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Background: Mitochondrial calcium uptake-induced mitophagy may play an essential role in myocardial ischemia/reperfusion (MI/
R) injury. Diltiazem hydrochloride (DIL), a traditional calcium channel blocker, can alleviate MI/R injury by blocking calcium
overload. However, whether the protective mechanism of DIL involves mitophagy remains elusive. This study aimed to clarify the
underlying molecular mechanism by which DIL ameliorates MI/R injury by downregulating mitophagy in vivo and in vitro.
Methods: Thirty rats were randomized into three groups: the sham, MI/R, and MI/R+DIL (1 mg/kg) groups (n = 10/per group). MI/R
injury was induced by ligating the left anterior descending (LAD) artery for 30 min followed by 60 min of reperfusion in vivo. H9C2
cells were selected to establish an oxygen-glucose deprivation/recovery (OGD/R) model to simulate MI/R injury in vitro. The potential
mechanism by which DIL alleviates MI/R injury was analyzed based on tissue morphology, mitophagy-related gene transcription, and
protein expression.

Results: According to histological and immunohistochemical evaluations, DIL significantly alleviated myocardial damage in vivo.
Moreover, DIL significantly increased cell viability, attenuated OGD/R-induced apoptosis, and inhibited mitochondrial autophagy
in vitro. Mechanistically, DIL attenuated mitochondrial autophagy through the upregulation of dual-specificity protein phosphatase 1
(DUSP1) and the downregulation of c-Jun N-terminal kinase (JNK) and Bcl2 interacting protein 3-like (BNIP3L, also known as NIX)
expression.

Conclusion: Diltiazem hydrochloride protects against myocardial ischemia/reperfusion injury in a BNIP3L/NIX-mediated mitophagy
manner in vivo and in vitro.

Keywords: diltiazem hydrochloride, calcium channel blockers, myocardial infarction, myocardial ischemia/reperfusion injury,
mitophagy

Introduction

The coronary atherosclerotic heart disease is the most common fatal cardiovascular disorder, and acute myocardial
infarction (AMI) is a major cause of cardiovascular death.'* Rapid restoration of myocardial perfusion after AMI is
crucial for maintaining cardiac function; however, reperfusion acts as a double-edged sword which may aggravate
myocardial injury, termed myocardial ischemia/reperfusion (MI/R) injury.® In recent years, researchers have conducted
in-depth explorations of this phenomenon. Heusch et al,* Moens et al,” and He et al® have detailed the various
pathophysiological mechanisms that occur during myocardial ischemia-reperfusion, including oxidative stress, inflam-
matory responses, apoptosis, and mitochondrial dysfunction. Although Bai et al” have provided a systematic review of
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the research on myocardial ischemia-reperfusion injury, the exact mechanisms of MI/R injury have not yet been fully
elucidated and deserve further exploration.

Cardiomyocyte death, mainly triggered by a serious shortage of adenosine triphosphate (ATP), is the fundamental
pathological outcome of MI/R injury.® Mitochondrial oxidative phosphorylation is the major source of ATP in cardiac
myocytes.” Thus, mitochondrial dysfunction plays a key role in MI/R injury'®!'" Mitochondrial autophagy, also known as
“mitophagy”, a form of selective mitochondrial autophagy, was first reported in 2005'* and effectively ensures
mitochondrial quality and cell survival.'*'* Recent studies have revealed that basal mitophagy can effectively eliminate

damaged or dysfunctional mitochondria and maintain cellular homeostasis,'>'®

while excessive mitophagy may lead to
a low mitochondrial mass, insufficient energy production, and exacerbation of cell damage.'” Immoderate reactive
oxygen species (ROS) production induced by MI/R injury triggers impairment of mitochondrial function, which in turn
further activates excessive mitophagy, resulting in impaired mitochondrial ATP production and destruction of cardio-
myocyte structure and function.'® Therefore, excessive mitophagy is a significant pathological feature of MI/R injury.
Mitochondrial calcium overload can lead to mitophagy.'® Downregulation of excessive mitophagy is a key strategy for
myocardial salvage.?’ Excessive mitophagy triggered by oxidative stress occurs in a BNIP3L/NIX-dependent manner.>'~
23 A high level of mitochondrial ROS caused by MI/R injury promotes the overexpression of the hypoxia-inducible
factor HIF-1, resulting in increased expression of the mitophagy receptor BNIP3L/NIX,** which then leads to severe
mitophagy-induced tissue cell apoptosis.”> The DUSP1-JNK-BNIP3L/NIX axis has recently been reported to be
a possible critical signaling pathway regulating mitophagy.”®>*

Although the classical calcium channel blocker diltiazem hydrochloride (DIL) markedly inhibits calcium overload
and stabilizes the mitochondrial membrane potential, its effect on mitophagy-related MI/R injury remains unclear. Our
previous study revealed that DIL significantly reduced myocardial infarction, alleviated MI/R injury and protected
cardiomyocytes by promoting the expression of adenine nucleotide transporter-1 (ANT1) and ATPase, inhibiting the
expression of caspase-3 and increasing the ratio of Bcl-2/Bax.?’ Therefore, the present study aimed to clarify whether
DIL exerts cardioprotective effects against MI/R injury by modulating mitophagy mediated by the DUSP1-JNK-BNIP3L

/NIX signaling pathway.

