EXPERIMENTAL AND THERAPEUTIC MEDICINE 20: 343-350, 2020

Downregulation of DEC1 by RNA interference attenuates
ischemia/reperfusion-induced myocardial inflammation
by inhibiting the TLR4/NF-kB signaling pathway
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Abstract. Inflammation has been implicated in the pathogen-
esis of myocardial ischemia/reperfusion (I/R) injury (MIRI).
Previous studies have confirmed that deleted in esophageal
cancer 1 (DEC1) is an important transcription factor in inflam-
mation. However, the role of DECI1 in MIRI remains unclear.
The present study aimed to determine whether the downregula-
tion of DEC1 by RNA interference alleviated inflammation to
protect against MIRI. Adult Sprague-Dawley rats (n=48) were
randomly divided into four groups: Sham; I/R; adenovirus
expressing green fluorescent protein control (Ad-G-Control);
and DECl-targeting RNA interference (Ad-G-DEC1) groups.
Following gene delivery 4 days later, the rat myocardial I/R
model was established and myocardial enzymes [creatine
kinase (CK) and lactate dehydrogenase (LDH)] were detected.
Hematoxylin and eosin (H&E) staining was performed to eval-
uate the myocardial damage and the infarct area was assessed
using Evans Blue/triphenyltetrazolium chloride staining. The
inflammatory mediators interleukin (IL)-f and tumor necrosis
factor (TNF)-a were also detected using ELISA kits to assess
the inflammatory response. Finally, western blotting and
reverse transcription-quantitative PCR were used to analyze
the expression levels of associated proteins and mRNAs.
Ad-G-DEC1 RNA interference markedly decreased DECI1
expression levels. In addition, following the downregulation of
DECI1 expression, the infarct size, CK, LDH, Toll-like receptor
(TLR)4, NF-xB, IL-f and TNF-a levels were all significantly
decreased. In conclusion, the results of the present study
suggested that the downregulation of DEC1 may decrease
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the inflammation by suppressing the TLR4/NF-«kB signaling
pathway, which may represent a therapeutic target for MIRI.

Introduction

Ischemic heart disease is a leading cause of morbidity and
mortality worldwide (1). The most effective clinical interven-
tion for myocardial ischemia is timely revascularization (2).
However, myocardial ischemia/reperfusion (I/R) caused
by revascularization can also promote further myocardial
damage (3). The pathophysiological mechanism of myocardial
I/R injury (MIRI) is complicated; however, numerous studies
have revealed that the inflammatory response serves an
important role in I/R-induced myocardial damage (4-6). Thus,
determining novel approaches to decrease the inflammation
may lead to effective treatments for MIRI.

Deleted in esophageal cancer 1 (DEC1) was first identi-
fied in human embryonic cartilage tissue and it has since been
confirmed to function as a basic helix-loop-helix transcrip-
tion factor that can regulate transcription in various types of
cell, including hepatocyte and nerve cells (7). The expression
levels of DECI have been identified to significantly increase
in response to environmental stimuli, and DEC1 has been
demonstrated to be involved in various physiological activities,
such as chondrocyte differentiation (8), lipid metabolism (9),
cell proliferation (10) and the immune response (11). Increasing
evidence has suggested that DECI1 is also an important
transcription factor in inflammation (12-14). The continuous
activation of DEC1 and the consequent elevation of the inflam-
matory cascade events has served as a crucial pathogenic
mechanism in a wide range of human inflammatory diseases,
such as periodontitis (12), autoimmune encephalomyelitis (13)
and rheumatoid arthritis (15).

It is well established that the activation of the Toll-like
receptor 4 (TLR4)/NF-«xB signaling pathway induces the
transcription of numerous cytokines to promote inflamma-
tory responses (16,17). For example, Zhang et al (12) reported
that DEC1 modulated Porphyromonas gingivalis-induced
periodontitis via the TLR4/NF-«xB signaling pathway. In fact,
the excessive activation of the TLR4/NF-kB inflammatory
pathway has been identified to be closely associated with the
development of MIRI (18,19). However, whether the activation
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of TLR4/NF-«xB could also be triggered by DECI1 during
MIRI remains largely unknown. Thus, further study into the
physiological function and underlying mechanisms of DEC1
in MIRI is required. The present study demonstrated that the
genetic silencing of DEC1 using RNA interference technology
reduced inflammation in MIRI by repressing the TLR4/NF-«B
signaling pathway. Thus, the present study provided a novel
insight into the potential mechanisms of DEC1 in MIRI and
may provide a novel therapeutic target for preventing MIRI.

