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Diazoxide Post-conditioning Activates the HIF-1/HRE Pathway to Induce Myocardial Protection in Hypoxic/Reoxygenated Cardiomyocytes
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Background: Previous studies have shown that diazoxide can protect against myocardial ischemia-reperfusion injury (MIRI). The intranuclear hypoxia-inducible factor-1 (HIF-1)/hypoxia-response element (HRE) pathway has been shown to withstand cellular damage caused by MIRI. It remains unclear whether diazoxide post-conditioning is correlated with the HIF-1/HRE pathway in protective effect on cardiomyocytes.

Methods: An isolated cardiomyocyte model of hypoxia-reoxygenation injury was established. Prior to reoxygenation, cardiomyocytes underwent post-conditioning treatment by diazoxide, and 5-hydroxydecanoate (5-HD), N-(2-mercaptopropionyl)-glycine (MPG), or dimethyloxallyl glycine (DMOG) followed by diazoxide. At the end of reoxygenation, ultrastructural morphology; mitochondrial membrane potential; interleukin-6 (IL-6), tumor necrosis factor alpha (TNF-α), reactive oxygen species (ROS), and HIF-1α levels; and downstream gene mRNA and protein levels were analyzed to elucidate the protective mechanism of diazoxide post-conditioning.

Results: Diazoxide post-conditioning enabled activation of the HIF-1/HRE pathway to induce myocardial protection. When the mitoKATP channel was inhibited and ROS cleared, the diazoxide effect was eliminated. DMOG was able to reverse the effect of ROS absence to restore the diazoxide effect. MitoKATP and ROS in the early reoxygenation phase were key to activation of the HIF-1/HRE pathway.

Conclusion: Diazoxide post-conditioning promotes opening of the mitoKATP channel to generate a moderate ROS level that activates the HIF-1/HRE pathway and subsequently induces myocardial protection.
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INTRODUCTION

Myocardial ischemic-reperfusion injury (MIRI) is the major cause of increased post-operative infarction rate and mortality, especially given the increasing numbers of cardiac procedures performed, including heart transplantation, cardiopulmonary bypass surgery, coronary stent placement, and thrombolytic procedures (1). Hypoxia-inducible factor-1 (HIF-1) is reported to be a crucial component in the adaptation of cell physiology, controlling vascularization, regulating oxidative stress, and affecting proliferation and apoptosis (2, 3). HIF-1 is a heterodimer composed of the rate-limiting factor, HIF-1α, and the constitutively expressed HIF-1β. HIF-1α is induced by hypoxia as well as by oncogenes and pharmacological intervention. During normoxia, the unstable HIF-1α protein is rapidly degradable by the proteasome resulting from its ubiquitination by the product of the Von Hippel Lindau tumor suppressor gene (VHL). However, HIF-1α cannot be hydroxylated during hypoxia. Under these circumstances, HIF-1α accumulates and binds to HIF-1β to form the active transcription factor HIF-1. The HIF-1 complex can bind to the hypoxia-response element (HRE) sequences in the promoter of HIF-1 target genes to activate the HIF-1/HRE pathway, which itself participates in hypoxic adaptation (4). HIF-1 has a role in preconditioning and post-conditioning to withstand cell damage caused by MIRI (5, 6). In vivo and isolated MIRI model studies have shown that diazoxide can maintain cellular functions to alleviate MIRI (7). Therefore, we examined whether protection by diazoxide post-conditioning was related to the HIF-1/HRE signaling pathway.

Reactive oxygen species (ROS) describe O2−, H2O2, NO, and –OH radicals and other single-electron reduction products that are directly generated by the mitochondrial electron transport chain when mitoKATP channels are opened (8). Several complex intrinsic signaling pathways are known to play a key role in the protective mechanism of the myocardium by ultimately affecting ROS. Studies have confirmed that ROS are important stimulating factors of the myocardium at the molecular level, and can be used as a protective signal-mediated molecule to stimulate endogenous signal pathways during the ischemia and reperfusion period. However, it remains unknown whether diazoxide can induce myocardial protection by regulating the ROS level during ischemia and reperfusion.

Therefore, we established an isolated cardiomyocyte model of hypoxic/reoxygenation injury to observe whether the protective effect of diazoxide post-conditioning is related to the HIF-1/HRE pathway. In addition, we also examined the internal connection between the HIF-1/HRE pathway and ROS in diazoxide post-conditioning.