Methods
Ethics Statement

The experimental procedures were conducted per the Operation Rules of the Guangxi People’s Hospital Laboratory
Center and the Guidelines for the Care and Use of Experimental Animals (NIH Publication No. 85-23, revised in 1996).
The study was approved by the Ethics Committee of the People’s Hospital of Guangxi Zhuang Autonomous Region
(approval no. KY-GZR-2021-100), the Biosafety Committee of the People’s Hospital of Guangxi Zhuang Autonomous
Region (approval no. KY-GZR-2021-100), and the National Natural Science Foundation of China (approval no. 2021—
45-0266).

Chemicals and Reagents
Unless otherwise specified, all chemicals and reagents were purchased from Sigma—Aldrich (St. Louis, USA).

Animals

Thirty Sprague—Dawley (SD) rats (male; 10-14 weeks old; 200220 g) were purchased from the Experimental Animal
Center of Guangxi Medical University. All animals were housed under standardized conditions (25 + 2°C, 60 + 10%
humidity, and 12-hour light-dark cycles) and provided food and water ad libitum. The rats were acclimated for at least 14
days before use. The rats were randomly and equally divided into three groups: the sham group (n = 10), MI/R injury
group (n = 10), and MI/R+DIL group (n = 10). For the MI/R injury model, rats were subjected to left anterior descending
(LAD) coronary artery ligation surgery as previously described **. Briefly, all rats were anesthetized with sodium
pentobarbital (30 mg/kg, i.p) and placed in the supine position. The rats were intubated with a respiratory tract cannula
that was subsequently connected to a small animal ventilator (with a respiration rate of 70 min ', respiration-to-
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expiration ratio of 1:2, and tidal volume of 50 mL/kg; Shanghai Alcott Biotech Co., Ltd., China) for mechanical
ventilation. The heart was exposed through the left parasternal incision (between the third and fourth intercostal spaces),
and the pericardium was removed. The LAD was ligated with a silk suture for 30 min, and then the suture was loosened
to perform myocardial reperfusion for 60 min to establish the MI/R injury model. In the sham group, the LAD was
surrounded by a silk thread but not ligated, and saline (2 mL/kg) was injected intravenously 5 minutes before reperfusion.
In the MI/R injury group, the rats underwent the abovementioned surgical procedures, and saline (2 mL/kg) was injected
intravenously 5 minutes before reperfusion. In the MI/R+DIL group, the rats also underwent the abovementioned surgical
procedures, and DIL (1 mg/kg; Jilin Aodong Pharmaceutical Group Yanji Co., Ltd; lot number: B200901) was then
injected intravenously 5 min before reperfusion. At the end of the experiment, the animals were immediately sacrificed to
obtain myocardial samples.

Histological and Immunohistochemical Analysis

Rat cardiac tissues were fixed with 4% paraformaldehyde for 24 h, dehydrated, embedded in paraffin, and sliced into
4-um-thick sections. Then, the cardiac sections were stained with hematoxylin and eosin (HE), dehydrated with a graded
ethanol series, and finally sealed with a neutral resin for microscopic examination. Immunohistochemistry (IHC) was
performed to detect the protein expression of DUSP1, JNK, and BNIP3L/NIX in myocardial tissues. Briefly, the sections
were dewaxed, followed by antigen retrieval in citrate buffer (pH = 6). Then, endogenous peroxidase activity and
nonspecific binding were blocked with 3% hydrogen peroxide and serum. Next, the sections were incubated with primary
antibodies against DUSP1, JNK, and BNIP3L/NIX (1:200, Proteintech, USA) for 1 h at 37°C. After being washed with
PBS (0.1 mol/L) three times, the sections were incubated with HRP-labeled secondary antibodies and stained with DAB
and hematoxylin (Solarbio, China). Images were captured using a light microscope (Olympus, Tokyo, Japan).