Materials and methods

Animal studies. The procedures for the experiments and
animal care were approved by the Animal Care and Use
Committee of Hubei Polytechnic University and conformed
to the Guide for the Care and Use of Laboratory Animals
produced by the National Institutes of Health (20). A total
of 48 adult male Sprague-Dawley rats (age, 8 weeks; weight,
about 250 g) were purchased from Vital River Laboratory
Animal Technology Co., Ltd. and housed at 23+2°C with 50%
relative humidity, with a 12-h light/dark cycle and ad libitum
access to food and water.

Small interfering RNA (siRNA) interference. The adenovirus
(RNA interference) containing siRNA against DEC1 was
synthesized and generated with a pPBHGlox_EI1,3Cre plasmid
(Microbix Biosystems) using the AdMax system (Microbix
Biosystems) according to the manufacturer's protocols. A
scrambled sequence (500 ul; Sangon Biotech Co., Ltd.) was
used as the negative control. 293T cells (cat. no. CRL-1573;
American Type Culture Collection; 4x10° cells/ml) were
used to package and amplify the adenoviruses (500 ul) with
Lipofectamine™ 2000 (Invitrogen; Thermo Fisher Scientific,
Inc.) in DMEM (Gibco; Thermo Fisher Scientific, Inc.), supple-
mented with 10% FBS (Gibco; Thermo Fisher Scientific,
Inc.) at 37°C in a 5% CO, incubator for 10-15 days. After the
majority of 293T cells exhibited typical cytopathic effects,
samples were frozen-thawed at -70°C/37°C three times and
centrifuged at 7,000 x g at 4°C for 5 min. Virus supernatants
were subsequently collected. The final virus concentration was
1x10" plaque-forming units, as using the endpoint dilution
method (21).

Establishment of MIRI model rats. The 48 healthy male
SD rats were divided into four groups (n=12/group): The
sham group (Sham); I/R group (I/R); adenovirus expressing
green fluorescent protein Control group (Ad-G-Control); and
DECI-targeting RNA interference group (Ad-G-DEC1). The
rat MIRI model was prepared in the I/R, Ad-G-Control and
Ad-G-DECI groups. Briefly, sodium pentobarbital (30 mg/kg;
intraperitoneal) was used to anesthetize the rats and open the
chest. A volume of 80 y1 Ad-G-Control or Ad-G-DECI diluted
in saline (1x10' PFU/ml; 10 times diluted) was injected into
the heart wall of 8-week-old rats. A total of 4 days later, the rats
were re-anesthetized, the rats' chests were reopened and the
left anterior descending artery (LAD) was ligated using a 6-0
silk suture. Following 30 min of ligation, the circulation was
restored for ~4 h by removing the silk suture; when the rat's
limbs demonstrated slight movement (~70 min intervals), the
rats were re-anesthetized to keep them under anesthetic during
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this procedure. Post-reperfusion, the rats were sacrificed by
jugular vein injection of potassium chloride (75 mg/kg). Death
was confirmed using a standard body part II-lead electrocar-
diogram. Both blood (5 ml) and part of the anterior wall of
the left ventricular myocardium near the cardiac apex were
subsequently harvested from the rats. The sham groups served
as the control and no occlusion of the LAD was performed.

Determination of myocardial enzymes. Harvested blood was
centrifuged at 500 x g for 5 min at 4°C to obtain serum, which
was subsequently used to measure myocardial enzyme levels,
including creatine kinase (CK; cat. no. QS1107) and lactate
dehydrogenase (LDH; cat. no. QS1001) using commercially
available biochemical kits (Beijing Solarbio Science &
Technology Co., Ltd.), according to the manufacturers' proto-
cols. The data obtained are presented as U/I.