MATERIALS AND METHODS


Drugs and Reagents

Diazoxide, mitoKATP blocker −5-hydroxydecanoate (5-HD), ROS scavenger—N-2-mercaptopropionylglycine (MPG), and HIF-1 agonist—dimethyloxaloylglycine (DMOG) were purchased from Sigma (St. Louis, MO, USA). Rabbit-anti-HIF-1α monoclonal antibody, rabbit-anti VEGF monoclonal antibody, and rabbit-anti-GAPDH monoclonal antibody were purchased from Sigma. Pentobarbital was purchased from Shanghai Tyrael Biological Technology Co., Ltd. The study was approved by the Institutional Review Board of The Affiliated Hospital of Zunyi Medical University, Guizhou, China.



Establishment of the Hypoxic/Reoxygenation Model

The experimental animals used were 90 healthy male Sprague Dawley (SD) rats (weight, 250–300 g; 16–20 weeks old). Each rat was injected intraperitoneally with 250 U/kg heparin for anticoagulation, as well as 40 mg/kg sodium pentobarbital for anesthesia. After cutting though the rib cage, the heart was immediately isolated and placed in a Ca2+ solution (130 mmol/L NaCl, 5.4 mmol/L KCl, 3.5 mmol/L MgCl2·6H2O, 0.4 mmol/L NaH2PO4, 10 mmol/L glucose, 5 mmol/L HEPES, 750 μmol/L CaCl2, pH 7.25–7.35) at 4°C to drain the blood. The heart was then fixed onto a MAP perfusion needle, and the aorta was retrogradely perfused with an oxygenated (95% air, 5% CO2, 37°C) Ca2+ solution of 9 mL/min/g for 3 min. The ventricle was removed after perfusion with EGTA solution (130 mmol/L NaCl, 5.4 mmol/L KCl, 3.5 mmol/L MgCl2·6H2O, 0.4 mmol/L NaH2PO4, 10 mmol/L glucose, 5 mmol/L HEPES, 100 μmol/L EGTA, pH 7.25–7.35) for 4 min and Type II collagenase solution (130 mmol/L NaCl, 5.4 mmol/L KCl, 3.5 mmol/L MgCl2·6H2O, 0.4 mmol/L NaH2PO4, 10 mmol/L glucose, 5 mmol/L HEPES, 90 μmol/L Cl2, 0.1% Type II collagenase, pH 7.25–7.35) for 8–10 min. Then, the ventricle was immersed in 3 mL Type II collagenase solution and placed in a horizontal shaker at 37°C to separate the cardiomyocytes into the solution. The cell suspensions were filtered through a 200-μm mesh gauze into a sterile tube to eliminate superfluous cellular material. After 5 min, the intact active myocytes were found precipitated to the bottom of the tube. Myocyte precipitates were washed with enzyme eluent (130 mmol/L NaCl, 5.4 mmol/L KCl, 3.5 mmol/L MgCl2·6H2O, 0.4 mmol/L NaH2PO4, 10 mmol/L glucose, 5 mmol/L HEPES, 1% BSA, pH 7.25–7.35) thrice. Then, single myocytes were gently resuspended in M199 solution at 37°C. Cells were observed under a microscope to evaluate cell survival rate. When cell survival rate was >90%, downstream experiments could be performed.

After separation, filtration, and dispersion, cardiomyocyte suspensions were plated on cell culture dishes. Six-well culture dishes were coated with 800–1,000 μL of laminin (10 μg/mL, L2020-1MG, Sigma-Aldrich) per well and allowed to dry for 30 min. The cardiomyocyte suspension was then added to each well at a final density of 104-106/cm2. The cells could adhere to the culture dishes after 4 h at 37°C. Then, cell-culture medium and unattached cells were removed from the culture dishes and 2 mL of M199 solution was pipetted into each well. After refreshing the cell culture medium, cardiomyocytes were incubated for 20 h at 37°C with 95% air and 5% CO2 (9, 10).



Experimental Groups

The cardiomyocytes were randomly divided into the following six experimental groups: sham group (N); control group (hypoxia-reoxygenation group, H/R); diazoxide post-conditioning group (D); 5-HD (mitoKATP blocker) +diazoxide group (5-HD+D); MPG (ROS scavenger) +diazoxide group (MPG+D), and ROS scavenger+HIF1 stabilizer+diazoxide group (MPG+DMOG+D).

