

  antioxidants-11-01641




antioxidants-11-01641







Antioxidants 2022, 11(9), 1641; doi:10.3390/antiox11091641




Article



Addition of oh8dG to Cardioplegia Attenuated Myocardial Oxidative Injury through the Inhibition of Sodium Bicarbonate Cotransporter Activity



Min Jeong Ji 1[image: Orcid], Kuk Hui Son 2,*[image: Orcid] and Jeong Hee Hong 1,*[image: Orcid]





1



Department of Health Sciences and Technology, Lee Gil Ya Cancer and Diabetes Institute, GAIHST, Gachon University, 155 Getbeolro, Yeonsu-gu, Incheon 21999, Korea






2



Department of Thoracic and Cardiovascular Surgery, Gachon University Gil Medical Center, Gachon University, Incheon 21565, Korea









*



Correspondence: dr632@gachon.ac.kr (K.H.S.); minicleo@gachon.ac.kr (J.H.H.); Tel.: +82-32-899-6682 (J.H.H.)







Academic Editor: Stanley Omaye



Received: 13 July 2022 / Accepted: 23 August 2022 / Published: 24 August 2022



Abstract

:

The biomarker 8-hydroxy-2′-deoxyguanosine (oh8dG) is derived from oxidized nucleic acids or products of oxidant-mediated DNA damage. Enhanced sodium bicarbonate cotransporter (NBC) activity is caused by reactive oxygen species (ROS) production in ventricular myocytes. Thus, we hypothesized that cardioplegia-solution-mediated ROS generation may be involved in the regulation of NBC activity in cardiomyocytes and that oh8dG treatment may modulate ROS and associated NBC activity. Langendorff-free cardioplegia-arrested cardiac strips and cardiomyocytes were isolated to determine the NBC activity and effects of oh8dG on oxidative-stress-mediated cardiac damage markers. We first determined the histidine-tryptophan-ketoglutarate (HTK) solution mediated NBC activity in cardiac strips and cells. The oh8dG treatment attenuated NBC activity in the electroneutral or electrogenic form of NBC. Additionally, exposure to HTK solution induced ROS, whereas co-administration of oh8dG attenuated ROS-mediated NBC activity, reduced ROS levels, and decreased the expression of apoptotic markers and fibrosis-associated proteins in cardiac cells. The oh8dG-administrated cardiac tissues were also protected from enhanced HTK-induced damage markers, heat shock protein 60 and polyADP-ribose. Our results show that oh8dG has a protective role against myocardial oxidative damage and provides a useful treatment strategy for restoring cardiac function.
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1. Introduction


To decrease primary graft failure and postoperative myocardial dysfunction, donor heart preservation is an important process during heart transplantation [1,2]. Extracted donor hearts are exposed to ischemia, which leads to the deletion of the adenosine triphosphate (ATP) stores that initiate anaerobic metabolism and intracellular acidosis [3,4]. Increased intracellular enhanced activity of the sodium–hydrogen exchanger (NHE) leads to sodium influx into myocardial cells [3,4]. After the transplantation procedure, reperfusion of the donor heart rapidly initiates the washout of hydrogen (H+) to the interstitial space. It creates a huge gradient of H+, which leads to further sodium influx through NHE [5]. The influx of sodium leads to upregulation of the sodium–calcium exchanger (NCX) in reverse mode, which eventually results in the import of calcium into myocardial cells [5]. Intracellular calcium overload enhances myocardial cell death by increased reactive oxygen species (ROS) levels, hyper-contracture, and apoptosis [3,4,5]. To decrease ischemia–reperfusion injury, retrieved organs are generally preserved in cold (4 °C) organ-preserving solutions [6]. One of the most frequently used organ-preserving solutions is the histidine-tryptophan-ketoglutarate (HTK) solution [7]. As antioxidants, histidine, and tryptophan play roles in decreasing ROS generation [8,9]. However, it is known that HTK solution during hypothermic organ preservation is not effective in preventing ROS generation [10,11]. Several animal studies have shown that NHE inhibitors or NCX inhibitors decrease reperfusion injury in cardiomyocytes by delaying pH normalization and decreasing calcium accumulation in the cytosol [12,13]; however, these inhibitors are not available for clinical use [14]. Sodium-bicarbonate cotransporters (NBCs), like NHE, are acid-extruders involved in controlling intracellular pH in myocardial cells [15]. It is also known that activation of NBCs leads to calcium overload during reperfusion [16].



Moreover, angiotensin II (AngII)-mediated alkalization is mediated by NBC activity in rat ventricular myocytes [17]. AngII enhances NADPH oxidase-mediated ROS production and, subsequently, activates electroneutral NBC activity but not electrogenic NBC in cardiac cells [18,19]. Thus, we hypothesized that cardioplegia solution-mediated ROS generation is involved in regulating NBC activity in cardiomyocytes.



The biomarker 8-hydroxy-2′-deoxyguanosine (oh8dG) is a naturally driven oxidized nucleic acid or a product of oxidant-mediated DNA damage [20]. Various studies have reported that oh8dG also exhibits anti-oxidative effects and is a biomarker of oxidative stress in numerous tissues, and administration of exogenous oh8dG involves the inhibition of inflammatory cascade including Rac-GTP, ROS, and NF-κB signaling [21,22,23,24,25,26,27,28,29,30,31,32,33].