Detection of myocardial infarct area (IA)/area at risk (AAR).
Evans Blue/triphenyltetrazolium chloride (TTC) staining was
used to determine the IA following MIRI. In brief, the LADs
of the rats were immediately ligated following 4 h of reperfu-
sion and ~1 ml Evans blue (Sigma-Aldrich; Merck KGaA) was
intravenously injected to distinguish non-ischemic and risk
areas. Next, rats were sacrificed by injecting 75 mg/kg potas-
sium chloride into the jugular vein, after which hearts were
removed, frozen at -20°C for 10 min and sliced into 2 mm thick
sections. Sections were subsequently stained with 1.5% TTC
(Sigma-Aldrich; Merck KGaA) for 15 min at room tempera-
ture. The risk area was stained red, whilst the IA appeared
white. Image-Pro Plus 5.0 software (Media Cybernetics, Inc.)
was used to calculate the AAR (red + white) and IA (white).
The IA/AAR ratio was calculated for quantitative analysis.

Histological examination. The harvested hearts were fixed
in 10% formalin for 48 h at room temperature and embedded
in paraffin. Paraffin-embedded tissues were sliced into
4-um-thick sections and stained with hematoxylin and eosin
(hematoxylin staining, 5 min at room temperature; eosin
staining, 2 min at room temperature). Light microscopy
(magnification, x200) was used to observe the morphological
changes in the myocardial tissue following reperfusion in each

group.

Reverse transcription-quantitative PCR (RT-gPCR).RT-qPCR
was used to detect mRNA levels as previously described (19).
In detail, total RNA was extracted from the harvested hearts
using TRIzol® reagent (Invitrogen; Thermo Fisher Scientific,
Inc.) and reverse-transcribed into cDNA using the SuperScript
IV Reverse Transcriptase kit (Thermo Fisher Scientific, Inc.)
at 37°C for 60 min according to the manufacturer's protocol.
gPCR was subsequently performed using the SYBR Green
Master Mix kit (Thermo Fisher Scientific, Inc.) on the 7500
ABI Prism system in accordance with the manufacturer's
protocol. The following thermocycling conditions were used
for the qPCR: Initial denaturation at 95°C for 10 min; followed
by 40 of cycles of denaturation at 95°C for 30 sec, annealing at
60°C for 30 sec and elongation at 72°C for 30 sec. Data were
analyzed using the 222% method (22). The following primer
pairs were used for the qPCR: TLR4 forward, 5'-AGTGTA
TCGGTGGTCAGTGTGCT-3' and reverse, 5S'-"AAACTCCAG
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Figure 1. Delivery of DECl-targeting RNA interference decreases the
increased expression levels of DECI induced by I/R. (A) Reverse tran-
scription-quantitative PCR and (B) western blotting were used to analyze
the mRNA or protein expression levels, respectively, of DECL. Data are
presented as the mean + standard deviation (n=5). "P<0.05 vs. sham group;
"P<0.05 vs. the I/R group. DECI, deleted in esophageal cancer 1; I/R,
ischemia-reperfusion; Ad, adenovirus.

CCACACATTCC-3"; NF-kB forward, 5'-~AAGCACAGATAC
CACTAAGACGCA -3' and reverse, 5S"“TTCAGCCTCATA
GAAGCCATCC-3'; DECI forward, 5'-GTCTGTGAGTCA
CTCTTCAG-3' and reverse, 5-GAGTCTAGTTCTGTTTGA
AGG-3"; and GAPDH forward, 5-TGGCCTTCCGTGTTC
CTAC-3' and reverse, 5'-GAGTTGCTGTTGAAGTCGCA-3'.
The mRNA expression levels of DEC1, TLR4 and NF-xB
were normalized to GAPDH.

