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MicroRNA-146a improves sepsis-induced cardiomyopathy
by regulating the TLR-4/NF-kB signaling pathway
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Abstract. The aim of the current study was to investigate
the regulatory effect of miR-146a on the toll-like receptor 4
(TLR-4)/NF-«xB pathway and therefore inflammation in septic
cardiomyopathy. A total of 60 healthy male Sprague Dawley rats
were equally divided into a control, LPS, miR-146a agonist and
miR-146a inhibitor group. Blood samples were collected from
rats 24 h after intraperitoneal lipopolysaccharide injection and
myocardial tissues were subsequently collected. After hema-
toxylin and eosin staining of rat myocardial tissues, the degree
of inflammatory cell infiltration and myocardial damage was
observed. The content of certain myocardial injury markers
were also observed, including cardiac troponin I (cTnl),
B-type natriuretic peptide (BNP), creatine kinase myocardial
bound (CK-MB) and myoglobin (Mb). Western blot analysis
was performed to detect the expression of NF-xB/TLR-4,
tumor necrosis factor (TNF-a) and intercellular adhe-
sion molecule-1 (ICAM-1) in myocardial tissues. Reverse
transcription-quantitative (RT-q) PCR was used to detect the
expression of miR-146a, TNF-q, interleukin (IL)-1a and IL-1p
mRNA in myocardial tissues. In the LPS group, myocardial
interstitial tissue edema occurred, with enlarged and loosely
arranged cardiomyocytes. Compared with the sepsis model
group, myocardial interstitial tissue edema was relieved in the
miR-146a agonist group, but was aggravated in the miR-146a
inhibition group. The serum levels of cInl, BNP, CK-MB, Mb,
NF-kB, TLR-4, TNF-a and ICAM-1 in the sepsis model group
were higher than those in the control group. In the miR-146a
agonist group, levels of myocardial injury markers were lower
than those in the sepsis model group, but were higher in the
miR-146a inhibition group. The results of RT-qPCR demon-
strated that the expression of miR-146a, TNF-a, IL-1a and
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IL-1B in the sepsis model group were upregulated compared
with the control group. In addition, miR-146a expression in
the miR-146a agonist group and the miR-146a inhibition
group was increased, but TNF-a, IL-1a and IL-1f mRNA was
downregulated. miR-146a may regulate the TLR-4/NF-kB
signaling pathway via negative feedback mechanisms, leading
to the improvement of the inflammatory response and cardiac
dysfunction in sepsis-induced cardiomyopathy.

Introduction

Sepsis or systemic inflammatory response syndrome is caused
by infection, which is an immune response to pathogens and
immunogenic substances that induce autoimmune injury (1).
Sepsis is common in cases of severe trauma, burns, shock or
major surgery. The further development of sepsis may lead
to septic shock and multiple organ dysfunction syndrome,
making sepsis a leading cause of death in patients admitted to
intensive care units (2).

Bacterial infection is the most common cause of sepsis (2).
Bacterial products, including endotoxin and exotoxins, can
directly or indirectly stimulate various target cells including
monocytes, polymorphonuclear neutrophils or endothelial cells
to initiate inflammation (1). Lipopolysaccharide (LPS) is a repre-
sentative endotoxin (3). In the early stages of sepsis, the alteration
of cardiovascular function is associated with patient prognosis (4).
Cardiovascular complications aggravate sepsis and increase
patient mortality (4,5). Sepsis that is complicated with cardio-
vascular dysfunction is commonly referred to as sepsis-induced
cardiomyopathy (SIC). Sepsis-induced myocardial damage is
closely associated with a decreased myocardial energy supply
and weakened myocardial contractility (5). In addition, a large
number of inflammatory factors, including tumor necrosis
factor-a (TNF-a), are also involved in sepsis induced myocar-
dial injury (6,7). In sepsis, pathogenic microorganisms transmit
signals to the nucleus via cell transduction pathways, triggering a
series of transcriptions and translations (7,8). Therefore, blocking
the pathological process at this stage may effectively prevent
sepsis induced myocardial injury (8).