ROS-mediated mechanisms are suppressed by the administration of oh8dG in various diseases such as gastritis [34], obesity [35], or ultraviolet B-induced skin damage [24]. Accumulating evidence of an exogenous oh8dG anti-oxidative or anti-inflammatory effect drives to determine the role of oh8dG against oxidants in cardioplegia-solution-exposed cardiac tissues. In addition, exogenous oh8dG is a non-mutagenic compound and non-corporates into DNA [21,32,36,37]. In this study, we determined cardiac NBC activity by administering cardioplegia solution and verified the role of exogenous oh8dG on the regulation of NBC activity in cardiac tissues. Thus, ROS-mediated NBC activity was determined and the cardiac-tissue-protective role of cardioplegia solution with exogenous oh8dG was evaluated. oh8dG, a potential target drug, is considered a protective supplement against cardioplegia solution-mediated cardiac oxidative damage and is a useful treatment strategy for restoring cardiac function.




2. Materials and Methods


2.1. Animals


All animal care and experimental procedures for heart isolations from mice followed Gachon University guidelines and were approved by the Gachon Animal Care and Use Committee of Gachon University (GACUC, LCDI-2016-0037). Wild-type mice (C57BL6/N, male, eight weeks old, Orient Bio, Sungnam, Korea) were housed in the pathogen-free animal facility at the core of the Lee Gil Ya Cancer and Diabetes Institute, Gachon University (Incheon, Korea). Wild-type mice were housed individually in ventilated mouse cages under controlled humidity (50%) and temperature (21.4 °C).




2.2. Cardioplegia Infusion and Cardiac Strip Preparation


All procedures were performed as previously described [38] and using the Langendorff-free cardioplegia method [39]. Mice at 8-weeks old were sedated with 5% isoflurane gas, and the chest was opened to expose the entire thorax. The right atrial auricle was excised, and cardioplegia solution (histidine-tryptophan-ketoglutarate solution, HTK) was pumped into the left ventricle using a 23G needle at 1 mL/min per gram of body weight. Wild-type mice were euthanized using isoflurane (Hana Pharm. Co., Ltd., Seoul, Korea). The heart of each mouse was harvested, and the left ventricle (LV) was separated. The isolated LV was minced into small pieces (~100 × 150 μm) on ice. The minced samples were transferred to an EP-Tube and stored in physiological salt solution (PSS) containing [mM] 140 NaCl, 10 HEPES, 10 D-glucose, 5 KCl, 1 MgCl2, and 1 CaCl2 (adjusted pH 7.4, 300 mOsm) until use. Isolated cardiac strips were incubated in HTK cardioplegia solution (histidine-tryptophan-ketoglutarate, Chemie GMBH, Germany) with or without 8-hydroxy-2′-deoxyguanosine (oh8dG, provided by Myung-Hee Chung [40], and obtained from Sigma Aldrich (H5653, St. Louis, MO, USA)) until needed for subsequent experiments on ice.




2.3. Isolation of Single Cardiomyocytes


Cardiomyocytes isolation was performed according to a previously described experimental protocol [38,39]. The LV (8-week-old mice) was injected with 10 mL EDTA buffer. The EDTA buffer was composed of [mM] 130 NaCl, 5 KCl, 10 HEPES, 10 Taurine, 0.5 Na2PO4, 10 D-glucose, 10 (2,3)-butanedione monoxime (B0753, BDM, Sigma Aldrich, St. Louis, MO, USA), and 5 EDTA. Then, 3 mL perfusion buffer was injected. The perfusion buffer was composed of [mM] 130 NaCl, 5 KCl, 10 HEPES, 10 Taurine, 0.5 Na2PO4, 10 D-glucose, 10 BDM, and 1 MgCl2. The 30 mL collagenase buffer containing 0.5 mg/mL collagenase type II (17101515, Thermo Scientific, Waltham, MA, USA) and 0.05 mg/mL protease XIV (P5147, Sigma Aldrich) was injected into the LV until the heart became soft and reached a transparent status. After mincing the cardiac strips to 1-mm3, they were transferred into a new conical tube with a stop buffer containing 5% FBS and filtered using a 100 μm strainer. The sample was centrifuged at 300× g for 15 min at 4 °C, and cardiomyocytes were obtained from the supernatant and stored on ice until use.




2.4. ROS Staining


Isolated cardiomyocytes, cardiac strips, and cardiac tissues were attached to poly-L-lysine (P8920, Sigma-Aldrich)-coated coverslips for 15 min at room temperature. Next, 10 μM 2′, 7′-Dichlorofluorescin diacetate (DCFDA) was loaded for 15 min and then rinsed with 1× DPBS. Confocal images were obtained at 488 nm using a Zeiss LSM 700 confocal microscope (Fluo-view, Carl Zeiss, Oberkochen, Germany). Images were collected from five separate preparations of cardiac tissue, and the results are presented as the average from all experiments.




2.5. Cell Culture and DNA Transfection


Human HEK293T (H.T), lung fibroblast MRC5, lung adenocarcinoma A549 cells were purchased from ATCC (Washington, DC, USA). Cells were cultured in Dulbecco’s Modified Eagle Medium containing 10% fetal bovine serum (FBS) and 100 U/mL penicillin-streptomycin antibiotics at 37 °C in 5% CO2/95% air. Human NBCe1-B (an electrogenic form of sodium bicarbonate cotransporter, encoded by SLC4A4) and NBCn1 (electroneutral form of sodium bicarbonate cotransporter, encoded by SLC4A7) clones were provided by Shmuel Muallem (National Institutes of Health, Bethesda, MD, USA). Plasmid DNAs (1 μg/μL) were mixed with 200 μL Jet Prime Buffer (B200225, Polyplus-transfection, Illkirch-Graffenstaden, France). Transfection reagent (4 mL) (21Y0910L1, Polyplus-transfection) was incubated with mixed Jet prime buffer and DNA for 10 min in the dark. Incubated DNAs were transferred into H.T-cultured plates, and all procedures were performed in accordance with the protocol of the manufacturer (Polyplus-transfection). MRC5 cells were used for determination of cell viability, and A549 cells were used for determination of native NBC activity. S0859 (18497, Cayman, Ann Arbor, MI, USA) was used for the specific inhibition of NBC activity.