Western blotting. Western blotting was performed to detect
the protein expression levels of DEC1, TLR4, NF-xB and
GAPDH in the harvested hearts. Briefly, total protein was
extracted using the protein extraction kit (cat. no. P0028;
Beyotime Institute of Biotechnology). Total protein (40 ug)
was quantified using a bicinchoninic acid assay (Beyotime
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Institute of Biotechnology) and separated via 10% SDS-PAGE.
The separated proteins were subsequently transferred onto
PVDF membranes electrophoretically (EMD Millipore). The
membranes were blocked with 5% non-fat dry milk in PBS with
0.05% Tween-20 for 2 h at room temperature. Samples were
then incubated with the following primary antibodies at 4°C
overnight: Anti-DEC1 (1:600; cat. no. sc-101023; Santa Cruz
Biotechnology, Inc.), anti-TLR4 (1:500; cat. no. sc-10741; Santa
Cruz Biotechnology, Inc.), anti-NF-«B (1:600; cat. no. sc-514451;
Santa Cruz Biotechnology, Inc.) and anti-GADPH (1:1,000;
cat. no. sc-48166; Santa Cruz Biotechnology, Inc.). Following
the primary antibody incubation, the membranes were washed
3 times with TBS with 0.05% Tween and incubated with horse-
radish peroxidase (HRP)-conjugated anti-mouse (1:5,000; cat.
no. AS014), HRP-conjugated anti-goat (1:5,000; cat. no. AS064)
or HRP-conjugated anti-rabbit (1:5,000; cat. no. AS063; all,
ABclonal Biotech Co., Ltd.) IgG secondary antibodies for 2 h
at room temperature. Finally, protein bands were visualized
using an enhanced chemiluminescence system (Thermo Fisher
Scientific, Inc.). Quantity One 1-D software (version 4.6.9;
Bio-Rad Laboratories, Inc.) was used for densitometric analysis.

ELISAs. ELISA kits (R&D Systems, Inc.) were used to
determine the concentrations of interleukin (IL)-1p (cat.
no. SRLB00) and tumor necrosis factor (TNF)-a (cat.
no. SRTAQO) in the harvested hearts, according to the manu-
facturer's protocol.

Statistical analysis. Statistical analysis was performed using
SPSS 21.0 software (IBM Corp.) and data are presented as
the mean + standard deviation (n=5). Statistical differences
between two groups were determined using a Student's t-test,
whereas statistical differences between more than two groups
were analyzed using a one-way ANOVA, followed by a Tukey's
post hoc test for multiple comparisons. P<0.05 was considered
to indicate a statistically significant difference.

Results

Delivery of DECI-targeting RNA interference decreases the
increased DECI expression levels induced by I/R. Following
reperfusion, compared with the sham group, the mRNA and
protein expression levels of DEC1 were significantly increased
in the I/R group (P<0.05; Fig. 1A and B). Notably, following
the delivery of the DECl-targeting RNA inference, the expres-
sion levels of DEC1 were significantly decreased compared
with the I/R and Ad-G-Control groups (P<0.05; Fig. 1).

Delivery of DECI-targeting RNA interference decreases the
concentration of serum marker enzymes. LDH and CK are
commonly used as molecular markers for myocardial injury (23).
The activities of CK and LDH were significantly increased in the
I/R group compared with the sham group (P<0.05; Fig.2A and B);
however, following the delivery of DECl-targeting RNA inter-
ference, the concentration of CK and LDH in the Ad-G-DEC1
group was significantly decreased compared with the I/R and
Ad-G-Control groups (P<0.05; Fig. 2).

Decreased expression levels of DECI decreases the IA. To
quantitatively determine the extent of myocardial injury,
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Figure 2. Delivery of DECI-targeting RNA interference decreases the levels of serum marker enzymes. (A) CK and (B) LDH activities were detected using
commercially available biochemical kits and demonstrated significantly decreased activites following the gene transfer of Ad-G-DECI. Data are presented
as the mean + standard deviation (n=5). "P<0.05 vs. sham group. “P<0.05 vs. the I/R group. DECI, deleted in esophageal cancer 1; CK, creatine kinase; LDH,

lactate dehydrogenase; I/R, ischemia-reperfusion; Ad, adenovirus.
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Figure 3. Downregulation of DEC1 expression decreases infarct size.
(A) Representative pictures of Evans and triphenyltetrazolium chloride
staining in each group. (B) IA/AAR was used to evaluate the IA. Data are
presented as the mean + standard deviation (n=5). "P<0.05 vs. sham group.
"P<0.05 vs. the I/R group; IA, infarct area; AAR, area at risk; DECI, deleted
in esophageal cancer 1; I/R, ischemia-reperfusion; Ad, adenovirus.

the IA/AAR was calculated. The IA/AAR was identified
to be 56.4+6.2% in the I/R group (Fig. 3). Notably, the
downregulation of DEC1 expression in Ad-G-DECI1 group
exerted a cardioprotective effect by reducing IA/AAR
during MIRI compared with the I/R group (P<0.05; Fig. 3).
However, no significant effect on IA/AAR was observed
in the Ad-G-Control group compared with the I/R group
(P>0.05; Fig. 3).