MicroRNAs (miRNA or miRs) are non-coding RNAs
that regulate the expression of target genes by inhibiting the
translation or degredation of mRNA (9). miRNAs are involved
in the regulation of metabolism, the inflammatory response,
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heart-associated diseases, organ transplantation and cancer by
regulating mRNA and protein expression (9,10). Among all
miRNAs thatregulate the progression of inflammation, the role of
miR-146a is prominent. It has been demonstrated that miR-146a
promotes the release of inflammatory factors by regulating the
toll-like receptor 4 (TLR-4)/NF-«B signaling pathway, which
is closely associated with myocardial damage (11,12). Previous
studies have also revealed that miRNA-146a protects the
myocardium from ischemia-reperfusion injury by suppressing
interleukin-1 receptor associated kinase 1 (IRAKI1) and TNF
receptor associated factor 6 (TRAFO), therefore attenuating
NF-«B activation and inflammatory cytokine production (13,14).
Taganov et al (15) revealed that the stimulation of LPS,
TNF-a or interleukin (IL)-1p upregulates the expression of
NF-«kB-dependent miR-146a in human monocyte leukemia cells.
The mutational experiment and luciferase reporter gene assay
performed within the aforementioned study revealed that the
target genes of miR-146a were IRAK1 and TRAF6, which are
adaptor protein encoding genes involved in the TLR-4/NF-xB
pathway (15). Activated NF-kB induces the transcription of a
large number of inflammatory genes as well as the upregula-
tion of miR-146a. However, miR-146a negatively regulates the
NF-«B pathway and inhibits the production of inflammatory
factors by targeting the IRAK1 and TRAFG6 signal transduc-
tion proteins upstream of the NF-kB pathway (16). A further
study has revealed that miR-146a binds to the 3' untranslated
region (UTR) of IRAK1 and TRAFG, inhibiting their expres-
sion at the transcriptional level and alleviating sepsis-induced
cardiac dysfunction by inhibiting certain inflammatory factors,
including IL-6, IL-8, IL-1f3 and TNF-a (17).

The TLR-4/NF-«B signaling pathway serves a crucial
regulatory role in sepsis-induced cardiomyopathy. Blocking
this pathway may therefore be an important method for
treating SIC (18,19). The current study aimed to assess the
association between the TLR-4/NF-kB pathway and levels
of inflammatory cytokines by detecting changes of miR-146a
expression in the myocardium of mice with SIC. The effect of
the TLR-4/NF-«kB pathway on sepsis-induced cardiomyopathy
was also investigated.

Materials and methods

Animals. A total of 60 healthy male Sprague Dawley (SD)
rats (Shandong Laboratory Animal Centre; age, 6-8 weeks;
weight, 180-200 g) were housed in an specific pathogen free
laboratory animal room at 20+2°C with a 60-70% relative
humidity, under a 12 h light/dark cycle. All rats recieved
free access to food and water. SD rats were equally divided
into four groups using a random number table, with 15 rats
in each group. Groups included a control group (control), a
septic model group (LPS), a miR-146a agonist group (agonist)
and a miR-146a inhibitor group (inhibitor). The current study
was approved by the Animal Ethics Committee of Kunming
Medical University Animal Center (Kunming, China).

Rat model with septic cardiomyopathy. Rats in the LPS group
received an intraperitoneal injection of 0.2 ul/g of water
and a further injection of 7.5 mg/kg LPS (cat. no. L26331;
Shanghai Abcone Co., Ltd.) 24 h later. At the same time point
of LPS injection, in control group rats, an equal volume of
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water or physiological saline was injected to control rats. In
the miR-146a agonist and inhibitor group, rats were injected
with 0.2 pl/g miR-146a agonist (Shanghai Tuoran Biological
Technology co., Ltd.) or inhibitor (Shanghai Tuoran Biological
Technology co.,Ltd.) in the tail vein 24 h prior to LPS injection.

Sample collection. 24 h after LPS injection, 2 ml of rat
blood was collected from the internal iliac vein. Blood was
maintained at room temperature for 15 min and subsequently
centrifuged at 1,000 x g for 15 min at 4°C. The upper serum
was aspirated and stored at -80°C. After blood was taken, rats
were sacrificed and hearts were extracted and washed with
pre-cooled physiological saline. Half of the heart tissue was
frozen in a -80°C refrigerator and the other half were soaked
with 4% paraformaldehyde at room temperature for 24 h and
then embedded in paraffin for pathological examination.