The cardiomyocytes in the sham group were persistently cultured in an incubator under normal oxygen conditions (95% air+5% CO2) for 165 min. Those in the H/R group were subjected to hypoxia (5% CO2+ 1% O2+ 94% N2) for 45 min, then reoxygenated (95% air+5% CO2) for 120 min. The D group cardiomyocytes were first subjected to hypoxia for 45 min, then subjected to 3 min of diazoxide (50 μmol/L) post-conditioning, followed by reoxygenation for 117 min. The cardiomyocytes in the 5-HD+D group were subjected to hypoxia for 45 min, 5-HD (100 μmol/L) treatment for 10 min, diazoxide (50 μmol/L) post-conditioning for 3 min, followed by reoxygenation for 107 min in turn. The cardiomyocytes in the MPG+D group were subjected to hypoxia for 45 min, MPG (2 mmol/L) for 10 min, diazoxide (50 μmol/L) post-conditioning for 3 min, followed by reoxygenation for 107 min in turn. On the basis of these treatments, the cardiomyocytes in the MPG+DMOG+D group were subjected to hypoxia for 45 min, MPG (2 mmol/L) for 10 min, DMOG (100 μmol/L) for 10 min, diazoxide (50 μmol/L) post-conditioning for 3 min, followed by reoxygenation for 97 min in turn (Figure 1).
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FIGURE 1. Schematic representation.




Observation of the Changes in Myocardial Ultrastructure and Mitochondrial Flameng Score

After reoxygenation, the cardiomyocytes were collected from the dishes. The cardiomyocytes were first centrifuged in medium (225 g, 10 min, 4°C, 5804R, Eppendorf, Germany) to form the cell pellet. Then, the cardiomyocytes were fixed with 4°C glutaraldehyde phosphate buffer before being subjected to gradient dehydration, washing, embedding, and permeation. They were cut into ultrathin 60-nm slices, and the slices were stained with uranyl acetate (Sigma-Aldrich) for 15 min, followed by lead citrate (Solarbio, Beijing, China) for 20 min. The myocardial ultrastructure and Flameng scoring of the mitochondria were performed using an H7500 transmission electron microscope (×10,000; Hitachi, Tokyo, Japan). A total of 100 mitochondria were randomly selected from each slice, and the average score of the 100 mitochondria represented the sample score. The mean±SD of the mitochondrial scores for each sample was calculated. In brief, mitochondrial scores for the respective samples were determined to assign a score from 0 to 4, with higher scores indicating more injury, as follows: normal mitochondrial structure and intact particles, 0 points; normal mitochondrial structure but missing particles, 1 point; mitochondrial swelling and transparent matrix, 2 points; considerable rupture and transparent, concentrated matrix, 3 points; rupture, with incomplete inner and outer mitochondrial membranes, 4 points (11).



Measurement of Mitochondrial Membrane Potential

Adherent cells were grown in a standard petri dish and treated according to their group as described in text above. After reoxygenation, the seeded cells were washed with medium once and 1 mL/well JC-1 working solution was added and incubated for 20 min at 37°C in the dark. After two washings with 1 × dilution buffer (1 ml of JC-1 5X and 4 ml of distilled water), the cells could be observed on a fluorescent microplate reader. JC-1 is a cationic dye that accumulates in energized mitochondria. At low mitochondrial membrane potential, JC-1 is predominantly a monomer that yields green fluorescence with emission of 530 ± 15 nm. At high mitochondrial membrane potential, the dye aggregates and yields a reddish orange emission (590 ± 17.5 nm). Data obtained with the JC-1 assay provides a relative measure of mitochondrial membrane potential by a percentage of red and green fluorescence. Therefore, a decrease in the aggregate fluorescent count is indicative of depolarization, whereas an increase is indicative of hyperpolarization.



Measurement of IL-6 and TNF-α Content

At the end of reoxygenation, adherent cardiomyocytes were collected and centrifuged in medium (225 g, 10 min, 4°C, 5804R, Eppendorf, Germany). The cardiomyocyte sedimentation was crushed ultrasonically in 1 mL of PBS. Lactate, IL-6, and TNF-α levels were measured using assay kits (IL-6 ELISA kit PI328, TNF-α ELISA kit PT512, Beyotime Biotechnology, Jiangsu, China) according to the manufacturer's instructions.