Cell Lines

The rat embryonic cardiomyoblast cell line HOC2 was purchased from ATCC (Rockville, MA, USA). The cells were
incubated with Dulbecco’s modified Eagle’s medium (DMEM, Gibco, USA) comprising 10% fetal bovine serum (FBS,
Gibco, USA) and 1% penicillin—streptomycin (Solarbio, China) at 37°C with 5% carbon dioxide. HOC2 cells were used
to establish an oxygen—glucose deprivation/recovery (OGD/R) model to simulate MI/R injury in vitro. The OGD/R
model was generated as described previously with minor modifications.>> Briefly, the cells were cultured in DMEM
without glucose and serum and placed in an incubator containing 1% O, 94% N, and 5% CO, at 37°C for
6 h. Subsequently, the cells were cultured in complete medium under standard culture conditions (95% O,, 5% CO,)
at 37°C for 12 h and treated with relevant activators or inhibitors for 12 h. Activators and inhibitors of the DUSP1-JNK-
BNIP3L/NIX axis mediating mitophagy are listed in Table 1. In brief, for further experiments, H9C2 cells were divided

Table | Activators and Inhibitors of Mitophagy Mediated by the DUSP|-JNK-BNIP3L/NIX Axis

Intervention Name (manufacturer) Working Fluid Treating Time
Strategy Concentration
DUSPI
Activator Cholera toxin B (CTB) (MCE, USA) 10 umol/L 12 h
Inhibitor (E)-2-benzylidene-3-(cyclohexylamino)-2,3-dihydro- I H- 10 umol/L 12 h
inden-1-one (BCI) (MCE, USA)
JNK
Activator Anisomycin (Ani) (MCE, USA) 10 umol/L 12 h
Inhibitor SP600125 (SP) (MCE, USA) 10 umol/L 12 h
BNIP3L/NIX
Activator 4-O-methylascochlorin (MAC) (MCE, USA) 10 umol/L 12 h
Inhibitor Bafilomycin Al (BAF) (Abcam, UK) 10 umol/L 12 h

Abbreviations: DUSPI, dual-specificity protein phosphatase I; JNK, c-Jun N-terminal kinase; BNIP3L/NIX, Bcl2 interacting protein 3-like.
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into the following groups: the control group, OGD/R model group, OGD/R+DIL group, OGD/R+ activators or inhibitors
group, and OGD/R+DIL+ activators or inhibitors group.

Cell Viability and Apoptosis Assay

HOC2 cell viability was tested by the Cell Counting Kit-8 (CCKS, Dojindo, Japan) assay. According to the provided
protocol, cells were plated into 96-well plates at a density of 3x10° cells per well overnight. After the indicated treatment,
10 puL of CCK-8 solution was added to each well, and the cells were incubated for 1 h (37°C, in 95% air/5% CO2).
Finally, the absorbance at 450 nm was detected using a microplate reader. For the cell apoptosis assay, the Annexin
V-FITC/PI Apoptosis Detection Kit was used (Keygen Biotech Corp., Ltd., Nanjing, China). The cells were seeded into
6-well plates at a density of 2x10° cells/well and cultured overnight in an incubator containing 95% air/5% CO, at 37°C.
After the indicated treatment, the cells were processed according to the manufacturer’s instructions, and the cell apoptosis
rate was evaluated by a flow cytometer (Becton Dickinson, NJ, USA).

Mitophagy Assay

HOC2 cells stably expressing mt-Keima were generated via lentivirus infection. H9C2 cells were plated into 24-well
plates at a density of 5x104 cells per well 24 h before transfection. After 24 h of infection, the medium containing
lentivirus was replaced with normal culture medium. After 24 h, the medium was changed to medium supplemented with
5 pg/mL puromycin, and the infected cells were screened. After the indicated treatment, the mt-Keima fluorescent protein
was excited at 440 nm and 586 nm under a confocal laser scanning microscope with fluorescence emission. Additionally,
HOC2 cells from each group were collected, fixed in 3% glutaraldehyde for 2 h at 4°C and postfixed with 1% osmium
tetroxide for 2 h at 4°C. Then, the fixed samples were gradually dehydrated in a series of dehydration processes: 50%,
70%, and 90% alcohol, 90% alcohol-90% acetone (1:1, v:v), 90% acetone, and 100% acetone. Afterward, the samples
were embedded and cut into ultrathin sections. Finally, the mitochondrial autophagosomes in these sections were
observed with a transmission electron microscope (JOEL JEM-1010) after the addition of 3% uranium acetate and
lead citrate.

Real-Time Quantitative Polymerase Chain Reaction for Detecting Mitophagy-Related
Gene Expression

Total RNA was extracted from H9C2 cells using a total RNA extraction kit (ES Science, China). The RNA was reverse
transcribed into cDNA using a cDNA synthesis kit (ES Science, China), and the resulting cDNA was amplified by
quantitative PCR (ABI Prism 7500 real-time thermocycler) with 2x Super SYBR Green qPCR Master Mix (ES Science,
China). B-actin was used as an internal reference gene, and the results were analyzed by the 27**“T method. The PCR

primers used are listed in Table 2.