2.6. Measurement of Na+-HCO3− Cotransporter (NBC) Activity


The fluorophore 2′-7′-Bis-(carboxyethyl)-5-(and-6)-carboxyfluorescein (0061, BCECF-AM, Teflabs, Austin, TX, USA) was used to measure intracellular pH changes in H.T cells and isolated cardiomyocytes at dual excitation wavelengths (440 and 495 nm) and an emission wavelength (530 nm). Then, 5-(N-Ethyl-N-isopropyl) amiloride (1154-25-2, EIPA, Sigma), a selective inhibitor of NHE, was mixed with HCO3- solution to measure only NBC activity. H.T cells and cardiomyocytes were loaded onto coverslips with a mixture of 0.05% Pluronic F-127 and 6 μM BCECF-AM perfused with PSS. NBC activity was measured by incubating the cells with CO2-saturated HCO3−-containing media with EIPA, followed by acidification with Na+-free HCO3−- buffered media. The emitted fluorescence was monitored using a CCD camera (Photometrics) and analyzed using a MetaFluor system (Molecular Devices). All BCECF fluorescence images were gained at 1 sec intervals.




2.7. Western Blotting


Cardiac strips isolated from mice were stimulated with HTK cardioplegia solution and oh8dG. Proteins were isolated from cardiac strips using lysis buffer containing (mM) 20 Tris, 150 NaCl, 1% Triton X-100, 2 EDTA, and a protease inhibitor cocktail; a Bradford assay (Quick Start Bovine Serum Albumin standard, 5000207, Bio-Rad, Hercules, CA, USA) was used to quantify the concentration. Protein samples were denatured in sodium dodecyl sulfate (SDS) sample buffer at 37 °C for 30 min. Denatured protein samples (30 μg) were subjected to SDS-polyacrylamide gel electrophoresis. Proteins were transferred to PVDF membrane and incubated primary antibodies (1:1000 dilution), NBC1e1 (ab187511, Abcam, Cambridge, UK), NBCn1 (ab82335, Abcam), connective tissue growth factor (ac365970, CTGF, Abcam), and β-actin (A3854, Sigma, St. Louis, MO, USA) and then visualized with horseradish-conjugated secondary antibodies (1:2000 dilution for mouse and rabbit IgG) using an enhanced chemiluminescence solution (Thermo Fisher Scientific, Waltham, MA, USA).




2.8. Reverse Transcription-Polymerase Chain Reaction (RT-PCR)


Total RNA was extracted from the mouse cardiac tissues using the Hybrid-RiboEx extraction system (301-001, GeneAll, Seoul, Korea) in accordance with the instructions of the manufacturer. Isolated RNA was quantitated using the Spectrophotometer ND-1000 (Thermo Fisher Scientific), and cDNA was amplified using the TOPscript RT-PCR kit from Enzynomics (RT410S, Daejeon, Korea). The primers and PCR cycling protocol were as follows: mouse Bcl-2 (forward) GCA TCT TCT CCT TCC AGC CTG and (reverse) GAC GCT CTC CAC ACA CAT GAC; mouse p53 (forward) CAT GGC CAT CTA CAA GAA GTC and (reverse) GAA CAT CTC GAA GCG TTT ACG; denaturation at 95 °C (5 min), followed by 35 cycles of 95 °C (1 min), an annealing step (1 min), and an extension step at 72 °C (1 min). The final extension step was performed at 72 °C (10 min).




2.9. Transferase (TdT)-Mediated dUTP Nick End Labeling (TUNEL) Assay


Frozen cardiac tissues of mice were sectioned on a glass slide at a thickness of 10 μm. The TUNEL assay was performed in accordance with the protocol of the manufacturer, using a Transdetect In Situ Fluorescein TUNEL Cell Apoptosis Detection kit (FA201-02, TransGen Biotech Co., LTD, China). The slides were three times washed with 1× Dulbecco’s phosphate-buffered saline (LB 001-02, DPBS, Kyungsan, Korea) for 10 min and fixed with 4% paraformaldehyde for 30 min at room temperature. The 1× labeling solution (FA201-02, TransGen Biotech Co., LTD, Beijing, China) was added to the surface of the glass slide with tissue attached and incubated at 37 °C in the dark for 1 h. The glass slides were rinsed with 1× DPBS and DAPI-included fluoromount-G (17984-24, Electron Microscopy Sciences, Hatfield, PA, USA) for 5 min. Confocal images were obtained at 358 nm using a Zeiss LSM 700 confocal microscope (Fluo-view, Carl Zeiss). Images were collected from five separate preparations of the cardiac tissues.




2.10. Immunostaining


Frozen cardiac tissues of mice were sectioned on the slide glass at a thickness of 10 μm. Slides were fixed with 4% paraformaldehyde or chilled methanol for 10 min. Heat shock protein 60 (ab46798, HSP60, Abcam) and poly (ADP-Ribose) (SM1398, PAR, ORIGENE, Rockville, MD, USA) antibodies were diluted at 1:100 and used to treat fixed samples for 24 h. Secondary antibodies tagged with FITC (for PAR, 1:200 dilution) and rhodamine (for HSP60, 1:200 dilution) were attached, and confocal images were obtained. Images were obtained using an LSM 700 Zeiss confocal microscope (Fluo-view, Carl Zeiss) at 488 nm (FITC), 530 nm (rhodamine), and 358 nm (DAPI for nucleus staining) and analyzed with ZEN software (ZEN 2009 light edition, Carl Zeiss). Images were collected from five separate preparations of cardiac tissue, and the results were averaged from all experiments.




