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Objectives: Cold ischemia and subsequent reperfusion injury are non-immunologic cornerstones in the development of graft injury after heart transplantation. The nitric oxide donor S-nitroso-human-serum-albumin (S-NO-HSA) is known to attenuate myocardial ischemia-reperfusion (I/R)-injury. We assessed whether donor preservation with S-NO-HSA affects isograft injury and myocardial expression of GATA2 as well as miR-126-3p, which are considered protective against vascular and endothelial injury.
Methods: Donor C57BL/6 mice received intravenous (0.1 μmol/kg/h) S-NO-HSA (n = 12), or 0.9% saline (control, n = 11) for 20 min. Donor hearts were stored in cold histidine-tryptophan-α-ketoglutarate-N solution for 12 h and underwent heterotopic, isogenic transplantation, except 5 hearts of each group, which were analysed immediately after preservation. Fibrosis was quantified and expression of GATA2 and miR-126-3p assessed by RT-qPCR after 60 days or immediately after preservation.
Results: Fibrosis was significantly reduced in the S-NO-HSA group (6.47% ± 1.76 vs. 11.52% ± 2.16; p = 0.0023; 12 h-S-NO-HSA-hHTX vs. 12 h-control-hHTX). Expression of miR-126-3p was downregulated in all hearts after ischemia compared to native myocardium, but the effect was significantly attenuated when donors received S-NO-HSA (1 ± 0.27 vs. 0.33 ± 0.31; p = 0.0187; 12 h-S-NO-HSA-hHTX vs. 12 h-control-hHTX; normalized expression to U6 snRNA).
Conclusion: Donor pre-treatment with S-NO-HSA lead to reduced fibrosis and preservation of myocardial miR-126-3p and GATA2 levels in murine cardiac isografts 60 days after transplantation.
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INTRODUCTION
Chronic allograft injury (CAI), consisting of vasculopathy and interstitial fibrosis, affects approximately 50% of patients after 10 years and limits long-term survival following heart transplantation (1). There is substantial evidence that endothelial injury during organ procurement and preservation, caused by ischemia and subsequent reperfusion, results in endothelial dysfunction. The latter is a non-immunologic contributor to pathogenesis and progression of CAI (2–4). Besides endothelial dysfunction, the progression of interstitial and perivascular fibrosis consecutively leads to impaired diastolic and systolic graft function, thus preservation of endothelial and vascular function is certainly a clinically desirable goal.
Recent studies have demonstrated that supplementation of nitric oxide (NO), or increased expression of endothelial NO-synthase (eNOS) protects against both IR-injury and fibrosis (5, 6). We have proposed the concept of donor- and recipient management using the NO-donor S-nitroso-human-serum-albumin (S-NO-HSA) (7), a high-molecular-weight S-nitrosothiol with a high S-nitrosograde and exact equimolar nitrosation (8).
NO release by S-NO-HSA can downregulate eNOS activity by feedback inhibition (9), and thereby prevent eNOS uncoupling and subsequent superoxide and peroxynitrite formation caused by eNOS uncoupling during I/R. Supporting evidence for this concept comes from previous small-and large animal preclinical studies, where addition of S-NO-HSA to the preservation solution has shown to enhance hemodynamic and metabolic recovery after cardioplegic arrest in the isolated rabbit heart after 6 h of hypothermic, cardioplegic arrest (5), and intravenous infusion of S-NO-HSA at a dose of 0.1 μmol/kg/h reduced ischemia/reperfusion injury in the pig heart after unprotected warm ischemia (7, 10). Whether S-NO-HSA provides similar protective effects beyond acute functional and metabolic improvements in the setting of heart transplantation (HTX) has not yet been investigated.
Endothelial cell function and eNOS expression in different organs, including the heart, is highly regulated on epigenetic levels, particularly by the GATA2 transcription factor (11). In general, GATA2 also activates the expression of miR-126, the most abundant microRNA in endothelial cells (12). Recent clinical studies demonstrated the diagnostic relevance of miR-126 in association with the presence of CAI in HTX recipients (13, 14). Nevertheless, little is known about 1) the spatial-temporal expression of both GATA2 and miR-126 in transplanted hearts; 2) the effect of S-NO-HSA on their expression levels.