Quantitative Real-Time Polymerase Chain Reaction

To evaluate whether the HIF-1/HRE pathway was activated and the function it served, we measured transcripts of HIF-1α and its downstream genes. At the end of reoxygenation, total RNA from cardiomyocytes was extracted with TRIzol using an RNA extraction kit (TaKaRa, Dalian, China), according to the manufacturer's instructions. The concentration and purity of the total RNA was determined by spectrophotometry at 260 and 280 nm, with an OD260/OD280 ratio between 1.8 and 2.0 suggesting that the total RNA was pure. Complementary DNA (cDNA) was synthesized from total RNA using the QuantiTect Reverse Transcription kit (TaKaRa). The mRNA levels of HIF-1α, VEGF, Bcl-2, and Bax were measured by RT-PCR, and the following specific primers were used (TaKaRa):

HIF-1α, forward: GGTGCTAACAGATGATGGTGAC,

reverse: GGCTCATAACCCATCAACT.

VEGF, forward: CAATGATGAAGCCCTGGAGTG,

reverse: GTCTGCGGATCTTGGACAAAC

Bcl-2, forward: TGGATGACTGAGTACCTGAA,

reverse: GGCCTACTGACTTCACTTAT.

Bax, forward: AGGAGCAGCTGCTTGTCT,

reverse: GGTCCCGAAGTAGGAGAGGA.



Western Blotting

At the end of reoxygenation, adherent cardiomyocytes were washed twice with PBS and 1 mL of strong RIPA cell lysate (strong RIPA cell lysate: PMSF, 100:1), then centrifuged (12,000 g at 4°C) for 5 min. The supernatant was aliquoted, and protein content was determined using the Micro BCA protein assay kit (Beyotime). After denaturation at 100°C, proteins were subjected to 10% sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) (Amresco, Solon, OH, USA). The fractionated products were electrophoretically transferred onto a polyvinylidene difluoride membrane (Hybond-P, Bio-Rad, Berkeley, CA, USA) and blocked at 37°C for 2 h. The membrane was then incubated overnight with primary antibodies. HIF-1α, VEGF, Bcl-2, and Bax were probed with 1:1,000 dilutions of the respective antibodies overnight at 4°C. The membrane was then washed with TBST buffer and incubated with secondary antibodies (1:10,000) at room temperature for 2 h. The fluorescence intensity of each membrane was measured by an infrared fluorescent imaging system (NatureGene Corp, Beijing, China) to determine the fluorescence intensity of the target membrane.



Measurement of Reactive Oxygen Species (ROS) Content in Cardiomyocytes

At 25 min and 120 min of reoxygenation, the cardiomyocytes were separately collected and centrifuged in medium (225 g, 10 min, 4°C, 5804R, Eppendorf, Germany), and finally made into cell lysate using a 50 μL RIPA lysate. The ROS content of each group cell lysate was quantified using an ROS assay kit (JL21051, Beyotime Biotechnology).



Statistical Analysis

Graphpad Prism 7.0 (GraphPad Software, La Jolla, CA) were used for statistical analysis. Two-way ANOVA followed by Sidak's multiple comparisons test was used to compare ROS concentration between multiple groups at the different time point. Flameng score were analyzed by conducting Kruskal-Wallis test followed by Dunn's multiple comparisons test, whereas all other dataset were considered normally distributed and therefore analyzed by one-way ANOVA followed by Tukey's multiple comparisons tests. Quantitative data were expressed as the mean ± standard deviation. P < 0.05 was considered to indicate statistical significance.




RESULTS

1. Diazoxide post-conditioning activates the HIF-1/HRE pathway by regulating mitoKATP and ROS.


Cardiomyocyte Ultrastructure

The ultrastructures of myofilaments and organelles were observed using electron microscopy. In the normal group (N), the myofilaments and organelles were appropriately arranged, intact, and clearly distinguishable. The myofilaments in the H/R group were ruptured, dissolved, or even severed, and prominent organelle swelling was observed, suggesting incomplete mitochondria. The D group was protected compared with the H/R group, as the cardiomyocytes were intact with mitochondria-rich myofilaments, and the filaments were focally dissolved with clear bright and dark bands and an evident Z-line. The 5-HD+D and MPG+D groups exhibited some impairments such as ruptured myofilaments arrangement, as well as mitochondrial cristae swelling and breakage. The MPG+DMOG+D group showed comparable results to the D group (Figure 2).


