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mitigates myocardial ischemia-reperfusion injury by inhibiting
the TRAF6/NF-kB/NLRP3 pathway
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ABSTRACT

Objective(s): This study aimed to assess the dose-dependent effect of DADLE and to explore its
relationship with the TRAF6/NF-kB/NLRP3 pathway.

Materials and Methods: After 45 min of ischemia, reperfusion was sustained for 24 hr in mice to
establish the myocardial infarction model. DADLE was administered at doses of 0.25, 0.5, or 1 mg/
kg to this model. TTC-Evans Blue double staining, HE staining, and Masson staining were conducted
to evaluate myocardial injury. TUNEL staining was used to detect apoptosis. Western blotting
and immunofluorescence staining were applied to measure levels of TRAF6, NF-kB p65, NLRP3,
caspase-1, pro-caspase-1, and ASC. ELISA assays were used to assess TNF-a and IL-1p levels.
Results: DADLE at all three doses lessened the infarcted area compared with the PBS control. DADLE
at 0.5 mg/kg was more efficacious than 0.25 and 1 mg/kg in reducing the infarcted size, pathological
scores, and fibrosis. DADLE effectively reduced the number of apoptotic cells as shown by the
TUNEL assay. Levels of TRAF6, NF-kB p65, ASC, NLRP3, caspase-1, and pro-caspase-1 proteins
were increased after ischemia-reperfusion (I/R) but were reversed by DADLE. Immunofluorescence
staining results for NF-kB and NLRP3 demonstrated similar changes. ELISA assays showed that TNF-a
and IL-1B concentrations were increased in the model and reversed by DADLE.

Conclusion: DADLE can significantly ameliorate myocardia ischemia-reperfusion injury (MIRI), with
the dosage of 0.5 mg/kg presenting the greatest benefit. DADLE may exert its protective effects by
activating the TRAF6/NF-kB/NLRP3 signaling pathway.
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Introduction

Coronary atherosclerotic heart disease (CHD) remains
theleading cause of mortality globally (1). Inrecent years, the
mortality rate related to acute myocardial infarction (AMI)
has been increasing (2). Although coronary reperfusion
therapies rescue endangered myocardial cells, the
restoration of blood flow paradoxically aggravates ischemic
injury, resulting in reperfusion arrhythmia, myocardial
dysfunction, and even death (3, 4). Since myocardial
ischemia-reperfusion injury (MIRI) undermines the benefit
of restoring coronary artery blood flow, effective strategies
to alleviate MIRI are urgently needed.

Opioid receptors, including g (mu), k (kappa), and &
(delta), play critical roles in regulating the physiological
functions of myocardial cells (5). DADLE is a synthetic
agonist specifically targeting the § opioid receptor (DOR)
(6). Our research group has extensively studied DADLE’s
protective role against ischemia-reperfusion injury (IRI)
and its underlying mechanisms. Our previous study
revealed that DADLE significantly alleviated myocardial
injury and enhanced cardiac functions in mice by down-
regulating the Wnt/p-catenin pathway through various

experimental methods (7). However, the dose-effect
relationship and mechanisms through which DADLE
mitigates MIRI remain incompletely understood. The
protective mechanisms of DOR agonists in IRI include
suppression of apoptosis, inhibition of oxidative stress,
and attenuation of inflammatory responses (8, 9). We have
previously confirmed that DADLE mitigates inflammation
through down-regulating the TLR4/NF-«B pathway in the
brain (10). NF-kB, triggered by multiple inflammatory
cascades during reperfusion, induces overexpression of
proinflammatory chemokines and cytokines, including IL-
1B and TNF-a, which amplify the inflammatory response
and eventually exacerbate MIRI (11, 12). TRAF®6, a critical
signal transducer, is mainly involved in classical NF-«xB
signaling activated by TLR and IL-1 (13, 14). Whether
DADLE’s cardioprotective effects involve the TRAF6/NE-
kB pathway remains to be determined.

The progression of MIRI has been shown to be closely
associated with pyroptosis, a recently characterized
mechanism of programmed inflammatory cell death. (15).
The classical pyroptosis pathway depends on caspase-1
activation, which is initiated by the formation of the
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inflammasome complex. This complex consists of NLRP3,
apoptosis-associated speck-like protein with a caspase
recruitment domain (ASC), and pro-caspase-1 (16).
Upon activation, pro-caspase-1 is cleaved to form the
active enzyme, caspase-1, which facilitates the secretion
of downstream cytokines, such as IL-1p (17). Studies have
demonstrated that inhibiting pyroptosis can significantly
mitigate MIRI (18-20). Targeting pyroptosis represents a
promising therapeutic strategy to mitigate inflammation
and myocardial injury (21).