Table 2 Sequences of Primers Used for Quantitative Real-Time PCR

Gene Forward Sequence (5'-3") Reverse Sequence (5'-3')

Beclin| 5’-TCAGAGATACCGACTTGTTC-3 5-ACTGCCTCCTGTGTCTTCAA-3’
DUSPI 5’-CCGCACAAGATCGACAGACTA -3 5’-GCGAAGAAGGAGCGACAATC -3’
JNK 5’-AATGGGCACATCACCACTACAC -3’ | 5-CGTCTGCGGCTCTTCCTTCA -3
BNIP3L/NIX | 5’-GTCTCACTTAGTCGAGCCGC -3 5-TGGAACTCTTTGGGTGGGATG -3’
B-actin 5-TCCGTGGAGAAGAGCTACGA -3 5’- GTACTTGCGCTCAGAAGGAG -3

Abbreviations: PCR, polymerase chain reaction; DUSPI, dual-specificity protein phosphatase |; JNK, c-Jun N-terminal
kinase; BNIP3L/NIX, Bcl2 interacting protein 3-like.
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Protein Isolation and Western Blot Analysis

Total protein was extracted from H9C2 cells using RIPA lysis buffer supplemented with protease inhibitor (Solarbio, Beijing,
China), and the protein concentration was measured with a BCA protein assay kit (Beyotime, Shanghai, China). The proteins
were separated by sodium dodecyl sulfate—polyacrylamide gel electrophoresis (SDS-PAGE) (Thermo Fisher Scientific, USA)
and transferred to PVDF membranes. The membranes were blocked with 5% skim milk for 2 h at room temperature and then
incubated with the following primary antibodies at 4°C overnight: rabbit anti-DUSP1, JNK, BNIP3L/NIX, Beclinl and LC3II
(Proteintech, USA). After washing with TBST, the membranes were incubated with a horseradish peroxidase-conjugated anti-
rabbit IgG secondary antibody (Proteintech, USA) for 2 h at room temperature. The membranes were developed using an
enhanced luminescence (ECL) kit (Affinity), and images were obtained by fluorescence imaging using an ODYSSEY®™ CLx
Infrared Imaging System (LI-COR Odyssey CLx, USA). GAPDH was used as an internal reference.

Statistical Analysis

Al the data are presented as the mean + standard deviation (SD). One-way ANOVA was used to compare the differences
between groups. The post-hoc test selected was Tukey’s HSD test. Additionally, repeated measures ANOVA was used to
analyze cell viability measurements. Data analyses were performed with the SPSS 26.0 statistical software package (IBM
Corp., Armonk, NY, USA). Statistical significance was set at the P < 0.05 level.

Results
DIL Significantly Ameliorated Myocardial Damage by Upregulating DUSPI| and
Downregulating JNK and BNIP3L/NIX in vivo

Hematoxylin and eosin (HE) staining was utilized to identify cardiac tissue damage, as shown in Figure 1A. There were no
visible signs of myocardial tissue injury in the sham group, and the myocardial infrastructure was normal. In contrast, the M1/
R group exhibited marked myocardial injury, as evidenced by a disorder of the muscle fibers, swelling, necrosis, hemorrhage,
and increased infiltration of focal inflammatory cells. Nevertheless, DIL reversed these pathological changes in the MI/R+DIL
group. Subsequently, the protein expression levels of DUSP1, JNK and BNIP3L/NIX in cardiac sections from the three groups
were examined using IHC staining (Figure 1B). Compared with that in the sham group, the protein expression of DUSP1 was
significantly decreased in the MI/R group (P < 0.01) (Figure 1C); moreover, the protein expression of JNK (Figure 1D) and
BNIP3L/NIX was significantly increased (P < 0.01) (Figure 1E). Remarkably, these trends could be reversed by DIL in the
MI/R+DIL group (P < 0.01). The above HE and IHC experimental evidence showed that DIL protected myocardial tissue
against MI/R injury by upregulating DUSP1 expression and downregulating JNK and BNIP3L/NIX expression in vivo.