[image: Figure 2]
FIGURE 2. Myocardial ultrastructure. At the end of reoxygenation, cardiomyocytes were examined under an electron microscope (magnification: 10,000×).




Mitochondrial Flameng Score

There were appreciable differences in the Flameng score between the N group and the H/R group. However, the Flameng score of the D group was significantly decreased compared with that of the H/R group (P < 0.001). Nonetheless, the Flameng score was increased in the 5-HD+D group (P < 0.001) and the MPG+D group (P = 0.003) compared with the D group. In addition, the Flameng score of the MPG+DMOG+D group was similar to that of the D group (P > 0.999) (Figure 3).


[image: Figure 3]
FIGURE 3. Mitochondrial Flameng score. **P < 0.01 vs. D group; ***P < 0.001 vs. D group. N = 6/group. Each value is the result of 6 experiments performed with different isolated preparations of cardiomyocytes. Flameng scores were analyzed by Kruskal-Wallis test followed by Dunn's multiple comparisons test.




Mitochondrial Membrane Potential

Diazoxide post-conditioning improved the mitochondrial membrane potential in the D group. However, the protective effects of diazoxide on mitochondrial membrane potential were reduced by administration of 5-HD (P < 0.001) and MPG (P < 0.001). The administration of DMOG in the MPG+DMOG+D group could show a protective effect compared with the MPG+D group (P < 0.001) (Figure 4).


[image: Figure 4]
FIGURE 4. Mitochondrial membrane potential. ***P < 0.001 vs. D group. n = 6/group. Each value is the result of 6 experiments performed with different isolated preparations of cardiomyocytes. One-way ANOVA followed by Tukey's multiple comparisons tests was used for analyze.




IL-6 and TNF-α Content

IL-6 and TNF-α were markedly decreased in the D group compared with the H/R group (P < 0.001). However, the protective effects of diazoxide on IL-6 and TNF-α were eliminated by administration of 5-HD and MPG, while in the 5-HD+D (P < 0.001) and MPG+D groups (P = 0.010), IL-6 and TNF-α were increased. Administration of DMOG in the MPG+DMOG+D group reduced IL-6 and TNF-α levels compared with the MPG+D group (P = 0.012) (Figure 5).


[image: Figure 5]
FIGURE 5. IL-6 and TNF-α content. *P < 0.05 vs. D group; **P < 0.01 vs. D group; ***P < 0.001 vs. D group. n = 6/group. Each value is the result of 6 experiments performed with different isolated preparations of cardiomyocytes. One-way ANOVA followed by Tukey's multiple comparisons tests was used for analyze.




Expression of HIF-1α, VEGF, Bcl-2, and Bax mRNA

There were no appreciable differences in HIF-1α mRNA expression among all groups (P = 0.168). Diazoxide upregulated the expression of VEGF and Bcl-2 and downregulated the expression of Bax compared with the H/R group (P < 0.001). However, 5-HD and MPG treatment diminished the positive effect of diazoxide. The expression of VEGF and Bcl-2 was decreased and the expression of Bax was increased in the 5-HD+D and MPG+D groups to levels similar to those in the H/R group (P = 0.387). After DMOG treatment, the expression levels in the MPG+DMOG+D group were similar to those in the D group (P = 0.720), potentially counteracting the negative effect of MPG (P = 0.007) (Figure 6).


[image: Figure 6]
FIGURE 6. mRNA expression of HIF-1α, VEGF, Bcl-2, and Bax. *P < 0.05 vs. D group; **P < 0.01 vs. D group; ***P < 0.001 vs. D group. n = 6/group. Each value is the result of 6 experiments performed with different isolated preparations of cardiomyocytes. One-way ANOVA followed by Tukey's multiple comparisons tests was used for analyze.




Expression of HIF-1α, VEGF, Bcl-2, and Bax Proteins

At the end of reoxygenation, the D group clearly showed elevated protein levels of HIF-1α and its downstream mediators, VEGF and Bcl-2, compared with other groups, as well as reduced protein levels of Bax (P < 0.001). However, this upregulation was eliminated by 5-HD and MPG treatment. Protein expression levels in the 5-HD+D (P = 0.150) and MPG+D groups (P = 0.052) were close to those in the H/R group. DMOG treatment restored the effect of diazoxide after MPG treatment, with expression levels in the MPG+DMOG+D group close to those in the D group (P = 0.104) (Figure 7).