Histopathological evaluation of the heart tissue. In the I/R
group, the myocardial fibers were observed to be disorganized
and ruptured, exhibiting signs of edema (Fig. 4). Notably, the
transfection of the DEC1-targeting RNA interference vector
partially decreased the myocardial damage. Furthermore, no
significant effect was observed in the histological morphology
of the heart tissue in the Ad-G-Control group compared with
the I/R group (Fig. 4).

Determination of the levels of IL-18 and TNF-a. ELISAs
were used to detect the concentrations of IL-1 and TNF-a
in the harvested specimens. It was revealed that the levels of
IL-1p and TNF-a were significantly increased in the I/R group
compared with the sham group, whereas the downregulation of
DECI1 expression significantly decreased their levels compared
with the I/R and Ad-G-Control groups (P<0.05; Fig. 5).

Downregulation of DECI expression inhibits the TLR4/NF-xB
signaling pathway. To investigate the underlying mechanisms
of DECl-induced I/R injury, the expression levels of TLR4
and NF-«B were determined. I/R significantly increased the
mRNA and protein expression levels of TLR4 and NF-kB
compared with the sham group (P<0.05; Fig. 6A-C). However,
the delivery of the DECl-targeting RNA interference at the
onset of I/R significantly decreased the expression levels
of TLR4 and NF-«B compared with those in the I/R and
Ad-G-Control groups. Therefore, these results suggested that
I/R injury may be suppressed via the downregulation of DECI,
which may occur through its ability to inhibit the TLR4/NF-«xB
signaling pathway.

Discussion

MIRI is an important cause of myocardial damage and it is an
unsolved problem in clinical practice (24). Inflammation has
been identified to serve a crucial role in MIRI and a persistent
proinflammatory reaction promotes a series of complications
following reperfusion therapy (25,26). Therefore, effectively
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Figure 4. Histological investigations of the heart tissues. The myocardial fibers in the sham group were arranged in an orderly fashion. In the Ad-G-Control
I/R groups, the myocardial fibers were disorganized and ruptured alongside the presence of edema. Transfection of the DECI-targeting RNA interference
vector partially decreased the myocardial damage. Scale bar=100 pm; magnification, x200. DEC1, deleted in esophageal cancer 1; I/R, ischemia-reperfusion;

Ad, adenovirus.
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Figure 5. Downregulation of DEC1 expression decreases inflammatory responses. ELISAs were used to analyze the concentrations of (A) TNF-a and (B) IL-18
in the harvested hearts. Inflammatory factors were significantly increased in I/R group; however, the downregulation of DEC1 decreased TNF-o and IL-13
levels. Data are presented as the mean + standard deviation (n=5). "P<0.05 vs. sham group; “P<0.05 vs. the I/R group. DECI, deleted in esophageal cancer 1;
I/R, ischemia-reperfusion; IL-1p, interleukin-1f3; TNF-a, tumor necrosis factor-a; Ad, adenovirus.

decreasing inflammation may be an important therapeutic
target to improve the outcomes for MIRI. A previous study has
found that DECI served an important role in various physi-
ological functions, including cell differentiation, circadian
rhythm regulation, hypoxia and inflammatory responses (27).
Thus, in the past decade, DECl-mediated inflammatory
activation has become an important topic of research (12,14);
however, it is unclear whether there is an association between
DECI-mediated inflammatory activation and MIRI. In the
present study, it was observed that the downregulation of
DECI by RNA interference decreased MIRI, which is char-

acterized by the decreased release of LDH/CK and infarct
area. In addition, DECI silencing inhibited the protein
expression levels of inflammation-related cytokines, such as
IL-1p and TNF-a. In the mechanistic studies, it was observed
that the downregulation of DECls significantly inhibited the
TLR4/NF-«xB signaling pathway. The aforementioned results
therefore indicated that DEC1 silencing may possess a marked
ability to ameliorate I/R-induced damage and inflammation by
inhibiting the TLR4/NF-«B signaling pathway.