Hematoxylin and eosin (HE) staining. Myocardial tissues
were fixed in 4% paraformaldehyde at room temperature for
24 h. Tissues were then cut into 4 um slices after washing with
PBS, dehydration with a descending alcohol series, waxing
and embedding in paraffin. Slices were placed in a dish with
warm water to unfold and were subsequently placed on a
glass slide for patching. After holding at room temperature
for 60 min, sections were observed with a light microscope
(magnification, x400) after HE staining (hematoxylin, 5 min
at room temperature and eosin, 3 min at room temperature).

Detection of cell apoptosis. Myocardial tissues were dehy-
drated, embedded and the sections were routinely dewaxed,
washed, hydrated and fixed as aforementioned. The procedure
followed strictly in accordance with the TUNEL Apoptosis
kit manufacturers protocol (Merck KGaA). Each paraffin
section was randomly selected from five fields (magnification,
x400) and at least 100 cells were counted in each field of view
with a light microscope (magnification, x400). The number
of apoptotic cells (TUNEL positive cells) and the total number
of cells were counted respectively. Apoptotic index=number of
apoptotic cells/total cell number x100.

Determination of serum myocardial injury markers. Rat
serum was warmed to room temperature. Cardiac troponin I
(cTnI; cat. no. ab246529) and B-type natriuretic peptide (BNP;
cat. no. abl08815) content were detected using an ELISA assay
(Abcam). Creatine kinase myocardial bound (CK-MB) and
myoglobin (Mb) content were detected using the chemilumi-
nescence method (cat. no. E-CL-R0722¢ and E-CL-R0132c;
Ke Lei Biological Technology Co., Ltd.).

Western blot analysis. Myocardial tissues were washed in a
pre-cooled physiological saline at 4°C. After the addition of
RIPA lysate (Beyotime Institute of Biotechnology), tissues
were homogenized and the supernatant was centrifuged
at 5,000 x g for 10 min at 4°C. Total protein content was
determined using a BCA Assay kit (cat. no. p0011; Beyotime
Institute of Biotechnology). The expression of synaptic plas-
ticity-associated proteins including NF-«B, TLR-4, TNF-a and
intercellular adhesion molecule-1 (ICAM-1) were detected via
western blot analysis. Protein (10 1) was loaded and separated
by 12% SDS-PAGE electrophoresis, which was transferred to
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a PVDF membrane (Roche Diagnostics). Membranes were
subsequently blocked using 5% skimmed milk with TBST at
25°C for 1 h and incubated with the following primary anti-
bodies obtained from Abcam at 4°C overnight: NF-xB (1:500;
cat. no. ab19870), TLR-4 (1:500; cat. no. ab95562), TNF-a
(1:500; cat. no. ab9755), ICAM-1 (1:500; cat. no. ab171123)
and P-actin (1:500; cat. no. ab8226). The membrane was then
incubated with Goat Anti-Rabbit IgG H&L secondary anti-
bodies (1:1,000; cat. no. ab150077; Abcam) at 25°C for 2 h.
The signal on the membrane was detected using an enhanced
chemiluminescence reagent (Thermo Fisher Scientific, Inc.)
and Quantity One (version 4.0; Bio-Rad Laboratories, Inc.)
was used for quantification.