In this study, we investigated the dose-dependent
effects of DADLE on MIRI and explored its underlying
mechanisms, including its ability to mitigate MIRI via the
TRAF6/NF-kB/NLRP3 signaling pathway. The findings of
this study aim to provide novel therapeutic strategies for
improving patient outcomes in myocardial infarction (MI).

Materials and Methods
Reagents
DADLE, antibodies against NF-xB p65, TRAF6,

pro-caspase-1, NLRP3, caspase-1, and ASC were all
obtained from Abcam Biotechnology (Cambridge, MA,
USA). Evans blue and TTC were bought from Beyotime
Biotechnology (Shanghai, China). Secondary antibodies
were acquired from Share Biotechnology (Shanghai,
China). TNF-a and IL-1P ELISA kits were purchased from
Enzyme Immunoassay Biotechnology (Wuhan, Hunan,
China). The TUNEL assay kit was purchased from Beyotime
Biotechnology (Shanghai, China).

Animal and ethics statement

C57BL/6] mice, weighing between 22 and 26 g, were
obtained from Ziyuan Experimental Animal Technology
in Hangzhou, Zhejiang, China. Upon arrival, the mice were
acclimated in a regulated environment with a consistent
temperature and relative humidity. The mice were provided
with unrestricted access to food and water. The Ethics
Committee of Shanghai Tongji University approved all
experimental procedures (Approval No. TJBH02121201).

Administration of drugs in individual groups
Fifty mice were randomly assigned numbers, and their
weights were recorded. A computer randomized method
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was used to divide the mice into five groups: a sham group,
a PBS control group (n = 10), the D1 group (DADLE at 0.25
mg/kg, n = 10), the D2 group (DADLE at 0.5 mg/kg, n = 10),
and the D3 group (DADLE at 1 mg/kg, n = 10). DADLE was
prepared in PBS for all dosing regimens. During the ischemic
phase, 5 min before reperfusion, either PBS or the specified
dose of DADLE was administered intraperitoneally. The
surgical procedure in the sham group was identical, except
that the LAD of the mice was not ligated. Both the control
and sham groups were given PBS of equal volumes according
to the same administration protocol as the DADLE groups.
The summary of the experimental procedures is presented
in Figure 1A.

Mpyocardia ischemia-reperfusion (MI/R) modeling

The experimental model is identical to our previous
one (7), refined from the classic model (22). Mice were
adequately sedated using 5% isoflurane. Myocardial
ischemia was then induced via a left thoracic incision to
expose the heart, followed by occlusion of the LAD. After
45 min of ischemia, the LAD ligation was loosened, and
reperfusion was maintained for 24 hr. The sham group
went through the same surgical procedure without LAD
occlusion. Twenty-four hours after MI/R induction, heart
tissue samples were collected for subsequent experiments.

HE staining and Masson trichrome staining

Heart tissue samples were dissected and fixed in formalin.
These samples were then dehydrated and embedded in
paraffin. 5-um-thick sections were sliced and mounted on
glass slides. H&E and Masson staining were performed by
following the protocol. Morphological characteristics were
subsequently analyzed, and representative images were
captured with a bright-field microscope.

Pathological evaluation of each heart section was
performed according to our previous scoring system,
based on the classic one (23): zero = no injury; one = focal
injury; two = multiple injury with minor inflammation,
with occasional disorganization of myocardial fibers; three
= extensive myofibrillar necrosis and/or inflammation,
where moderate damage and fracture of fibers are observed,
and four = necrocytosis with wide inflammation, where
myocardium show extensive damage, accompanied by

LS min—l
PBS PBS
or (Preischemia Ischemia 45 min | Reperfusion 24 h :
DADLE ’F*5 min—| sampling
PBS or DADLE 0.25 mg/kg (D1), 0.5 mg/kg (D2) and 1mg/kg (D3)
e X X X X
C
$06
4 -
D1 S "
<

X X X K X BN

0.2

% o
<)
o’

- POO60e

Figure 1. DADLE of different doses significantly decreased the cardiac infarct area in C57BL/6] mice
(A) Schematic diagram depicting the experimental procedures. (B) Typical pictures of 2,3,5-triphenyl tetrazolium chloride (TTC)-Evans blue staining in the sham, PBS control,
D1 (0.25mg/kg), D2 (0.5mg/kg), and D3(1mg/kg) groups following myocardia ischemia-reperfusion (MI/R). (C) Ischemic area (IA) /area at risk (AAR) (%). Results are presented
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widespread inflammation, and significant disorganization of
myocardial fibers. For each slide, three random visual fields of
the ischemic region were selected, and pathology scores were
assigned. The analysis was conducted by two independent
observers unaware of the experimental protocol.