TLR4 is a major cell surface initiator of inflammatory
responses (28). Accumulating evidence has suggested that
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Figure 6. Downregulation of DEC1 expression inhibits the TLR4/NF-«xB
signaling pathway. mRNA and protein expression levels of TLR4 and
NK-«B were analyzed using (A) reverse transcription-quantitative PCR and
(B and C) western blotting respectively. The downregulation of DEC1 expres-
sion inhibited the expression levels of TLR4 and NF-kB mRNA and protein.
Data are presented as the mean + standard deviation (n=5). "P<0.05 vs. sham
group; “P<0.05 vs. the I/R group. DECI, deleted in esophageal cancer 1; I/R,
ischemia-reperfusion; TLR4, Toll-like receptor 4; Ad, adenovirus.

TLR4-mediated signal transduction is activated during the
process of MIRI (29,30). Notably, Zhang et al (12) identified
that the inflammation-associated transcription factor DEC1
regulated the cellular responses in P. gingivalis infection by
promoting the production of IL-1f and TNF-a through the
activation of TLR4. Meanwhile, the downregulation of DEC1
expression also decreased their expression levels and decrease
the severity of periodontitis (12). With regards to the possible
involvement of DEC1 in TLR4-associated inflammation, it
was thus hypothesized that DECI may also serve a proinflam-
matory role in response to an I/R insult. Consistent with the
aforementioned data, the results of the present study indicated
that the DECl-associated inflammatory signaling pathway was
activated in the process of MIRI and inhibiting DEC1 expres-
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sion via RNA interference decreased the expression levels of
IL-1p, TNF-a and TLR4, which weakened the myocardial
damage observed. Consequently, the present study provided
evidence to suggest that DEC1-mediated TLR4 activation may
participate in myocardial I/R; however, the potential mecha-
nisms remain unknown.

NF-kB has a broad role in inflammation and other
natural and pathological processes; its important role in the
cardiovascular system following TLR4 activation been well
established (31,32). Notably, numerous studies have provided
evidence that the TLR4/NF-kB signaling pathway served an
important role in the pathological process of MIRI (18,19).
For example, Olkkonen et al (15) indicated that the DEC gene
enhanced NF-xB binding to DNA to increase IL-1f expres-
sion levels in human fibroblasts. Therefore, it was necessary to
investigate whether DEC1-mediated TLR4 signal transduction
in MIRI was activated synergistically with NF-«B; the data
from the present study demonstrated that DEC1 silencing also
significantly decreased the expression levels of NF-«xB.

The cytokine cascade in the inflammatory processes
is a highly complex system (33). IL-1p and TNF-a are both
proinflammatory cytokines, which have been previously
implicated in the pathophysiology of MIRI (34). In addition,
DECI has been confirmed to be an important transcription
factor in inflammation by activating immune cells (CD4*
T cells) and controlling the expression of multiple immu-
nomodulatory genes, such as IL-1§ and TNF-a (12,14).
Martinez-Llordella et al (13) also reported that DEC1-deficient
mice exhibited an increased production of IL-10, but no effect
on IFN-vy levels. Based on these results, DEC1 was silenced
and the concentrations of IL-1f and TNF-a were detected in
the myocardium following I/R in the present study. The results
revealed that DECI silencing exerted protective effects against
I/R injury by inhibiting the production of IL-1f and TNF-a.
IL-1p and NF-xB have been identified to independently
contribute to the increased expression of DECI, an effect that
is dependent upon the PI3K/AKT signaling pathways, amongst
others (14,15). Taken together, these results suggested that the
downregulation of DEC1 may not only decrease the levels of
IL-1p and TNF-a directly, but it may also disturb the positive
feedback loop between these inflammatory factors and DECI.

In conclusion, the results of the present study demonstrated
that the downregulation of DEC1 expression alleviated MIRI
by attenuating inflammation in a TLR4/NF-xB-dependent
manner. However, multiple other signaling pathways are
considered to be involved in the pathophysiological processes
of MIRI. Thus, further studies are required to investigate
whether there are any other signaling pathways involved in
the regulation over DEC1 in MIRI. Taken together, the present
results suggested that DEC1 may be a prospective therapeutic
option for MIRI.
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