[image: Figure 7]
FIGURE 7. (A, B) Protein expression of HIF-1α, VEGF, Bcl-2, and Bax. ***P < 0.001 vs. D group. n = 4/group. Each value is the result of 4 experiments performed with different isolated preparations of cardiomyocytes. One-way ANOVA followed by Tukey's multiple comparisons tests was used for analyze.


2. Although production of a large amount of ROS may cause injury in early reoxygenation, a moderate level of ROS as generated by diazoxide post-conditioning is critical for activation of the HIF-1/HRE pathway.

ROS concentration following 25 min of reoxygenation was lowest in the N group. In the H/R group, a large amount of ROS was produced in the cells in early reoxygenation. After diazoxide post-conditioning, the early reoxygenation ROS content of the D group was significantly lower than that of the H/R group (P < 0.001). Compared with the D group, the 5-HD+D group showed increased concentration (P = 0.010), whereas the MPG+D group and MPG+DMOG+D groups showed decreased concentration (P < 0.001). There were no significant differences between the MPG+DMOG+D and MPG+D groups (P > 0.999).

The ROS concentration at 120 min of reoxygenation was lowest in the N group and highest in the H/R group. The D group showed significantly lower concentration than the H/R group (P < 0.001). Compared with the D group, ROS concentration in the 5-HD+D (P = 0.001) and MPG+D groups increased (P = 0.014). The concentration of the MPG+DMOG+D group was lower than that of the MPG+D group (P < 0.001).

Comparison of ROS concentration at 25 and 120 min of reoxygenation revealed that the ROS content of the cells in the N group continued to be low. In the H/R group, a large amount of ROS was produced in the cells in early reoxygenation, and the level of ROS at the end of reoxygenation was higher. After diazoxide post-conditioning, the D group showed a moderate level of ROS in early reoxygenation, and ROS accumulation after reoxygenation was significantly lower than that in the H/R group (P < 0.001). After using the ROS scavenger, MPG, in the early stage of reoxygenation, the accumulation of ROS in the cells was much greater in the MPG+D group than in the D group at the end of reoxygenation (P = 0.004). After the addition of DMOG after MPG, DMOG was able to reverse the effect of MPG, and ROS levels at the end of reoxygenation were consistent with those of group D (P = 0.855) (Figure 8).


[image: Figure 8]
FIGURE 8. ROS content. aP < 0.05 vs. N group; bP < 0.05 vs. H/R group; cP < 0.05 vs. D group; dP < 0.05 vs. 5-HD+D group. eP < 0.05 vs. MPG+D group. *P < 0.05 vs. 25 min. n = 6/group. Each value is the result of 6 experiments performed with different isolated preparations of cardiomyocytes. Two-way ANOVA followed by Sidak's multiple comparisons test was used to compare ROS concentration between multiple groups at the different time point.





DISCUSSION

This study demonstrates that under hypoxia-reoxygenation conditions, diazoxide post-conditioning in myocardial protection is associated with regulation of the HIF-1/HRE pathway. 5-HD-induced inhibition of the mitoKATP channel and MPG elimination of ROS led to the loss of diazoxide post-conditioning in myocardial protection. HIF-1/HRE pathway-dependent diazoxide post-conditioning is related to mitoKATP channel opening and the level of ROS. However, MPG followed by DMOG treatment was able to reverse the effect of the absence of ROS and activate the HIF-1/HRE signaling, thereby restoring diazoxide post-conditioning-induced myocardial protection. This suggests that ROS produced by the mitoKATP channel could exert a similar effect to DMOG in order to maintain the stability of HIF-1α. This research further indicates that diazoxide post-conditioning facilitates mitoKATP channel opening, releasing an appropriate amount of ROS at the early stage of reoxygenation that could be critical to activating HIF-1/HRE pathway.