TTC-Evans blue double staining

After 24 hr of I/R treatment, again LAD was ligated.
Evans blue solution was infused into the heart. Subsequently,
the heart sample was dissected and sliced into 2 mm-thick
sections. The slices were then treated with TTC for 15
min. The devitalized tissue was stained white, while the
viable myocardium turned brick-red. Non-ischemic areas
appeared blue. Both areas at risk of ischemia (AAR, white
and brick-red) and the ischemic area (IA, white) were
pictured and analyzed using Image]. The ratio of IA to AAR
(%) was applied to assess alterations of the infarct area.

Western blot

Proteins were extracted from heart tissue, separated
by SDS-PAGE, and subsequently transferred to a PVDF
membrane. The membrane was incubated with primary
antibodies targeting NF-kB p65, TRAF6, NLRP3, ASC,
caspase-1, pro-caspase-1, and GAPDH at 4 °C for 16 hr.
Following this, the membrane was washed and incubated
with appropriate secondary antibodies at room temperature
for 1 hr. The protein bands were detected using an enhanced
chemiluminescence (ECL) system for visualization.
Quantitative analysis of the blots was performed using Image].

TUNEL staining

Apoptosis was assessed using a TUNEL assay kit following
the manufacturer’s instructions. In the fluorescence images,
TUNEL-positive nuclei appeared green. The percentage of
TUNEL-positive cells was calculated from the captured images.

Immunofluorescent staining

The embedded paraffin sections were dewaxed and
subjected to antigen retrieval. Non-specific binding sites were
then blocked using bovine serum albumin. The slices were
incubated separately with a goat anti-NLRP3 antibody and
a Rabbit anti-NF-kB antibody at 4 °C overnight, followed by
incubation with a Goat anti-rabbit IgG (H+L) cross-adapted
secondary antibody at 37 °C for 30 min. Finally, they were
counterstained with DAPI in the dark. Visualization was
performed using a fluorescence microscope. The relative
fluorescence intensity was analyzed using Image].

ELISA

Blood samples were drawn from the ocular artery in the
mouse. After centrifugation, the supernatant was gathered.
The concentrations of serum TNF-a and IL-1( were assessed
using ELISA kits according to the manufacturer’s protocols.

Statistical analysis

Data were analyzed using SPSS 26. Statistical significance
was evaluated using one-way ANOVA or Student’s t-test. All
figures were presented as mean + SD. A P-value below 0.05
indicates statistical significance.

Results

DADLE at different doses mitigated MIRI in mice
TTC-Evans blue double staining and HE staining

were utilized to evaluate the extent of MIRI following

DADLE administration. TTC-Evans blue double staining

demonstrated infarcted areas (Figure 1B). All three doses

of DADLE significantly reduced the infarct size (P<0.01).
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As shown in Figures 1C and 1D, DADLE at 0.5 mg/kg (D2
group) reduced infarct size compared to 0.25 mg/kg (D1
group); however, increasing the dose to 1 mg/kg (D3 group)
did not result in a further reduction.

Representative  pathological photographs of the
myocardium in the ischemic region at lower magnification
are exhibited in Figure 2A-E. Representative HE photographs
of ischemic cardiomyocytes at higher magnification are
shown in Figure 2F-]. As indicated in Figure 2K, similar
to the trend in Figure 1C, increasing the dosage from 0.25
mg/kg (D1 group) to 0.5 mg/kg (D2 group) reduced the
pathological score (P<0.01), but further increasing the dose
did not provide additional benefit.

Masson staining was applied to determine fibrosis.
As illustrated in Figure 2L-P, DADLE effectively reduced
fibrosis during the early stage of cardiac remodeling,
demonstrating a trend similar to the pathological changes.

DADLE inhibited the activation of the NF-xB pathway
induced by MI/R

The effect of DADLE on the NF-kB pathway was assessed
via western blot and ELISA. After experiencing I/R, NF-
KB p65 expression increased in the PBS group, as shown
by Western blot (Figure 3). DADLE at both doses of 0.25
and 0.5 mg/kg significantly reversed NF-kB p65 expression
observed in model mice (both P<0.01). TRAF6 expression
also decreased with DADLE treatment compared with the
PBS control group, with a more pronounced reduction
observed in the D2 group (P<0.01) than the D1 group
(P<0.05).