The aim of the present study was to investigate whether donor pretreatment with S-NO-HSA attenuates long-term development of graft fibrosis, and to characterize the expression of GATA2 and miR-126-3p with and without S-NO-HSA pretreatment in a mouse model of isogenic, heterotopic HTX after prolonged cold ischemia and reperfusion.
MATERIALS AND METHODS
Experimental Animals
Male C57BL/6 mice aged 8–9 weeks (Department for Laboratory Animal Science and Genetics, Himberg, Austria) were used in this study. The experimental protocol was approved by the regional Ethics Committee for Laboratory Animal Experiments at the Medical University of Vienna and the Federal Ministry Republic of Austria, Education, Science and Research (authorization protocol number GZ 66.009/0158-WF/V/3b/2015) and conforms with the “Principles of Laboratory Animal Care” formulated by the National Society for Medical Research and the Guide for the Care and Use of Laboratory Animals published by the US National Institutes of Health (NIH Publication No. 85-23, revised 1996).
S-NO-HSA Preparation
HSA was processed as previously described (10, 15). S-NO-HSA preparation is depicted in detail in Supplementary Appendix S1. S-NO-HSA was dissolved in 0.9% saline solution and continuously infused via a catheter in the femoral vein for 20 min (0.1 µmol S-NO-HSA/kg/h) prior to donor heart procurement.
Experimental Groups
In order to clarify the impact of S-NO-HSA on graft preservation and miR-126-3p and GATA2 expression, the experimental setup depicted in Figure 1 was used.
[image: Figure 1]FIGURE 1 | Experimental setup. Palpation score, myocardial fibrosis, GATA2 and miR-126-3p were assessed in 3 groups 60 days after heterotopic transplantation (hHTX). HHTX took place either after 12 h of cold ischemia with donor preparation using SNO-HSA (12 h-SNO-HSA-hHTX), donor preparation with normal saline (12 h-control-hHTX), or after 1 h of cold ischemia (1 h-control-hHTX). Additionally, GATA2 and miR-126-3p expression was assessed in 3 non-transplanted groups directly after the cold ischemia period after 12 h with donor preparation using SNO-HSA (12 h-SNO-HSA-no-hHTX) or normal saline (12 h-control-no-hHTX). GATA2 and miR-126-3p expression was analyzed in some grafts without cold ischemia (no ischemia) as an additional control group. An overview of experimental groups is depicted in Table 1.
Hearts without ischemia (n = 19; no ischemia) served as additional controls for the expression analysis of GATA2 and miR-126-3p assessed by RT-qPCR. The experimental groups are summarized in Table 1.
TABLE 1 | Overview of experimental groups.
[image: Table 1]Donor Heart Procurement
Donor mice were anesthetized by intraperitoneal injection of the mixture of xylazine (5 mg/kg) and ketamine (100 mg/kg), followed by catheterization of the femoral vein and intravenous infusion of S-NO-HSA (0.1 μmol/kg/h) dissolved in 0.9% saline solution, or 0.9% saline solution only (control groups) for 20 min, followed by thoracotomy and administration of 1 ml of HTK-N solution (4°C, Dr. Franz Köhler Chemie GmbH, Bensheim, Germany) supplemented with 100 units of heparin via the inferior vena cava to arrest the heart. The ascending aorta and pulmonary trunk were divided. After ligation of the superior venae cavae, and en block ligation of the pulmonary veins, the graft was excised, flushed with heparinized HTK-N solution, and stored in HTK-N solution at 4°C for either 1 h or 12 h.