2.11. MTT Assay


MRC5 cells were cultured in 96-well plates for 24 h and various dose of oh8dG was added for 1 h. Tetrazolium bromide (MTT; 298-93-1, Merck, Burlington, MA, USA) dye was mixed with 1 mL of PBS, and the cells were treated with 100 μL of MTT dye and incubated for 2 h in the dark. The medium was carefully aspirated from the plate and added 100 µL of DMSO, and the absorbance of sample was measured at 570 nm using a fluorescence microplate reader (VICTOR X3, PerkinElmer, Waltham, MA, USA).




2.12. Statistical Analysis


Experimental results are expressed as the mean ± standard error of the mean (SEM), and standard deviation (SD) was also represented. Experiment was performed more than three times and represented in figure legends. Differences between the mean values of the two samples were analyzed using the Student’s t-test. Significance was determined by analysis of variance in each experiment (* p < 0.05, ** p < 0.01, and *** p < 0.001).





3. Results


3.1. Treatment of oh8dG Attenuated HTK-Mediated ROS Level in Cardiac Strips and Isolated Cardiomyocytes


Cardioplegia-induced oxidative injury results in cardiomyocytes apoptosis [41,42]. To determine the anti-oxidative role of exogenous oh8dG, we measured ROS levels using DCFDA fluorescence in cardioplegia solution (HTK)-exposed cardiac strips. DCFDA fluorescence was enhanced in HTK-exposed cardiac strips for 1 h and attenuated by the administration of exogenous oh8dG (Figure 1a,b). The HTK-exposed cardiac strips for 2 h were exhausted of DCFDA fluorescence with or without oh8dG (Figure 1a,b). We also confirmed the anti-oxidative role of oh8dG in cardiomyocytes isolated from the mice. Isolated cardiomyocytes were easily damaged by HTK treatment. Thus, the exposure time of HTK was maintained within 30 min, similar to the experimental condition in cardiac strips, which is available in within 2 h. The improved DCFDA fluorescence in HTK-treated cardiomyocytes was attenuated by treatment with exogenous oh8dG (Figure 1c,d). To verify the toxicity of exogenous oh8dG, we performed an MTT assay (Supplementary Figure S1). There was no effect of oh8dG on cell viability. These results indicate that exogenous oh8dG attenuated HTK-mediated ROS levels in cardiac tissues and cells.




3.2. The Treatment of oh8dG Attenuated ROS-Mediated NBC Activities


To verify the role of NBC activity in response to ROS and the anti-oxidative effect of oh8dG, cells were transfected with two types of NBC, NBCe1-B, and NBCn1. NBC-transfected H293T cells were treated with oh8dG for 1 h, and the effective dose of oh8dG was determined. Both 10 and 100 μg/mL of oh8dG attenuated the NBC activities independently of the type of NBC, electrogenic and electroneutral (Figure 2a–d). Then, 100 μg/mL of oh8dG was suggested [28], and we also determined the working dose of oh8dG (100 μg/mL) to evaluate the role of oh8dG. We determined the ROS-modulated NBC activity. NBC-overexpressing cells were stimulated with H2O2 with or without oh8dG. Treatment with H2O2 induced two~three-fold high NBC activity in both NBCs, and the co-administration of oh8dG dramatically attenuated NBC activity (Figure 2e–h). We also confirmed the modulatory role of H2O2 on NBC activity in native NBC-expressed A549 cells. NBC activity was enhanced by the treatment of H2O2, whereas H2O2-mediated NBC activity was attenuated by the presence of specific NBC inhibitor S0859 (Supplementary Figure S2). NBC activity was dose-dependently inhibited by the oh8dG treatment (Supplementary Figure S3). These results suggested that NBC activity was directly enhanced by treatment with ROS, and these enhanced activities were attenuated by exogenous oh8dG treatment.




3.3. HTK-Exposed Cardiac Tissues Enhanced NBC Activity, Attenuated by the Treatment of oh8dG


To verify the modulatory role of HTK-induced ROS in NBC activity in cardiac tissues, two types of NBC expression were determined. The left and right ventricles of the cardiac tissues were expressed in both NBCs (Figure 3a). Exposure to the HTK solution stimulated NBC activity in isolated cardiomyocytes (Figure 3b,c). Co-stimulation of HTK with oh8dG attenuated HTK-mediated NBC activity (Figure 3b,c). We then confirmed NBC activity in HTK-exposed isolated cardiac strips. oh8dG also attenuated NBC activity (Figure 3d,e). These results indicate that HTK exposure enhanced ROS production and enhanced NBC activity, which was attenuated by exogenous oh8dG administration.




3.4. Treatment of oh8dG Attenuated DNA Fragmentation and Expression of the Apoptotic Marker in HTK-Exposed Cardiac Tissues


Ischemia–reperfusion injury-mediated cellular apoptosis is mediated by caspase-3 activation [43] and, subsequently, induces DNA fragmentation [44]. Figure 4a shows an enhanced DAPI staining area that was observed in the HTK-treated cardiomyocytes. HTK-mediated DNA fragmentation was reduced by exogenous oh8dG treatment (Figure 4a,b). The HTK-induced increase in the apoptotic marker Bcl-2, but not p-53, was reduced by oh8dG treatment (Figure 4c,d). The cardiac injury induces the fibrosis factor connective tissue growth factor (CTGF) [45,46]. The oh8dG treatment reduced the expression of CTGF (Figure 4e,f). Isolated cardiac strips were exposed to HTK during cardiac arrest. Thus, the inhibitory effect of oh8dG on CTGF expression was assessed using HTK-exposed cardiac strips as a control. These results indicated that HTK-mediated DNA fragmentation and expression of the apoptotic marker Bcl-2 were attenuated by exogenous oh8dG treatment, with a decrease in CTGF.