Reverse transcription-quantitative (RT-q) PCR assay. The
total RNA of rat myocardial tissue was extracted using TRIzol
(Invitrogen; Thermo Fisher Scientific, Inc.) and reverse tran-
scribed to synthesize cDNA using the Takara PrimeScript RT
Master Mix kit (Takra Bio, Inc.) according to manafacturers
protocol. The sequences of miR-146a, TNF-a, IL-1a., IL-1f3 and
GADPH mRNA were obtained from Gene Bank (https://cipo-
tato.org/genebankcip/). Primers were designed using Primer
premier 5.0 software (Primers). The following primer sequences
were used: miR-146a forward, 5'-GAACTGAATTCCATGGGT
TGTGT-3' and reverse, 5S'-GCCCACGATGACAGAGAGATC
C-3"; TNF-a forward, 5~-AGTCCGGGCAGGTCTACTTT-3'and
reverse, 5'-GCACCTCAGGGAAGAGTCTG-3"; IL-1a forward,
5-AAGTTTGTCATGAATGATTCCCTC-3' and reverse,
5-GTCTCACTACCTGTGATGATGAGT-3"; IL-1p forward,
5-ATAAGCCCACTCTACACCTCTGA-3' and reverse, 5-ATT
GGCCCTGAAAGGAGAGAGA-3"; GADPH forward, 5-GGC
ATCCCATAGAGGCGAAGTC-3' and reverse, 5-ACGCCG
GACTTGATGAGGCGAT-3". The average Cq values of the
target gene and the reference gene were determined by RT-qPCR.
gPCR was performed using SYBR® Green Master Mix (Takara
Bio, Inc.) according to the manufacturer's protocol; amplifica-
tion was performed under the recommended parameters: Initial
denaturation at 95°C for 5 min, followed by 40 cycles of 95°C for
5 sec, 60°C for 15 sec and 72°C for 15 sec, and a final extension
at 94°C for 15 sec. The relative quantitative method was used to
calculate the relative expression of the sample and the amount of
the gene of the treatment group relative to the blank group was
calculated using the 222 method (20).

Statistical analysis. Data analysis was performed using
SPSS 17.0 statistical software (SPSS Inc.) and the results of
all experimental data were expressed as mean + standard
deviation. If the experimental data was consistent with the
homogeneity of variance, one-way ANOVA followed by a
least significant difference test were performed to compare the
differences between groups. If the experimental data variance
was not with the homogeneity of variance, the Kruskal-Wallis
non-parametric test and the LSD method were used to compare
the differences between groups. P<0.05 was considered to
indicate a statistically significant result.

Results

Pathological changes of myocardial tissue in four groups.
After analyzing the myocardial pathological tissue sections,
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A Control

Figure 1. Morphological changes of myocardial tissue in four groups of rats.
Morphological changes of rat myocardial tissues in the (A) control, (B) LPS,
(C) miR-146a agonist and (D) miR-146a inhibitor group. miR, microRNA;
LPS, lipopolysaccaride.

the results revealed that myocardial interstitial tissue in the
LPS group were edematous, with degenerated cardiomyocytes
(black arrow), loosely arranged cells (red arrow) and broken
nuclei (blue arrow; Fig. 1A and B). Compared with the LPS
group, cardiomyocytes in the miR-146a agonist group were
neatly arranged and there was no swelling of the cells and no
obvious fragmentation of the nucleus (Fig. 1B and C). However,
these cardiomyocyte observations in the microRNA-146a
inhibition group were aggravated compared with the LPS
group (Fig. 1B-D).

Detection of the cardiomyocyte apoptosis. Cells that exhib-
ited brown karyon staining were deemed to be apoptotic
cells. Among the four rat groups, the control group exhibited
fewer apoptotic cells (Fig. 2A). The proportion of apoptosis
in cardiomyocyte apoptosis in the LPS group was increased
compared with the control group (Fig. 2A and B). However,
in the miR-146a agonist group, the number of apoptotic cells
were lower compared with the LPS group (Fig. 2B and C),
while the opposite result was observed in the miR-146a inhibi-
tion group (Fig. 2B-D). Quantitative analysis revealed that the
apoptotic index of the LPS group was increased significantly
compared with control group. The apoptotic index was lower in
miR-146a agonist group, but higher in the miR-146a inhibition
group (Fig. 2E).

Expression of the serum myocardial injury markers. The results
of the current study revealed that the serum levels of cTnl, BNP,
CK-MB and Mb in the LPS group were significantly higher
than those in the control (P<0.05; Fig. 3). In addition, compared
with the LPS group, levels of the aforementioned markers were
significantly decreased in the miR-146a agonist group, but
increased in the miR-146a inhibitor group (P<0.05; Fig. 3).