ELISA data presented significantly elevated levels of
inflammatory mediators (TNF-a and IL-1f) in the PBS
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Figure 2. DADLE of different doses alleviated mouse myocardial
pathological injury and fibrosis

(A-E) Typical HE-stained myocardial images in the ischemic region at a low
magnification. Scale bars = 50 um. (F-J) Typical myocardial images at a higher
magnification. Scale bars = 20 um. (L-P) Typical images of Masson staining. Scale
bars = 20 um. (A, E, L) Sham group. (B, G, M) PBS control group. (C, H, N) D1 group.
(D, 1, O) D2 group. (E, ], P) D3 group. (K) Analysis of histopathology scores. *P<0.05
vs PBS group. **P<0.01 vs PBS group. D1 group: DADLE at 0.25 mg/kg. D2 group:
DADLE at 0.5 mg/kg. D3 group: DADLE at 1 mg/kg.
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Figure 3. DADLE suppressed protein expressions of the NF-kB/NLRP3 signaling pathway in mice
(A) Expression levels of NF-kB p65, NLRP3, caspase-1, pro-caspase-1, TRAF6, and ASC on Western blot. (B) Quantitative analysis of NF-kB p65, TRAF6, NLRP3, ASC, caspase-1,
and pro-caspase-1 expressions. (C) TNF-a and IL-1{ levels by ELISA assay. *P<0.05 vs PBS. **P<0.01 vs PBS. #P<0.05 vs sham. ##P<0.01 vs sham.

control group following I/R (Figure 3C). DADLE at all three
dosages significantly reduced the levels of the two mediators
(P<0.01 or P<0.05), especially in the D2 and D3 groups
(both P<0.01).

DADLE treatment suppressed pyroptosis and apoptosis
following MI/R injury

Myocardial pyroptosis was investigated through Western
blot and immunofluorescence staining. As indicated in
Figure 3, pyroptosis was induced by IRI, evidenced by
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elevated protein levels of caspase-1, pro-caspase-1, ASC,
and NLRP3. Increase in these proteins was partially
reversed by DADLE treatment. DADLE at a dosage of
0.5 mg/kg produced a more notable reduction in protein
expression than 0.25 mg/kg. ASC, pro-caspase-1, caspase-1,
and NLRP3 expression was significantly reduced in both the
D1 (P<0.05) and the D2 group (P<0.01).

Similar to the pyroptosis trend, DADLE mitigated the
elevated levels of apoptosis, as demonstrated by TUNEL
staining at various doses (Figure 4A-B).
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Figure 4. DADLE suppressed apoptosis and pyroptosis following mouse myocardia ischemia-reperfusion injury (MIRI)
(A, B) Typical images and quantification of TUNEL staining. The nuclei of apoptotic cells stained green. Scale bar = 20 um. (C, E) Typical images of NF-kB p65 and NLRP3 after
immunofluorescence staining. (D, F) Quantification of NF-kB p65 and NLRP3 expressions (blue: DAPI; red: NLRP3). *P<0.05 vs PBS. **P<0.01 vs PBS.
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Immunofluorescence staining corroborated the western
blot findings. Representative images of NF-kB p65 and
NLRP3 proteins were shown in Figure 4C and Figure 4E.
Quantitative analysis revealed a significant increase in these
proteins after I/R, while DADLE at 0.25 and 0.5 mg/kg
notably reduced their expression (Figures 4D and 4F).

Discussion

In the present study, DADLE, at different doses,
alleviated cardiomyocyte necrosis, fibrosis, and apoptosis as
assessed by HE, TTC, Masson, and TUNEL staining. When
the DADLE dose was doubled from 0.25 to 0.5 mg/kg, the
protective effect was further enhanced. However, at a dosage
of 1 mg/kg, the effect diminished. The dose-response trend
indicates that neither excessive nor inadequate dosing yields
optimal results. This reduction may be linked to an increase
in toxic side effects resulting from excessive dosages. These
results are consistent with our previous findings (7). In
the latter study, DADLE at a dose of 0.5 mg/kg can reduce
the area of MI, lower the pathological score, decrease the
release of CK-MB and LDH in the myocardium, lower the
EF value by cardiac ultrasound, and reduce the expression
of caspase-3 protein. Our reperfusion period was set at 24
hr following 45-min ischemia, allowing us to investigate the
effects of pharmacological interventions on early cardiac
remodeling.

DOR was reported to be present in both animal and
human hearts (24, 25). DOR agonists have been shown
to provide cardioprotection in animals and in human
myocardial cells (26, 27). However, some studies reported
conﬂicting results. For instance, DOR was absent in human
and rat engineered myocardial cells (28), and activation of
DOR in human atrial cells reduced contractile activity in
vitro (29).