3.5. Treatment of oh8dG Attenuated HTK-Mediated Cardiac Destructive Signals


The exogenous oh8dG showed anti-oxidative and anti-apoptotic effects in cardiac tissues and cells. To verify the tissue-protective role of exogenous oh8dG in cardiac apoptotic death, we performed a TUNEL assay. The number of TUNEL-positive cardiac tissues was increased by HTK exposure in a time-dependent manner. The co-administration of oh8dG dramatically reduced the number of TUNEL-positive cells (Figure 5a,b). Cellular stress and apoptotic signals induce plasma membrane localization of the mitochondrial protein HSP60 [47]. In addition, PAR production is activated by DNA damage and stress [48]. HTK-exposed cardiac tissue showed enhanced membrane expression of HSP60 (Figure 5c). We verified the role of exogenous oh8dG in stress/injury-associated protein expression. Co-administration of oh8dG dramatically attenuated HTK-mediated HSP60/PAR expression (Figure 5c–e). These data indicate that the co-administration of HTK and exogenous oh8dG has a protective effect against HTK-associated cardiac destructive signals.





4. Discussion


In the present study, we addressed that exposure to HTK solution in cardiac cells induced ROS and co-administration of exogenous oh8dG attenuated ROS-mediated NBC activity and reduced expression of apoptotic markers and fibrosis-associated protein CTGF. The exogenous oh8dG-administrated cardiac tissues were protected from the HTK-induced damage markers HSP60 and PAR. Our results addressed exogenous oh8dG as a protective supplement against potential HTK-solution-mediated oxidative damage. Thus, our observations in cardiac tissues are consistent with previous studies in various experimental systems showing the protective role of exogenous oh8dG against oxidative or inflammatory signals [21,22,23,24,25,26,27,28].



NBC activity is modulated by various cellular stimulants, such as ROS [18], acidic [49], hypoxia [50], and inflammatory cytokines [49]. Our previous study showed that HTK-induced arrest mediated more acidic intracellular circumstances through the involvement of sodium-potassium-chloride cotransporter Nkcc1 and chloride-bicarbonate exchanger Slc26a6 in the db/db diabetic mouse model’s heart than in wild-type mice during reperfusion [38].



Although NBC is considered an intracellular pH regulator, it has not been revealed whether HTK is involved in the activity of NBCs. The present study showed that NBC activity was increased by HTK-mediated ROS generation. Enhanced NBC activity may mediate sodium and bicarbonate uptake and, subsequently, coordinate ion transport, such as calcium and chloride. We speculate that the accumulation of sodium and bicarbonate through enhanced NBC may mediate the activation of the chloride/bicarbonate exchanger (chloride influx and bicarbonate efflux) and NCX exchanger (calcium influx and sodium efflux). In addition, enhanced sodium and chloride may facilitate water influx to maintain cellular osmotic power (Figure 6). Therefore, calcium overload, enhanced sodium/chloride level, and subsequent water intake occur in the cytosol of cardiomyocytes and, subsequently, induced cytotoxic edema and impaired cardiomyocytes’ function. Similarly, it has been addressed that the angiotensin II-mediated modulation of NBC and pathological output of associated ion transporters in cardiopathies [51]. Although experimental limitations were revealed, our results provide new potential targets to maintain cardiac function after cardiac surgery or heart transplantation using the HTK solution. Modulation of NBC is essential, to protect the heart during the reperfusion period of cardiac surgery or transplantation, by decreasing ROS generation.



ROS-mediated NBC activities, including NBCn and NBCe, were attenuated by treatment with exogenous oh8dG. The signaling of oh8dG has been known in the inactivation of Ras in cancer cells [53]. Ras signaling is involved in migration in various cellular systems, such as vascular smooth muscle cells, endothelial cells, and several cancers [54,55,56,57]. In addition, NBCn is known to provide a migratory module in various cell types, such as vascular smooth muscle cells, breast cancers, and synoviocytes [49,58,59]. Currently, there is no direct evidence for an association between Ras and NBCn. In this regard, the protein–protein network between NBCn and Ras signaling is an attractive and changeable issue for future studies.



The protective role of exogenous oh8dG in various inflammatory and oxidative stress-mediated diseases has been highlighted in different studies [21,23,29,30,31,32,33]. Our results indicate that long-term exposure to HTK solution mediated the enhancement of tissue damage markers. Cardiac tissues should be maintained and protected from damage signals during cardioplegia exposure. The static hypothermic preservation method is a low-cost and standard method for heart transplantation [60]. HTK has been suggested as an effective cardiac preservation solution to regenerate cardiac function [61,62]; however, HTK could not fully protect against reperfusion injury during hypothermic organ preservation [63]. Since ROS generation is the main initiator of reperfusion injury, the addition of various ROS scavengers has been attempted in order to decrease reperfusion injury during heart transplantation [64,65,66]. However, the cardio-protective effect of decreasing ROS with ROS scavengers is insufficient. Since the generation of ROS and various ion transporters are involved in modulating pH during reperfusion, we thought that modulation of both ROS and ion channels is essential to decrease reperfusion injury. Therefore, the possibility of adding exogenous oh8dG, which leads to decreased ROS and modulation of NBC activity, to the preservation solution could be considered.