Heterotopic Abdominal Heart Transplantation
Recipient surgeries were conducted as described previously (16, 17). Analgesia was provided by subcutaneous injection of buprenorphine (0.1 mg/kg bodyweight) and anaesthesia maintained with inhaled isoflurane. Briefly, after laparotomy and dissection of the infrarenal aorta and IVC, the abdominal aorta and IVC were cross-clamped infrarenally and directly proximal to the iliac bifurcation. After longitudinal aortotomy and venotomy, the donor’s acending aorta was anastomosed to the recipient’s abdominal aorta and the donor’s pulmonary trunk to the recipient’s IVC using running 10-0 nylon sutures. The duration of warm ischemia during the implantation process was standardized to 30 min.
Assessment of Functional Graft Status
Graft viability was assessed and rated by transabdominal palpation using a score from 0 (no palpable contraction) to 5 (strong beat and adequate heart rate) before sample collection 60 days after transplantation as described previously (16).
Myocardial Tissue Sample Collection
Sixty days after transplantation, recipient mice were anaesthetized with the mixture of ketamine and xylazine (0.1 ml/10 g bodyweight), and anaesthesia was confirmed by hind foot and tail pinch. The transplanted heart was excised and transversally cut at mid-papillary level. The base of the hearts was frozen in liquid nitrogen and stored at −80°C, and the apex fixed in 7.5% formaldehyde for histopathology analysis.
Assessment of miR-126-3p and GATA2 Expression
Assessment of miR-126-3p and GATA2 expression are described in Supplementary Appendix S1.
Histological Analysis
Histological analysis is described in detail in Supplementary Appendix S1. For quantification of interstitial fibrosis, sections of 4 µm were cut and stained with Sirius red. The areas of total and positively stained tissue within a region were quantified using CellProfiler (18).
Human Cardiac Fibroblast Experiments
Human ventricular cardiac fibroblasts (Lonza, Basel, Switzerland) were cultured in fibroblast basal medium supplemented with 0.1% insulin, 0.1% fibroblast growth factor, 0.1% GA-1000, and 10% FBS (all Lonza, Basel, Switzerland) as described previously (19). Cultures were washed once with DPBS (Thermo Fisher Scientific, CA, United States) when indicated, and split at a confluency level of 70%. Cells were treated for 24 h follows: 1) No treatment—control; 2) 20 ng/ml TGF-β (Abcam, Cambridge, United Kingdom); 3) 25 μmol/L HSA; 4) 25 μmol/L S-NO-HSA; 5) 20 ng/ml TGF-β + 25 μmol/L HSA and 6) 20 ng/ml TGF-β + 25 μmol/L S-NO-HSA. Total RNA was extracted, and expression of target genes (Supplementary Table S5) were assessed by RT-qPCR (Supplementary Appendix S1).
Statistical Analysis
Data are presented as mean ± standard deviation. Testing for normality was performed using the Kolmogorov-Smirnov-test. One-way ANOVA with Tukey HSD post-hoc test was used for multiple comparisons between the groups. Two-tailed p < 0.05 was considered statistically significant. Spearman correlation was used to assess correlation of miR-126-3p and GATA2 expression. Analysis was performed using Prism 8 software for macOS (GraphPad Inc., San Diego, CA, United States).
RESULTS
Baseline Characteristics and Functional Graft Assessment
Baseline characteristics of experimental animals are shown in Supplementary Table S1.
Palpation score 60 days after transplantation was significantly higher in grafts transplanted after 1 h ischemia and 12 h ischemia when donors received S-NO-HSA compared to the 12 h control-group. (4.2 ± 0.45 vs. 3.42 ± 0.49; p = 0.041; 1 h-control-hHTX vs. 12 h-control-hHTX and 4.21 ± 0.49 vs. 3.42 ± 0.49; p = 0.023 12 h-S-NO-HSA-hHTX vs. 12 h-control-hHTX). Palpation score is depicted in Figure 2.