Expression of myocardial tissue-associated proteins. The
expression of NF-xB, TLR-4, TNF-a and ICAM-1 in rat
myocardium tissue of the LPS group and the miR-146a
inhibitor group was significantly increased compared with the
control group and expression was significantly increased in the
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Figure 2. Detection of cardiomyocyte apoptosis in four groups of rats. Cardiomyocyte apoptosis of rat myocardial tissue in the (A) control, (B) model
(C) agonist and (D) miR-146a inhibitor group. miR, microRNA; LPS, lipopolysaccaride. (E) Quantitative analysis of apoptotic index. “P<0.05 vs. the control

group; “P<0.05 vs. the LPS group.
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Figure 3. Levels of myocardial injury markers in four groups of rats.
Comparison of serum (A) ¢Tnl, (B) BNP, (C) CK-MB and (D) Mb levels
in the indicated groups. "P<0.05 vs. the control group; “P<0.05 vs. the LPS

group. cTnl, cardiac troponin I; BNP, B-type natriuretic peptide; CK-MB,

creatine kinase myocardial bound; Mb, myoglobin; LPS, lipopolysaccaride.

inhibitor group compared with the LPS group (P<0.05; Fig. 4).
In the miR-146a agonist group, the expression of NF-«B,
TLR-4, TNF-a and ICAM-1 was also significantly upregulated
when compared with the control group, but the expression was
significantly lower than that of the LPS group (P<0.05; Fig. 4).

Expression of myocardial tissue-associated mRNAs. The
mRNA expression of miR-146a, TNF-a, IL-1a and IL-1f in
the myocardial tissue of the model group were significantly
higher compared with the control group (P<0.05; Fig. 5). In
the miR-146a agonist group, miR-146a expression significantly
increased, but the expression of TNF-a, IL-1a and IL-1p
significantly decreased compared with the LPS group (P<0.05;
Fig. 5). The expression of miR-146a in the miR-146a inhibition
group was significantly downregulated while TNF-a, IL-1a
and IL-1p expression was upregulated when compared with
the LPS group (P<0.05; Fig. 5).
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Figure 4. TLR-4/NF-kB-associated protein expression in the myocardial
tissue of the four treatment groups. (A) Western blot analysis and (B) subse-
quent quantification of NF-kB and TLR-4 expression in the myocardial tissue
of four groups of rats. (C) Westen blot analysis and (D) subsequent quanti-
fication of TNF-a and ICAM-1 expression in the myocardial tissue of rats.
“P<0.05 vs. the control group; “P<0.05 vs. the model group. TLR-4, toll-like
receptor-4; NF-kB, nuclear factor-kB; TNF-a, tumor necrosis factor-a;
ICAM-1, intercellular adhesion molecule-1; LPS, lipopolysaccaride.

Discussion

The excessive stimulation of the inflammatory response
is significant in the pathogenesis of SIC. Previous studies
have revealed that TLR-4 mediates the activation of the
Myd88-dependent NF-«B signaling pathway and releases
downstream inflammatory factors including TNF-a, IL-6,
IL-8, IL-1p, which serve a role in the subsequent sepsis
cascade reaction (20-22). After invasion of the body, the
pathogenic microorganism promotes the cascadal release of
inflammatory factors via cell membrane and intracellular
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Figure 5. Expression of myocardial tissue-associated mRNA in four groups
of rats. (A) miRNA-146a, (B) TNF-a, (C) IL-1o and (D) IL-18 mRNA expres-
sion was determined in the myocardial tissue of the four treatment groups.
miR, microRNA; TNF-a, tumor necrosis factor-o; IL-1a, interleukin-la;
IL-1B, interleukin-1p; LPS, lipopolysaccaride. "P<0.05 vs. the control group;
#P<0.05 vs. the LPS group.

signaling pathways, which are important in the pathogenesis
of sepsis-induced myocardial damage (23,24). Therefore,
the TLR-4/NF-kB signaling pathway is an important link
in sepsis-induced myocardial damage. When sepsis occurs,
LPS in the cell wall of Gram-negative bacteria can transduce
extracellular signals by activating the intrinsic immune recog-
nition of TLR-4, sequentially activating IRAK1 and TRAF®6.
NF-«B subsequently translocates rapidly from the cytoplasm
to the nucleus, initiating the transcription of target genes and
releasing downstream inflammatory factors including TNF-a
and IL-6 (25-27). TNF-a and IL-6 inhibit the myocardium by
inhibiting Ca** transport, regulating the nitric oxide pathway,
degrading key contractile proteins, affecting mitochondrial
function and activating intracellular signal transduction which
leads to the myocardial dysfunction observed in sepsis (28,29).