Our study has some experimental limitations. Cardiac function after reperfusion could not be evaluated because the Langendorff perfusion system was not used. We evaluated various cardiac injury markers to determine whether HTK leads to apoptosis during organ preservation. Although co-administration of exogenous oh8dG with HTK requires additional experiments on organ preservation for long-term exposure, the cardio-protective effect of exogenous oh8dG might provide improved beneficial effects to restore functional cardiac recovery during reperfusion.
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Figure 1. Treatment of oh8dG attenuated HTK-mediated ROS level in cardiac strips and isolated cardiomyocytes. (a) DCFDA staining in cardiac strips after cardioplegia and 100 μg/mL oh8dG treatment for 1 and 2 h. Direct cardioplegia arrest with HTK solution using Langendorff-free cardioplegia method for 1 min. The scale bar represents 50 μm. (b) Analysis of normalized intensity (total intensity/measuring area) of DCFDA. Bars present mean ± SEM (n = 4~6 * p < 0.05, ** p < 0.01, and *** p < 0.001). The table represents mean and SD value. (c) DCFDA staining in isolated cardiomyocytes after cardiac arrest with cardioplegia solution (HTK) using Langendorff-free cardioplegia method for 1 min and 100 μg/mL oh8dG was treated for 10 min and 30 min on ice. The scale bar represents 20 μm. (d) Analysis of normalized intensity (total intensity/measuring area) of DCFDA. Bars present mean ± SEM (n = 10, *** p < 0.001). The table represents mean and SD value. 
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Figure 2. Treatment of oh8dG attenuated ROS-mediated NBC activities. NBC activity was assessed by measuring changes in pHi transfected with NBCe1-B (a) and NBCn1 (b) plasmids in the presence or absence of oh8dG (10 and 100 μg/mL) for 1 h in HEK293T (H.T) cells. (c,d) The bars represent mean ± SEM (n = 3, * p < 0.05, ** p < 0.01, and *** p < 0.001). The table represents mean and SD value. NBC activity was assessed by measuring 10 μM H2O2–mediated changes in pHi in HEK293T cells, which were transfected with NBCe1-B (e) and NBCn1 (f) plasmids in the presence or absence of pre-incubation with 10 μM H2O2 and oh8dG (100 μg/mL) for 1 h. (g,h) The bars present mean ± SEM (n = 3~5, * p < 0.05, ** p < 0.01, and *** p < 0.001). The table represents mean and SD value. 
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Figure 3. HTK-exposed cardiac tissues enhanced NBC activity, attenuated by the treatment of oh8dG. (a) Protein expression of NBCe1 and NBCn1 in left and right ventricle (LV and RV, respectively) cardiac strips of mice (n = 6). β-actin was used as the loading control. (b) NBC activity was assessed by measuring changes of pHi with or without pre-incubation of 100 μg/mL oh8dG for 1 h in cardiomyocytes on ice. HTK solution was treated for 5 min. (c) The bars present mean ± SEM (n = 3, * p < 0.05, and ** p < 0.01) in cardiomyocytes. The table represents mean and SD value. (d) NBC activity in cardiac strips during cardioplegia (HTK)-induced arrest for 1 min. After cardiac arrest, 100 μg/mL oh8dG was pre-incubated for 1 h. (e) The bars present mean ± SEM (n = 3, *** p < 0.001) in cardiac strips. The table represents mean and SD value. 
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Figure 4. Treatment of oh8dG attenuated DNA fragmentation and expression of the apoptotic marker in HTK-exposed cardiac tissues. (a) DAPI (nucleus, blue) staining and T-PMT (gray) of isolated cardiomyocytes in pre-incubation of HTK solution for 1 h and 100 μg/mL oh8dG for 10 min. The scale bar represents 10 μm. (b) Analysis of total intensity of DAPI. Bars present mean ± SEM (n = 3, * p < 0.05 and *** p < 0.001). The table represents mean and SD value. (c) mRNA expression of Bcl-2 and p-53 in HTK-treated cardiomyocytes for 5 min in the absence and presence of pre-incubation of 100 μg/mL oh8dG for 1 h on ice. The bars present mean ± SEM (n = 3, * p < 0.05). The table represents mean and SD value. (d) mRNA expression of Bcl-2 and p-53 in HTK-treated cardiac strips for 2 h in the absence and presence of 100 μg/mL oh8dG for 2 h on ice. The bars present mean ± SEM (n = 3, * p < 0.05). NS; not significant. The table represents mean and SD value. (e) Protein expression of CTGF in cardiac strips of mice treated with cardioplegia solution (HTK) and 100 μg/mL oh8dG for 1 h and 2 h on ice. β-actin was used as the loading control. (f) Analysis of band intensity of CTGF in cardiac strips. The bars present mean ± SEM (n = 3, * p < 0.05). The table represents mean and SD value. 
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Figure 5. Treatment of oh8dG attenuated HTK-mediated cardiac destructive signals. (a) DNA fragmentation was measured by a TUNEL assay on the heart section of mice. The heart was treated with HTK solution for 1 h and 2 h, respectively, including 100 μg/mL oh8dG at different times. Blue (DAPI, nucleus), green (TUNEL), and gray (T-PMT, tissue image). The scale bar represents 20 μm. (b) Analysis of TUNEL positive cells (%) normalized by assessing total intensity/measuring area of FITC (green). Bars present mean ± SEM (n = 3, * p < 0.05). NS; not significant. The table represents mean and SD value. (c) Immunostaining of HSP60 (red), PAR (green), and nucleus (DAPI, blue) in cardiac strips of mice. I.R.HTK; immediately removed HTK (cardioplegia-induced arrest, 1 min). The heart was treated with HTK solution for 2 h, and 100 μg/mL oh8dG was treated for 1 h and 2 h, respectively on ice. The scale bars represent 20 μm. Analysis of normalized intensity (total intensity/measuring area) of HSP60 (d) and PAR (e). Bars present mean ± SEM (n = 4, * p < 0.05, ** p < 0.01, and *** p < 0.001). The table represents mean and SD value. 
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Figure 6. Schematic model of enhanced NBC and its coordinated channels and transporters in HTK-exposed cardiomyocytes and preserving effect of exogenous oh8dG. HTK-solution-exposed cardiac tissues produce oxidative signals. Oxidants enhance cardiac NBC activity through the involvement of ERK [51] and, subsequently, induce convergent involvement of NCX, CBE (SLC26A6), and aquaporin (AQP), which cause calcium overload and cyto-edema during reperfusion [16]. Cardiac calcium overload also mediates ROS generation [52]. Thus, the modulation of NBC activity may be a potential strategy against cardiac damage such as arrhythmic events or cardiac sudden death. The application of exogenous oh8dG may attenuate HTK-mediated NBC hyperactivity and the associated damage markers. 