Mounting evidence has confirmed that the most effective early method of reducing myocardial ischemic injury is revascularization (12). Unfortunately, the reperfusion process can further induce MIRI through a variety of pathophysiological mechanisms (13–16). Ischemic pre-/post-conditioning and pharmacological pre-/post-conditioning as exogenous interventions can activate reperfusion injury salvage kinase (RISK), phosphatidylinositide-3 kinase (PI3K)-AKT, extracellular signal-regulated kinase (ERK)1/2, glycogen synthase kinase (GSK)-3β, and other pathways through endogenous protective mechanisms to produce myocardial protection, and many of these pathways are regulated by HIF-1 (17). HIF-1α is considered the rescue headquarters for ischemia-reperfusion injury (18). The expression of HIF-1α is slightly upregulated under hypoxic conditions, which is a protective mechanism against hypoxia (19, 20). The HIF-1/HRE pathway can participate in the myocardial protection of ischemic pre-/post-conditioning by regulating the oxidative respiratory chain complex IV, PI3K-Akt pathway, NO-PKG pathway, and the adenosine pathway (21–23). There has been a lack of research on the mechanism of the HIF-1/HRE pathway in pharmacological pre-/post-conditioning. Therefore, it is interesting to determine whether pharmacological post-conditioning, which confers myocardial protection, is pertinent to the HIF-1/HRE signaling pathway.

To investigate this hypothesis, this experiment used an hypoxia-reoxygenation model of adult rat cardiomyocytes, excluding the influence of nerve-humoral regulation and peripheral vascular status. We examined the protective effect of diazoxide post-conditioning and the underlying mechanism of diazoxide post-conditioning activation of the HIF-1/HRE pathway in hypoxia-reoxygenation cardiomyocytes. Previous studies have revealed that diazoxide increases HIF-1α protein levels to reduce damage afflicted by hypoxia in the pancreatic cells (24). We first examined whether the administration of diazoxide post-conditioning could activate the HIF-1/HRE pathway in hypoxia-reoxygenation cardiomyocytes. The results showed that diazoxide post-conditioning significantly elevates the protein expression levels of HIF-1α, VEGF, and bcl-2, leading to improvements in the myocardial ultrastructure, mitochondrial Flameng score, and membrane potential. In addition, our previous research has shown that inhibition of the HIF-1/HRE pathway by the HIF-1α subunit blocker, 2ME2, can eliminate the myocardial protective effects of diazoxide post-conditioning in isolated rat hearts (25, 26). On this basis, we have confirmed that the myocardial protective effects of diazoxide post-conditioning can be attributed to upregulation of the HIF-1/HRE pathway.

Several studies have shown that the mitoKATP channel opener, diazoxide, reduces brain and hepatic ischemia-reperfusion injury, with a protective effect that appears to be mediated by the opening of mitoKATP (27, 28). In animal myocardial ischemia/reperfusion models, activation of mitoKATP channels by pharmacological openers has been shown to attenuate myocardial infarction and endothelial dysfunction. Conversely, blockage of the mitoKATP channels aggravates myocardial necrosis and the no-reflow phenomenon after ischemia/reperfusion. Opening of mitoKATP channels in cultured adult rat cardiomyocytes resulted in significant signal pathway changes, while the AKT-forkhead box (Foxo)1, F1F0-ATPase, and mitogen-activated protein kinase (MAPK) pathways have been shown to be regulated by mitoKATP opening to protect cardiomyocytes against hypoxia (29–31). We wondered whether the HIF-1/HRE pathway was also regulated by mitoKATP. Our results reveal that after inhibition of mitoKATP by 5-HD+D, diazoxide was not able to upregulate the expression of HIF-1α, VEGF, or bcl-2, resulting in increased ultrastructure pathology, mitochondrial Flameng score, and inflammatory factors. As revealed in this study, activation of the HIF-1/HRE pathway is also mediated by mitoKATP channel opening. Therefore, we found that diazoxide post-conditioning can noticeably activate the HIF-1/HRE pathway by opening the mitoKATP channel.

A growing number of investigations have demonstrated that pharmacological post-conditioning allows opening of the mitoKATP channels, with the resulting increased K+ influx into the matrix causing an increase in ROS (31–33). In addition, diazoxide induces mitochondrial depolarization and stimulates ROS generation via activation of the mitoKATP channel. Mitochondrial membrane depolarization by diazoxide is reversible and may increase ROS production without inducing apoptosis (34). Previous studies have indicated that localized transient elevation of ROS in the mitochondria is protective against ischemic injury. Diazoxide stimulates vascular repair-relevant functions of CD34+ cells via mitoKATP-dependent ROS release, and the mitoKATP-mediated ROS released in the mitochondria offers cerebral protection from ischemic injury (35). In this study, we found that MPG could reverse the effect of diazoxide post-conditioning, resulting in a block effect on the HIF-1/HRE pathway, suggesting that ROS released by the mitoKATP channel contribute to activation of the HIF-1/HRE pathway in diazoxide post-conditioning.