[image: Figure 2]FIGURE 2 | Palpation score of control and S-NO-HSA pretreatment groups. Graft viability was assessed and rated by transabdominal palpation using a score from 0 (no palpable contraction) to 5 (strong beat and adequate heart rate) prior sample collection at day 60 after transplantation (hHTX) in the 3 transplanted groups. *p < 0.05; n.s. = non-significant.
Myocardial Interstitial Fibrosis
In hearts transplanted after prolonged cold ischemia (12 h), fibrosis was significantly reduced 60 days after transplantation when donors were pretreated with S-NO-HSA (6.47% ± 1.76 vs. 11.52% ± 2.16; p = 0.0023; 12 h-S-NO-HSA-hHTX vs. 12 h-control-hHTX). The extent of myocardial interstitial fibrosis is depicted in Figure 3A, and representative images of each group are shown in Figure 3B. Regarding duration of ischemia, the extent of fibrosis in hearts transplanted after prolonged (12 h) ischemia was significantly higher than the extent of fibrosis in the second control group transplanted after 1 h of ischemia (11.52% ± 2.16 vs. 6.66% ± 2.72; p = 0.006; 12 h-control-hHTX vs. 1 h-control-hHTX) at 60 days after transplantation. Fibrosis in donors pretreated with S-NO-HSA and prolonged (12 h) ischemia was not significantly different to the reference group transplanted after 1 h of ischemia at 60 days after transplantation (6.47% ± 1.76 vs. 6.66% ± 2.72; p = 0.99; 12 h-S-NO-HSA-hHTX vs. 1 h-control-hHTX).
[image: Figure 3]FIGURE 3 | Panel (A): Extent of myocardial interstitial fibrosis 60 days after hHTX. Control (1 h-control-hHTX, 12 h-control-hHTX) and S-NO-HSA pretreated (12 h-SNO-HSA-hHTX) groups. Extent of fibrosis in isografts 60 days after hHTX At least two regions of myocardium each of the interventricular septum (IVS) and the right ventricle (RV) were selected for quantification. The areas of total and positively stained tissue within a region were quantified using CellProfiler (18). *p < 0.05; n.s. = non-significant Panel (B): Representative images of sirius red stain of transplanted myocardium 60 days after hHTX. Sections of 4 µm were cut and stained with Sirius red for quantification of interstitial fibrosis at day 60 after transplantation (hHTX). Images were acquired using an upright microscope using a ×40 objective and a CCD-camera with a ×0.63 adapter (Axio Imager. M2 and Axiocam 512 color, Carl Zeiss, Aalen, Germany). Scale bar = 100 μm.
MiR-126-3p Expression in the Myocardium
Figure 4 depicts the expression of miR-126-3p in myocardial tissue. When compared to myocardium not subjected to ischemia (no ischemia), miR-126-3p was significantly reduced in all grafts (transplanted and non-transplanted) subjected to ischemia. However, transplanted grafts from donors pretreated with S-NO-HSA showed a significantly increased miR-126-3p expression compared to control groups without S-NO-HSA-pretreatment (transplanted groups: 1 ± 0.27 vs. 0.33 ± 0.31; p = 0.0187; 12 h-SNOHSA-hHTX vs. 12 h-control-hHTX; normalized expression to U6 snRNA).
[image: Figure 4]FIGURE 4 | Myocardial miR-126-3p expression levels in control (1 h-control-hHTX, 12 h-control-hHTX, 12 h-control-no-hHTX) and S-NO-HSA pretreated (12 h-SNO-HSA-hHTX, 12 h-SNO-HSA-no-hHTX) groups. Box plots from myocardium not subjected to ischemia (no ischemia), from non-transplanted reference hearts with 12 h ischemia (12 h-control-no-hHTX) and S-NO-HSA pretreated non-transplanted hearts (12 h-SNO-HSA-no-hHTX). ***p < 0.001; *p < 0.05; n.s = .non-significant.
In the groups analyzed directly after the ischemic period (12 h) without subsequent transplantation, expression of miR-126-3p was significantly higher in the group with S-NO-HSA pretreated donors when compared to grafts procured without prior S-NO-HSA-administration. (0.82 ± 0.46 vs. 0.16 ± 0.17; p = 0.029; 12 h-SNOHSA-no-hHTX vs. 12 h-control-no-hHTX; normalized expression to U6 snRNA).