DIL Increased Myocardial Cell Viability and Inhibited Apoptosis by Attenuating OGD/

R-Induced Mitophagy in vitro

HOC2 cells were used to establish an OGD/R model to simulate MI/R injury in vitro (Figure 2A). In the control group,
the H9C2 cells exhibited long or short spindle shapes with neat edges and good growth. However, the morphology of
HOC2 cells was irregular, and the cell growth rate significantly decreased in the OGD/R group. Compared with those in
the OGD/R group, the defects in the morphology and growth rate of H9C2 cells in the OGD/R+DIL group were
improved by DIL intervention. The changes in the activity of HOC2 cells treated with DIL at different concentrations
(1077 M, 107° M, or 107> M) over time (6 h, 12 h, or 24 h) are presented in Figure 2B. Cell viability was lower in the
OGD/R group than in the control group (P < 0.01). Compared with those in the OGD/R group, the viability of cells in the
OGD/R+DIL group treated with different concentrations of DIL was significantly greater (P < 0.05). At the same DIL
concentration, the cell survival rate was greatest after 12 h of treatment. In parallel, after the same intervention time,
HOC2 cells treated with 107 M DIL exhibited the highest survival rate. Therefore, treatment with 107° M DIL for
12 h was selected as the optimal intervention condition for subsequent experiments. Then, the effect of treatment with
107 M DIL for 12 h on the apoptosis of OGD/R-treated HOC2 cells was examined. The results of the apoptosis assay are
shown in Figure 2C and D. Compared with that in the control group, the apoptosis rate in the OGD/R group was
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Figure | The effects of DIL on histological and immunohistochemical analyses of cardiac muscular tissue in rats with MI/R injury. (A) Hematoxylin and eosin (HE) staining of
cardiac muscular tissue in the three groups. Original magnification: X100, scale bar = 100 pm (upper row); x200, scale bar = 50 pm (lower row). (B) Representative images
of immunohistochemical (IHC) staining of DUSPI, JNK, and BNIP3L/NIX in the three groups. (C—E) Comparison of the average IOD values of DUSPI, JNK, and BNIP3L/
NIX expression in myocardial tissue among the three groups determined by IHC analysis. **P < 0.01 relative to the sham group, #P < 0,01 relative to the MI/R group.

significantly greater (P < 0.01). In particular, this effect was partly reversed by DIL intervention (P < 0.01). These results
indicated that DIL could significantly increase cell activity and inhibit OGD/R-induced apoptosis.

Mitophagy is considered to be closely associated with mitochondrial homeostasis.”® To clarify the effects of DIL on
mitophagy in MI/R injury, H9C2 cells were stably transfected with mt-Keima, which is a good indicator of mitophagy flux
(Figure 3). mt-Keima emits neutral green fluorescence (440 nm) as a base for mitophagy under normal conditions but
exhibits acidic red fluorescence (586 nm) as an excessive mitophagy signal.’’ The OGD/R injury model showed a marked
increase in bright red puncta (acidic mitochondria) in H9C2 cells, suggesting excessive mitophagic flux. However, DIL
intervention restored the number of neutral mitochondria, indicating that DIL could inhibit excessive mitophagy.
Furthermore, autophagosomes were observed using transmission electron microscopy (TEM) (Figure 4). The control
group exhibited normal mitochondrial morphology, while more autophagosomes were detected in the OGD/R group. In
contrast, DIL intervention significantly reduced the number of autophagosomes in the OGD/R+DIL group. The above results
showed that the calcium channel blocker DIL protected HOC2 cells from MI/R injury by restraining mitophagy.

DIL Inhibited Excessive Mitophagy Through the DUSPI-JNK-BNIP3L/NIX Pathway

in vitro

The results of the RT—qPCR analyses are displayed in Figure 5. Compared to those in the control group, the expression
levels of Beclin 1, JNK and BNIP3L/NIX were significantly greater in the OGD/R group, but only DUSP1 expression
was significantly lower (all P < 0.01). Remarkably, this effect could be reversed by DIL intervention (all P < 0.01).
Consistent with the RT—qPCR results, the Western blot results also indicated significantly increased protein expression of
Beclin 1, LC3B, JNK and BNIP3L/NIX and decreased DUSP1 protein expression in the OGD/R group compared to the
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Figure 2 Effect of DIL intervention on cell viability and the apoptosis rate. (A) Morphological characteristics and growth status of H9C2 cells in the control, OGD/R, and
OGDI/R + DIL groups (%200). (B) Viability of HIC2 cells treated with different concentrations of DIL for different durations in the control, OGD/R, and OGD/R + DIL
groups. (C and D) The apoptosis rates of H9C2 cells in the control, OGD/R, and OGD/R + DIL groups were assessed by Annexin V-FITC/PI staining. **P < 0.0 relative to
the control group, *P < 0.01 relative to the OGDI/R group.
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Figure 3 Mt-Keima showing normal mitochondria (green) and mitochondria in autophagosomes (red) in H9C2 cells. H9C2 cells stably expressing mt-Keima were generated
via lentivirus infection in the control, OGD/R, and OGD/R + DIL groups. The mt-Keima fluorescent protein was excited at 440 nm and 586 nm under a confocal laser