In addition, this study found that diazoxide post-conditioning promotes mitoKATP channel release of ROS to activate the HIF-1/HRE pathway by inhibiting HIF-1α degradation. Mitochondrial ROS is critical to O2-sensing in hypoxic cells (36), and an increase in ROS production facilitates the hypoxia-mediated transition of ferrous iron to its ferric state (37). The increase in ferric iron facilitates the rapid inhibition of HIF-1α-prolyl hydroxylase (PHD) activity (38), which regulates levels of HIF-1α protein. We hypothesized that the protective mechanisms of mitochondrial ROS were crucial to stabilization HIF-1α; therefore, DMOG following MPG was used to investigate the role of ROS. DMOG inhibited the prolyl-hydroxylation of the α-subunit catalyzed by PHD, thereby precluding HIF-1α from VHL-mediated degradation. Interestingly, our study found that the effect of an absence of mitochondrial ROS in inhibiting the HIF-1/HRE pathway could be reversed by DMOG, thereby demonstrating that ROS could play a similar role to DMOG. Mitochondrial ROS suppressed PHD-induced HIF-1α degradation. According to HIF-1α, mRNA levels were independent of hypoxic status or pharmacological treatment, suggesting that diazoxide post-conditioning did not impact HIF-1α transcriptional activity, but the accumulation and stability of HIF-1α protein. On this basis, this paper has found that mitochondrial ROS may inhibit canonical PHD-mediated pathways of HIF-1α degradation in diazoxide post-conditioning.

Physiological ROS signaling has an important regulatory role in cellular homeostasis. The spatial and temporal characteristics of ROS formation determine its influence on different cellular organelles that may stimulate the cellular functions or may interfere with cellular homeostasis leading to apoptosis. Previous studies have shown that excessive ROS allows a state of oxidative stress that can precipitate cellular dysfunction (39–42); however, moderate levels of ROS appear to act as a signal transduction factor and second messenger to guide gene regulation in a variety of cell types, essentially regulating downstream signals (43). To further explore the role of mitochondrial ROS in diazoxide post-conditioning and the relationship between changes in concentration and the HIF-1/HRE pathway, this experiment monitored ROS levels at early reoxygenation (25 min) and at the end of reoxygenation (120 min). The results indicated that, in the early stages of reoxygenation after hypoxia, cells can produce excessive ROS instantaneously, exceeding the ability of cells to resist oxidative stress, and resulting in irreversible and severe damage to the cell structure. Diazoxide post-conditioning allows opening of the mitoKATP channels, producing moderate levels of ROS, which could activate the HIF-1/HRE pathway, upregulate the anti-oxidative stress system of the cell, and maintain cell morphology and function. Moreover, the moderate levels of ROS generated by the opening of the mitoKATP channel inhibits HIF-1α degradation, meaning that when MPG eliminated ROS, activation of diazoxide post-conditioning on the HIF-1/HRE pathway was decreased. Interestingly, ROS fulfills an important modulatory role of HIF-1α activity in two different ways: under normal circumstances, nicotinamide adenine dinucleotide phosphate (NADPH) oxidase is responsible for producing ROS, which induces the degradation of HIF-1α. Under hypoxia and pharmacological intervention, mitochondrial production of ROS stimulates the stabilization of HIF-1α by modifying the response of PHDs, causing the stable HIF-1α protein (44–46) to bind with HIF-1β to activate the HIF-1/HRE pathway, thereby reducing the oxidative stress damage caused by MIRI.



LIMITATIONS

ROS is the general term for O2−, H2O2, NO, and –OH radicals and other single-electron reduction products, each of which has been proposed as signaling ROS. In this study, the role of every component of ROS was not tested in HIF-1/HRE pathway activation. In addition, the specific concentration range of moderate levels of ROS acting as a second messenger to guide HIF-1/HRE pathway regulation needs further investigation. Furthermore, the effects of HIF-1/HRE pathway activation in diazoxide post-conditioning still need to be explored.



CONCLUSION

This study shows that diazoxide post-conditioning promotes the opening of mitoKATP channels, generating a moderate level of ROS which may inhibit HIF-1α degradation to activate the HIF-1/HRE pathway. This further results in an increase of the anti-oxidation ability of the cell, leading to the stabilization of cardiomyocyte function and structure.
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