There was no significant difference in miR-126-3p expression levels between the control groups transplanted after 12 h vs. only 1 h of ischemia (0.33 ± 0.31 vs. 0.38 ± 0.22; p = 0.99; 12 h-control-hHTX vs. 1 h-control-hHTX; normalized expression to U6 snRNA).
Myocardial GATA2 Expression
Myocardial GATA2 expression is depicted in Figure 5. Sixty days after hHTX, GATA2 expression was significantly downregulated in grafts subjected to 12 h of ischemia, but this effect was reversed when donors had received S-NO-HSA (−6.00 ± 0.45 vs. −7.188 ± 0.5; 12 h-S-NO-HSA-hHTX vs. 12 h-control-hHTX: p = 0.0008; normalized expression to ACTB).
[image: Figure 5]FIGURE 5 | Myocardial GATA2 expression levels in control and S-NO-HSA pretreatment groups. Box plots from myocardium not subjected to ischemia (no ischemia), from non-transplanted reference hearts with 12 h ischemia (12 h-Control-no-hHTX) and S-NO-HSA pretreated non-transplanted hearts (12 h-SNO-HSA-no-hHTX). Assessment of GATA2 expression levels from the myocardial biopsies are described in detail in Supplementary Appendix S1. ***p < 0.001; *p < 0.05; n.s. = non-significant.
Grafts that were subjected to ischemia but not transplanted showed no significant difference in GATA2 expression levels compared to control hearts without ischemia. In the non-transplanted groups, there was also no significant difference in GATA2-expression depending on whether donors received S-NO-HSA (−5.1 ± 0.33 vs. −5.74 ± 0.22; p = 0.134; 12 h-SNO-HSA-no-hHTX vs. 12 h-control-no-hHTX; normalized expression to ACTB).
A positive correlation was found between GATA2 and miR-126-3p expression levels of all samples [r = 0.496, p = 0.0006; Supplemental Figure S1 (Supplementary Appendix S1)].
Role of Nitric Oxide on the Expression of Markers for Fibrosis in Human Cardiac Fibroblasts
To further evaluate the role of an intact eNOS (endothelium) and its effect on fibrosis we utilized S-NO-HSA as a tool. S-NO-HSA at a concentration of 25 μmol/L releases NO in a physiological range of approximately 150 nmol/L in cell culture medium or physiological saline (20). The potential anti-fibrotic effect of intact eNOS (intact endothelium) was studied in human cardiac fibroblasts, which were cultivated and treated with TGF-β in order to stimulate fibroblast to myofibroblast transition. As appropriate control to 25 μmol/L S-NO-HSA 25 μmol/L HSA was used. In direct comparison NO released via S-NO-HSA significantly decreased α-SMA mRNA levels (Figure 6A, panel a; p = 0.0006) and transforming growth factor-β (TGF-β) type II receptors (TGFBR2) expression levels (Figure 6B; p = 0.0139) in TGF-β stimulated fibroblasts. In addition, perostin levels (another marker of activated fibroblast) was reduced with S-NO- HSA but did not reach significance compared to HSA (Figure 6C). Both HSA and S-NO-HSA reduced collagen I expression levels in TGF-β stimulated fibroblasts (revealing no specific NO effect; Figure 6D).
[image: Figure 6]FIGURE 6 | Expression levels of α-smooth muscle actin [αSMA, panel (A)], transforming growth factor-β type II receptors [TGFBR2, panel (B)], perostin (C) and collagen I (D) in transforming growth factor (TGF-β) stimulated human ventricular cardiac fibroblasts. Cells were treated for 24 h as follows: No treatment—control; TGFβ (20 ng/ml); HSA (25 μmol/L); S-NO-HSA (25 μmol/L); TGF-β (20 ng/ml) + HSA (25 μmol/L) and TGFβ (20 ng/ml) + S-NO-HSA (25 μmol/L). Total RNA was extracted, and expression of target genes (Supplementary Table S5) were assessed by RT-qPCR. mean ± SD (n = 6 per treatment); ***p < 0.001; *p < 0.05; n.s. = non-significant.