scanning microscope, and fluorescence emission was detected in the three groups. Scale bar, 100 pm.
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Figure 4 The mitochondrial autophagosomes were observed under a transmission electron microscope (TEM). The morphology of mitochondria and autophagosomes in
the control, OGD/R and OGD/R + DIL groups in vitro was observed via transmission electron microscopy (TEM). Original magnification: x 10000, scale bar = 2 um (upper

row); x30000, scale bar = 500 nm (lower row).
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Figure 5 RT—qPCR analysis of the mRNA levels of Beclin I, DUSPI, JNK, and BNIP3L/NIX in the control, OGD/R, and OGD/R + DIL groups. Compared to those in the
control group, the expression levels of Beclin | (A), JNK (C) and BNIP3L/NIX (D) were significantly greater in the OGD/R group, but only DUSPI| expression (B) was
significantly lower (all P < 0.01). Remarkably, this effect could be reversed by DIL intervention (all P < 0.01). *P < 0.01 relative to the control group; P < 0.01 relative to
the OGD/R group.

control group. As anticipated, DIL intervention reversed these changes (all P < 0.05) (Figure 6). These results revealed
that DIL protected H9C2 cells against MI/R injury at the gene transcription and protein translation levels, suggesting
a novel mechanism by which the calcium channel blocker DIL alleviates myocardial ischemia/reperfusion injury by
regulating mitophagy-related gene expression.

