demonstrated that miR-335
maintains cell survival by targeting the 3'untranslated
region of PTEN, which leads to the downregulation of
PTEN and activation of the Akt pathway in ovarian cancer
and nasopharyngeal carcinoma (66,67). These studies
demonstrate that miR-335 may relieve SIMI. However,
whether miR-335 suppresses apoptosis in SIMI-induced
myocardial injury, which involves the PTEN/PI3K/Akt
pathway, warrants further investigation.

In conclusion, the results of the present study indicated
that miR-335 expression is upregulated in SIMI in CLP mice,
which is associated with myocardial protection during sepsis.
miR-335 reduced the inflammatory response associated with
myocardial injury in sepsis, by inhibiting pro-inflammatory
cytokine release and myocardial apoptosis. However, the
absence of overall inflammation levels of the mice might be
a limitation of the present study. Until now, to the best of the
authors' knowledge, the present study is the first to suggest that
the cardio-protection rendered by miR-335 may represent an
effective intervention for SIMI treatment.
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