Figure 6. Schematic model of enhanced NBC and its coordinated channels and transporters in HTK-exposed cardiomyocytes and preserving effect of exogenous oh8dG. HTK-solution-exposed cardiac tissues produce oxidative signals. Oxidants enhance cardiac NBC activity through the involvement of ERK [51] and, subsequently, induce convergent involvement of NCX, CBE (SLC26A6), and aquaporin (AQP), which cause calcium overload and cyto-edema during reperfusion [16]. Cardiac calcium overload also mediates ROS generation [52]. Thus, the modulation of NBC activity may be a potential strategy against cardiac damage such as arrhythmic events or cardiac sudden death. The application of exogenous oh8dG may attenuate HTK-mediated NBC hyperactivity and the associated damage markers.



[image: Antioxidants 11 01641 g006]













	
	
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.











© 2022 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






media/file4.png
d

NBC activity (ApH/sec, ratio)

NBC activity (ApH/sec, ratio)

H.T

0
9

Q
g,@

O +NBCe1-B
O +NBCe1-B + oh8dG 10 pg/mL (1 h)
O +NBCe1-B + oh8dG 100 pg/mL (1 h)

~'ce o
é &'\'% G
> ([ Commeti
< (s
. (8
w
o
2 min
ONa* -
EIPA + HCOa_
" (p= 0.0157)
W
1.0 =
. c TP =
0.54 -; NBCe1-B 1 0.104
| 4 0.0009 :
| \
0.0 , . - NBCe1-B
0\9 R & + 100 | 0363 | 0.066
¥ x )
& I
Qo Qoe
¥ S
O +NBCe1-B

e
Y

O O +NBCel1-B + 10 pM H;0;, (1 h)
%) O +NBCe1-B + 10 pM H,0, + oh8dG 100 pg/mL (1 h)

O
O
_Q
Y
=3
B
<
W
o
2 min
ONa' ONa'
EIPA + HCO;-
(p= 0.0001)
3.0_ sk ok
=4
2.5+ .
2.0 . A g Mean SD
1.5- NBCe1-B 1 0.239
@ A
, (p= [0.01p4) NBCe1-B
104 p s teo, | 2385 | 0222
Ok NBCe1-B
0.0 ' ' ; + H,0, | 1.720 | 0.285
E, S © + oh8dG
QQO n,xl- o‘&
00'\ oq'x
¥ X
N
<
&

b ©
8 O +NBCn1

O +NBCn1 + oh8dG 10 pg/mL (1 h)

NBC activity (ApH/sec, ratio)

NBC activity (ApH/sec, ratio

O

5
2
2 AT
= 7 %
2| R
o
2 min
ONa _
EIPA + HCO:
1.5- p= BO0I%)
L
10{ =2
e d Mean | SD
0.5 H NBCn1 ! —
| A
) &Pt'og)m N+B?|r31 0.643 | 0.076
) | l ' NBCn1
& o R\ + 100 0.332 | 0.088
& ’ "
R 3 \
y O
Q 00
S S

0.5 A.U (BCECF)

EIPA + HCO5-
= 0.0004
38y P=0.0004)
2.0- E
h Mean | SD
1.5+ (p4 0.0011)
® *k NBCn1 1 0.162
1.0 o
i NBCAT | 1.870 | 0.185
2V
0.5
NBCn1
0.0 ' . . +H,0, | 0.699 | 0.156
h8dG
oq, é’, + 0
& X &
S &
) o
S
&






nav.xhtml


  antioxidants-11-01641


  
    		
      antioxidants-11-01641
    


  




  





media/file2.png
Direct

HTK

Control

HTK

+0h8dG

+ HTK + oh8dG

10°

) l6 HTK ®m +0h8dG
® 3
- (p=0.0413)
m’s *
Q
-
S 2 ‘
2 (p=0.0076)
7))
L @
8 11
c ® ®
= ®
g ]
L L A
5 =
X
a) <& NG A
o\
b Direct 1h 2 h
Mean 1 1.708 0.337
HTK
SD 0.285 0.881 0.242
Mean 0.103 0.158 0.306
+0oh8dG
SD 0.129 0.208 0.146
dg oo
® 1.6-
8’ 1.4- -,
E 1.2- ‘ e
< 10- # (p40.0p01)  [*Ge
= 0.8
30’ g 08
T 0.4- (p<p.0qo1)
< 0.2- —
o
5 0-0 | | L] ] L
a S &S S
& X v v
¢, > >
& &
xO xO
<&
& &
HTK+oh8dG | HTK+oh8dG
d Control | HTK (10') (30")
Mean 1 1.377 1.174 1.102
SD 0.059 | 0.029 0.073 0.086






media/file5.jpg
2

Cardiomyocytes (£ —

Qi
S+ v 1)

3
NBC activity (ApH/sec, ratio)

| Contot | HTK | FTK-ohdG | ~onbd:

Wem| 1 [1419] o0 | oso

o [ aias [omwe | oo | ome

£7A s Hooy

d

Cardiac strips

NBC activity (ApHisec, ratio)

aon + Heoy

Wean| 1| oais
o [ o0 | oo






media/file3.jpg





media/file1.jpg
o

DCFDA Intensity (larea, ratio)

~orwad]

T =
CFEES
M

&

o





media/file7.jpg
(e ‘s swpieo)

© Uorssontca v






media/file10.png
HTK

(g

HSP60

PAR

+ oh8dG (1 h) HTK (2 h) HTK (1 h)

+ oh8dG (2 h)

HSP60 Intensity (/area, ratio)

o

o
*é 2.0 (p=0.0039)
L]
% 1.6+
8 =
o
2 1.0
=
m - -
8 0.6‘ p=‘.90< 2)
m
" _ s
D -~ L \' \' v\'v
= NS N B
O +\ 0\ (‘)\
& & F$
o~ &
. -
= e
& &
b Mean| SD
HTK (1 h) 1 0.126
HTK (2 h) 1.279 | 0.201
HTK +
oh8dG (1 h) 0.062 | 0.013
HTK +
ohsdG (2h) | NS | NS
(p=0.0005) e — (p=0.0118)
2.0+ SLLLE = .
R 8'
_;_ = (p=0.0002)
154 g
4 61 L] -
a [p=00010 S ¥ (p=0.0016)
1.0+ . g. 4 - A
A‘) ! g 2 —‘ VQ'
0.5+ ] ‘ :
o 2 | [ []
Ol\ ; % c T T T T
T @ D Q@ e & QDD
Q’(\ & \,\K‘ Q"\ Q’b .{.Q' OQ 00
NP R I D S
& & S
x x
&gk G
& & S &
d LR. HTK | HTK+oh8dG | HTK+oh8dG
HTK 2 h) (1 h) (2 h)
Mean 1.108 1.514 0.696 0.362
SD 0.190 0.264 0.123 0.260
IR HTK | HTK+oh8dG | HTK+oh8dG
¢ HTK (2 h) (1 h) (2 h)
Mean 1 | 5.256 2.596 2.099
SD 0.238 | 1.027 1.081 0.536






media/file12.png
~
> o

f”‘
-
-~

. SLC26A6

Exogenous 20 intake
pH Imbalance
oh8dG

Cyto-edema,
Arrhythmia,
Cardiac sudden death





media/file9.jpg
L e n






media/file0.png





media/file8.png
o
o
0]
=
T
K -
0+
)
1
p—
K
-
T
°
-
+—
[ o=
o
@)
©

P o, i S
I “, 10 NEB <
1 of b, |EZlE)3 ////////
=% %
— L\H «.\ooo 8| |°
(one: ‘exid) ea1v 1dVa - m a Q
o m.
(onjeu ‘sduys seipied)
T uoissaidxg yYNyW
2
2 DN
A\ R

(oneu ‘sajhaoAwoipied)

V uoissaldxg yNNW

_
=
&
|0 m
WGZ,.I)DN
Taolme|In|e
r3E=l k=l E=2 =]
o
+
—~~
L
>
oOlun|m| WO
WGO365
E3|ale|x|a
raEk=li=lEk=l =
[+]
+
_—
o=
o~
Y |l=|O|~]|O
-4
-
I
& &
KR
= =
N o0
T S -
V%) o
0
©
]
SlFTI NS O
OO || O
o Rl ] P
K.IOOO
-
o
O Imlfo|lwv|~
V||| CO| W
It =|<s
ol || —|O
vIDINICS|®
T394|7
HnU.nU..I.CJ.
N|O|—|O
°
.
m.|010
*]
9
B B
s|32|Q
= =
o~ o™
vl = un
@ a

2h
NS

1h
0.017

HTK | + oh8dG | + oh8dG
0

(2 h)

f

SD

------

(oneu 'sdins ceipae))
Y= 491D }JO uoissaidxy

S
9]
©
@
.

9
%

%

<
%

<

X





media/file11.jpg
™

Exogenous
oh8dG

Cyto-edema,
Arrhythmia,
Cardiac sudden death






media/file6.png
d

°
-
C 207 (=003
g *
»  1.5- -l
- -
o
< 1.0- -i- (p40.0017)
. et} £
Cardiomyocytes (7 [T1f{c¢H >  0.5-
PR Y QO Control v — .
O AR ~ 0
6% AGA O HIK(5) —
.tL.'. O HTK + oh8dG (1 h) QO 00
O +0h8dG (1 h) va) ' ' ) ' ’
X NS = S & o o
"(‘ (A O o@ ‘b & &
™ & O <) ) o
2 A [l !'\“',. X A
s e e (G 0*.1" Q>
2 S .‘QT\"!&
- "0.‘| >.'- ¢ | Control | HTK | HTK+0h8dG | +0h8dG
30 sec ‘,"0 Mean| 1 | 1419 | 0560 0.819
ONa ONa* M sD | 0123 | 0.182 0.077 0.082
EIPA + HCO5-
e o
—
© 1.2-
Cardiac strips § 104 =
T 0.8-
OHTK KRS g- (p= 0.0007)
( = *kk
O+0h8dG (1 h) g5 e = 06
& o >
O et Q g 04-
= SIS e > -
U T ‘AlIY -
.. (10 2 \l% o 0.2-
é .(00 ‘('o. 'r, i?l "~
> | QI s O 0.0 ' '
< O Y\ ® o - <)
o 1 ®) pd A >
o > ‘Q‘b
50 sec o
ONa ONa*
EIPA + HCO e HTK | + oh8dG
Mean 1 0.445
SD | 0039 | 0.092