miRNAs are a class of endogenous regulatory non-coding
RNAs present in eukaryotes and are ~20-25 nucleotides
in length (30). Mature miRNAs are produced from a long
primordial transcript that can be cut by a series of nucle-
ases (10). The target mRNA is recognized by base-pair pairing
and is subsequently silenced or repressed depending on the
degree of mIRNA complementation (31). miRNAs including
miRNA-125b, miRNA-150, miRNA-155, miRNA-223,
miRNA-132 and miRNA-146a, serve a significant role in
the regulation of inflammatory responses by inhibiting the
expression of inflammation-associated genes (32-37). A
previous study has demonstrated that activated miR-146a is
rapidly upregulated in human monocytes and certain targets
signaling molecules including IRAK1 and TRAF6, indicating
that miRNA-146a may be involved in the negative feedback
regulation of the inflammatory signaling pathway (38).
Consistent with this, miR-146a promotes toxin tolerance and
cross-tolerance in the body by regulating monocyte produc-
tion of TNF-a (38). miR-146a is the first regulator of the
miRNA family that has been revealed to be associated with
inflammation, which makes it an early diagnostic marker for
sepsis with high specificity and sensitivity (38,39). In recent
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years, it has been demonstrated that miRNA-146a regulates
the TLR-4/NF-kB signaling pathway and downstream
inflammatory factors via negative feedback regulation (40).

The results of the current study demonstrate that in the
LPS group, the expression of cI'nl, BNP, CK-MB, Mb and
NF-«B, the protein expression of TLR-4, TNF-a and ICAM-1
and the mRNA expression of miR-146a, TNF-a, IL-1a and
IL-1p were significantly higher compared with the control
group. Compared with the LPS group, miR-146a levels in the
miR-146a agonist group significantly increased, while the
expression of cI'nl, BNP, CK-MB, Mb and NF-«kB-associated
proteins and the mRNA expression of TNF-a, IL-1a and IL-13
were downregulated. The results indicated that the further
upregulation of miR-146a in heart tissue may produce a nega-
tive feedback regulatory response within the TLR-4/NF-kB
signaling pathway, thereby inhibiting the inflammatory
cascade and reducing the release of inflammatory factors
which directly impair tissue damage and therefore improve
SIC. The expression of miRNA-146a in the miRNA-146a
inhibition group was significantly lower compared with the
LPS group, while the expression of cI'nl, BNP, CK-MB, Mb
and NF-«kB-associated proteins were significantly higher than
those in the LPS group. These results indicated that in the case
of miR-146a inhibition, the NF-kB signaling pathway was acti-
vated, the expression of downstream inflammatory factors was
increased and myocardial damage was therefore more severe
in rats. It was thus demonstrated that miR-146a may regulate
the TLR-4/NF-kB signaling pathway and downstream inflam-
matory factors via negative feedback mechanisms. This is an
important signal transduction mechanism and a key regulatory
pathway in the pathogenesis of SIC.

In summary, the TLR-4/NF-«B, signaling pathway is an
important signal transduction mechanism and a key regulatory
pathway in SIC. miR-146a may regulate the TLR-4/NF-kB
signaling pathway and downstream inflammatory factors via
negative feedback mechanisms, so as to inhibit the inflamma-
tory response and improve sepsis-induced cardiac dysfunction.
However, blood and specimens were only collected 24 h after
LPS injection in the current study. The role of miR-146a in
sepsis-induced cardiac dysfunction over a longer time period
is still unknown. Investigation over extended experimental
time and further study into the mechanisms of miR-146a in
sepsis-induced cardiac dysfunction is therefore required.

In conclusion, miR-146a may regulate the TLR-4/NF-xB
signaling pathway via negative feedback mechanisms,
thereby improving inflammation and cardiac dysfunction in
sepsis-induced cardiomyopathy.
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