Additionally, the results of RT-qPCR and Western blot assays with activators/inhibitors of DUSPI, JNK and
BNIP3L/NIX are displayed in Figures 7 and 8. Compared with that in the OGD/R group, the DUSP1 gene expression
level was significantly upregulated in the OGD/R+DIL and OGD/R+CTB (an activator of DUSP1) groups (P < 0.01).
Moreover, the DUSP1 expression level was significantly downregulated in the OGD/R+BCI (an inhibitor of DUSP1)
group (P < 0.01), and these changes were reversed by DIL in the OGD/R+BCI+DIL group (P < 0.01) (Figure 7A and 8A
and B). Additionally, Ani (an activator of JNK) significantly upregulated JNK expression in the OGD/R+Ani group (P <
0.01). However, DIL and SP (an inhibitor of JNK) significantly downregulated JNK expression in the OGD/R+DIL and
OGD/R+SP groups compared with that in the OGD/R group (P < 0.01). Unexpectedly, compared with that in the OGD/R
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Figure 6 Western blot analyses of the Beclin |, LC3B, DUSPI, INK, and BNIP3L/NIX proteins in the control, OGD/R, and OGD/R + DIL groups. (A) The electrophoresis
results of mitophagy-related proteins from the Western blot. The analyses indicated significantly increased protein expression of Beclin | (B), LC3B (C), JNK (E), and
BNIP3L/NIX (F) and decreased DUSP| protein expression (D) in the OGD/R group compared to the control group. DIL intervention reversed these changes (all P < 0.05).
*P < 0,05, P < 0.01 relative to the control group; #P < 0.05, *P < 0.01 relative to the OGD/R group.
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Figure 7 RT—qPCR analysis of the mRNA levels of the DUSPI, JNK, and BNIP3L/NIX genes after treatment with DUSPI, JNK, and BNIP3L/NIX inhibitors or activators in
the different groups. (A) The DUSP| expression level was significantly decreased in the OGD/R+BCI (an inhibitor of DUSPI) group (P < 0.01), and these changes were
reversed by DIL in the OGD/R+BCI+DIL group (P < 0.01). (B) Ani (an activator of JNK) significantly upregulated JNK expression in the OGD/R+Ani group (P < 0.01).
However, DIL and SP (an inhibitor of [NK) significantly downregulated JNK expression in the OGD/R+DIL and OGD/R+SP groups compared with that in the OGD/R group
(P <0.01). Unexpectedly, compared with that in the OGD/R+Ani group, the ]NK expression level did not increase further under DIL intervention but obviously decreased in
the OGD/R+Ani+DIL group (P < 0.01), which indicated that DIL-induced DUSPI partly inhibited JNK expression. (C) MAC (an activator of BNIP3L/NIX) significantly
upregulated BNIP3L/NIX expression in the OGD/R+MAC group. Compared with that in the OGD/R+DIL or OGD/R+BAF (an inhibitor of BNIP3L/NIX) group, BNIP3L/
NIX expression in the OGD/R+DIL or OGD/R+BAF group was significantly lower in the DIL and BAF groups (P < 0.01). Moreover, compared with that in the OGD/R
+MAC group, the BNIP3L/NIX expression level did not increase further under DIL intervention but obviously decreased in the OGD/R+ MAC+DIL group (P < 0.01), which
indicated that DIL-induced DUSPI partly inhibited BNIP3L/NIX expression. The data are presented as the means * SDs of three independent experiments performed in
duplicate. *P < 0.05, **P < 0.01.
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Figure 8 Western blot analyses of DUSPI, JNK, and BNIP3L/NIX after treatment with DUSPI, JNK and BNIP3L/NIX inhibitors or activators in the different groups. (A and B)
Compared with that in the OGD/R group, the DUSP| gene expression level was significantly upregulated in the OGD/R+DIL and OGD/R+CTB (an activator of DUSPI) groups (P <
0.01). Moreover, the DUSPI expression level was significantly decreased in the OGD/R+BCI (an inhibitor of DUSP1) group (P < 0.01), and these changes were reversed by DIL in
the OGD/R+BCI+DIL group (P < 0.01). (C and D) Ani (an activator of ]NK) significantly upregulated JNK expression in the OGD/R+Ani group (P < 0.01). However, DIL and SP (an
inhibitor of JNK) significantly downregulated JNK expression in the OGD/R+DIL and OGD/R+SP groups compared with that in the OGD/R group (P < 0.01). Unexpectedly,
compared with that in the OGD/R+Ani group, the |NK expression level did not increase further under DIL intervention but obviously decreased in the OGD/R+Ani+DIL group (P
<0.01), which indicated that DIL-induced DUSPI partly inhibited JNK expression. (E and F) MAC (an activator of BNIP3L/NIX) significantly upregulated BNIP3L/NIX expression in
the OGD/R+MAC group. Compared with that in the OGD/R+DIL or OGD/R+BAF (an inhibitor of BNIP3L/NIX) group, BNIP3L/NIX expression in the OGD/R+DIL or OGD/R
+BAF group was significantly lower in the DIL and BAF groups (P < 0.01). Moreover, compared with that in the OGD/R+MAC group, the BNIP3L/NIX expression level did not
increase further under DIL intervention but obviously decreased in the OGD/R+ MAC+DIL group (P <0.01), which indicated that DIL-induced DUSP| partly inhibited BNIP3L/NIX
expression. The data are presented as the means + SDs of three independent experiments performed in duplicate. *P < 0.05, **P < 0.01.
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+Ani group, the JNK expression level did not increase further under DIL intervention but obviously decreased in the
OGD/R+Ani+DIL group (P < 0.01), which indicated that DIL-induced DUSP1 partly inhibited JNK expression
(Figures 7B and 8C and D). Furthermore, MAC (an activator of BNIP3L/NIX) significantly upregulated BNIP3L/NIX
expression in the OGD/R+MAC group. Compared with that in the OGD/R+DIL or OGD/R+BAF (an inhibitor of
BNIP3L/NIX) group, BNIP3L/NIX expression in the OGD/R+DIL or OGD/R+BAF group was significantly lower in the
DIL and BAF groups (P < 0.01). Moreover, compared with that in the OGD/R+MAC group, the BNIP3L/NIX expression
level did not increase further under DIL intervention but obviously decreased in the OGD/R+ MAC+DIL group (P <
0.01), which indicated that DIL-induced DUSP1 partly inhibited BNIP3L/NIX expression (Figure 7C and 8E and F).
These results revealed that mitophagy-related gene expression was regulated via the DUSP1-JNK-BNIP3L/NIX pathway.

Discussion

The current study demonstrated that DIL significantly decreased myocardial damage in this rat model of MI/R injury
in vivo. Exposure to DIL decreased mitophagy, significantly decreased OGD/R-induced apoptosis, and improved H9C2
cell viability in vitro. Moreover, the mechanism underlying the protective effect of DIL on cardiac cells involves the
modulation of the DUSP1-JNK-BNIP3L/NIX-related mitophagy pathway. To the best of our knowledge, this is the first
work investigating how DIL is shielded from MI/R damage by inhibiting mitophagy.

MI/R is associated with clinical interventions such as percutaneous coronary intervention (PCI) or thrombolytic
therapy, which can relieve myocardial ischemia but also cause further injury, known as MI/R injury.*? The pathogenesis
of MI/R injury is complex and intricate and involves multifactorial mechanisms, including excess inflammatory
responses, oxidative stress, intracellular calcium overload, iron accumulation, impaired mitochondrial function, and
microcirculatory disturbance. Clinically, it manifests as the expansion of the myocardial infarct area, contractile
dysfunction, heart failure and sudden death.** In this study, MI/R injury was induced by 30 min of coronary ischemia
followed by 60 min of reperfusion in vivo. Our present findings demonstrated that MI/R causes cardiac function
impairment and severe myocardial damage, manifested as myofibrillar disarray, swelling, necrosis, hemorrhage and
focal inflammatory infiltrates, but DIL can protect against MI/R injury.** Furthermore, OGD/R decreased cell viability
and apoptosis in vitro, but these effects were partly reversed by DIL treatment. These results are consistent with those of
previous studies.