Several factors may account for these discrepancies.
Studies showed that stimulation of DOR in the spinal cord
and adrenal glands may exert cardioprotective effects (30),
whileinteractions between DOR and adenosine A1 receptors
can enhance the protective effect (31). These complex
mechanisms suggest that DOR may function differently in
vivo compared with in vitro. Furthermore, DOR expression
may decrease in fibrillating human atria (32) and increase
in ventricular myocytes during ischemic events (33),
suggesting that DOR distribution in myocardial cells may be
uneven and subject to pathological changes. This variability
in DOR expression under different conditions may account
for the conflicting results, warranting further investigation.

Acute MI triggers an inflammatory response that causes
initial myocardial damage. IRI, which occurs when blood
flow is restored after MI, leads to a secondary inflammatory
storm that exacerbates myocardial injury (34). The
inflammatory mechanism plays a central role throughout
the MIRI process. During MIRI, NF-«B is indispensable for
regulating the transcription of genes encoding inflammatory
factors, exemplified by IL-1p and TNF-a (35). These
inflammatory mediators continuously activate NF-kB,
exacerbating myocardial injury after reperfusion (36, 37).
One recent study found that activation of x-opioid receptors
suppresses NF-kB signaling in rat hearts undergoing MI/R
(38). Another study by Zhang et al. showed that the p-opioid
receptor agonist remifentanil alleviated MIRI via the NF-
KB pathway (39). Our study is the first to confirm that the
NF-xB signaling pathway mediates the cardioprotective
effects of a §-opioid agonist. Furthermore, our previous
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research demonstrated that DADLE alleviated cerebral IRI
by modulating the TLR4/NF-«B signaling pathway (10).
In this study, DADLE significantly reduced NF-«kB and
inflammatory mediator levels in myocardial cells.

In addition, TRAF6 plays an indispensable role in the
NF-kB-mediated inflammatory response (40, 41). TLR4
recruits MyD88, interacts with TRAF6, and transmits
signals to activate the NF-«xB p65 protein (42). In a study by
Meng et al. (43), IMTP modified MEs-miR-146a exerted the
cardioprotective effect by suppressing the IRAK1/TRAF6/
NF-«B signaling pathway. Inhibiting TRAF6 can reduce
the activity of the NF-kB pathway, alleviate MIRI, and
ameliorate heart failure (44). Our results align with these
findings, highlighting the key role TRAF6 plays in DADLE’s
cardioprotective effects.

NF-kB is directly linked to the regulation of pyroptosis
(45). Activation of the NLRP3 inflammasome involves
two key processes: firstly, the transcription of the NLRP3
component via the TLR4/NF-kB pathway; and secondly, the
assembly of the inflammasome complex, which comprises
NLRP3, ASC, and caspase-1. These processes lead to the
activation of caspase-1, resulting in the conversion of
pro-IL-1P into IL-1B (46). In a study by Hua et al. (47), it
was shown that the NF-kB/NLRP3/Caspase-1 pathway
played a mediating role in cardioprotection after acute MI,
improving cardiac functions and alleviating cardiomyocyte
injury. Zhang et al. (48) reported that diannexin
administration modulated TLR4/NF-kB/NLRP3 activation
in MI/R mice. Our current findings showed that DADLE
alleviated myocardial injury after MIRI through the NF-
kB/NLRP3 inflammatory signaling pathway. We presented
novel evidence of the involvement of the TRAF6/NF-«kB/
NLRP3 pathway in MIRI. Interestingly, TUNEL staining
revealed that DADLE’s inhibitory effect on apoptosis closely
mirrored its effect on pyroptosis. DADLE at 0.5 mg/kg
demonstrated superior pyroptosis and apoptosis inhibition
compared to 0.25 mg/kg.

However, our research also has limitations. First, while
the reperfusion time in our experiment was set at 24 hr,
extending it to one or two weeks could provide further
insights into DADLE’s effects on cardiac remodeling.
Second, we focused solely on changes in pyroptosis-
associated proteins after DADLE administration without
exploring protein interrelationships. Future gene knockout
experiments are planned to investigate specific roles within
the signaling pathway. Additionally, as our experiments were
conducted in mice, further studies are required to validate
the therapeutic effects and the underlying mechanisms in
human cardiomyocytes.

Conclusion

The protective effect of DADLE is dose-dependent, with a
dose of 0.5 mg/kg showing the greatest benefit. The TRAF6/
NF-kB/NLRP3 signaling pathway may mediate DADLE’s
protective effects. These lay the foundation for future drug
discovery for MIRI.
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