A growing body of evidence has suggested that mitophagy is an important mechanism for MI/R injury. Excessive
mitochondrial ROS production caused by MI/R injury may destroy mitochondria and subsequently cause hyperactivation
of autophagy, the consequences of which are further deterioration of mitochondrial number and mitochondrial density,
resulting in further deterioration of cardiac structure and function. Therefore, the downregulation of abnormal excessive
mitophagy is considered an important target for protection against MI/R injury.*®

Beclin] is a key molecule in the formation of autophagosomes®”> and LC3-II levels are correlated with the number of
autophagosomes.®® MI/R induces oxidative stress through an increase in oxygen free radicals, and then oxidative stress
can induce autophagy by upregulating the expression of the autophagy-related proteins LC3 and Beclinl.** ™!
Furthermore, our previous study revealed that DIL increased the protein expression of the antiapoptotic protein Bcl-2
in a rat model of MI/R injury. BNIP3 and NIX are homologous members of the Bcl-2 family of proteins;*? thus, it was
suggested that DIL affects mitophagy mediated by BNIP3L/NIX. BNIP3L/NIX is also a mitophagy receptor strongly
associated with MI/R. Under physiological conditions, BNIP3L/NIX interacts directly with mitochondrial LC3-II to form
mitophagy receptors, which mediate mitophagy initiation and facilitate the removal of damaged mitochondria. However,
MI/R injury induces BNIP3L/NIX overexpression, which triggers excessive mitophagy and exacerbates cardiac
dysfunction.

JNK, a member of the mitogen-activated protein kinase (MAPK) family, is activated in response to stress, such as M1/
R, in the heart and brain. The JNK-dependent pathway is an important pathological mechanism of MI/R injury and
promotes ROS generation, mitochondrial dysfunction and cardiomyocyte death.*® Importantly, DIL can decrease
hypoxia-reoxygenation (H/R)-induced apoptosis through the inhibition of JNK,/SAPK; in rat hepatocytes. On the
other hand, DIL can also inhibit JNK activation and consequently decrease IL-1B-induced TGF-B1 production in
human peritoneal mesothelial cells.*’ Our results were similar to those of the above study. We demonstrated that DIL

8916 e Journal of Inflammation Research 2024:17

Dove!


https://www.dovepress.com
https://www.dovepress.com

Dove Zhou et al

inhibited MI/R-induced JNK activation in both our in vivo and in vitro experiments. Song et al reported that activation of
the JNK-Bnip3-mitophagy pathway is a novel mechanism for MI/R injury, and approaches targeting this pathway are
expected to improve MI/R injury. Additionally, DUSP1 (also known as MAPK phosphatase 1, MKP1) is an antiapoptotic
phosphatase that is mainly expressed in the heart.*® Some reports have shown that DUSP1 can inhibit cell death, protect
mitochondrial homeostasis, and inhibit cell migration and invasion through the PKA pathway. Noticeably, Jin et al
reported that DUSP1 prevents MI/R injury by suppressing the JNK pathway and subsequently inhibiting excessive
mitochondrial fission and Bnip3-mediated mitophagy.*®

In the present study, we showed that DIL inhibits excessive mitophagy by regulating the DUSP1-JNK-BNIP3L/NIX
pathway. We utilized inhibitors/activators of these specific signal transduction pathways. DUSP1 expression was
significantly decreased, and JNK and BNIP3L/NIX expression were significantly increased in MI/R injury. However,
these effects could be reversed by DIL, suggesting that DIL may regulate the DUSP1-JNK-BNIP3L/NIX pathway,
subsequently inhibiting excessive mitophagy and ultimately protecting the myocardium against MI/R injury.

The present study has some limitations. Conducting a well-designed experimental program based on gene knockout
models in vivo and in vitro is necessary to determine the precise underlying molecular mechanisms by which diltiazem
hydrochloride reduces mitophagy in myocardial ischemia/reperfusion injury, which should be the focus of future studies.

Conclusion

In conclusion, MI/R injury is closely with the inhibition of DUSP1, leading to the activation of JNK and BNIP3L/NIX,
which causes excessive mitophagy and cardiomyocyte death. Diltiazem hydrochloride protects against myocardial
ischemia/reperfusion injury in a BNIP3L/NIX-mediated mitophagy manner in vivo and in vitro.
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