However, it has to be mentioned that in TGF-β stimulated fibroblasts both HSA and S-NO-HSA further increased [image: image] SMA levels (HSA: 18-fold) and perostin expression levels (HSA: 4.9-fold) in TGF-β stimulated fibroblasts. It is known that HSA can enhance mRNA expression levels as we observed in these two cases (21).
DISCUSSION
Optimizing preservation methods is crucial, as improving cold storage enables increasing the donor pool by long-distance procurements and acceptance of marginal donors. Previous studies have demonstrated the superior cardioprotective effect of HTK-N (22), an effect that can even be augmented by the addition of the nitric oxide donor S-NO-HSA (8). However, these studies have focused on acute functional parameters, and little is known about long-term effects on the myocardium after transplantation.
In the present study, donor pre-treatment with intravenous S-NO-HSA prior to graft procurement significantly reduced the long-term development of interstitial fibrosis in heterotopically transplanted murine cardiac isografts. This effect was accompanied by preservation of myocardial GATA2 and miR-126-3p expression. Whilst depletion of miR-126-3p was present in all grafts subjected to cold ischemia, this effect was significantly attenuated by donor pre-treatment with S-NO-HSA.
Our data suggests that miR-126-3p downregulation seems to be related to the ischemic period per se, since downregulation was also observed in non-transplanted grafts after the ischemic period. MiR-126-3p downregulation seems also to be less dependent on the duration of ischemic period, since no significant difference in miR-126-3p expression between transplanted grafts after 1 h and 12 h of ischemia was observed.
In contrast to miR-126-3p levels, GATA2 expression was markedly reduced only in transplanted grafts, and this effect was reversed in the S-NO-HSA group, suggesting preserved endothelial cell function. Preservation of myocardial miR-126-3p levels by S-NO-HSA administration is an important novel finding and suggests that dysregualation of miR-126-3p in the myocardium is primarily caused by ischemia. In further consequence, depletion of miR-126-3p may play a causative role in the development of cardiac fibrosis.
Mechanistically, there is evidence that miR-126-3p has pro-angiogenic properties by degradation of negative regulators in the vascular endothelial growth factor pathway, phosphoinositol-3 kinase regulatory subunit 2 (PI3KR2) and sprouty related protein 1 (SPRED1), thereby maintaining the integrity of blood vessels (23). In line with our results, previous studies demonstrated that depletion of miR-126-3p is associated with impaired cardiac and vascular function (14). Yang et al. found that overexpression of miR-126-3p protected human cardiac microvascular endothelial cells against hypoxia/reoxygenation injury via a mechanism activating the PI3K/Akt/eNOS signaling pathway (24). Accordingly, we found that cold ischemia is accompanied by a marked decline of miR-126-3p in transplanted hearts. Furthermore, it has been shown that miR-126-3p does not only affect endothelial cells, but also initiates cardioprotection against ischemia-reperfusion-injury in cardiomyocytes (25).
Dysregulated circulating miRs are potential biomarkers for cardiovascular diseases: (13, 26). A recent clinical study has shown that circulating miR-126-3p was upregulated in patients with CAV compared to transplanted patients without CAV (13). In contrast, downregulation of tissue miR-126-3p has been described in a very recent study in myocardial biopsies of transplant recipients with allograft vasculopathy, which is in line with our findings (14). Nevertheless, further preclinical and clinical studies are warranted to clarify the role and spatial-temporal expression pattern of miR-126-3p in HTX.
A recent pioneering study by Hartmann et al. demonstrated that GATA2 regulates miR-126-3p in endothelial cells (12). In line with this finding, we found a correlation between mir-126-3p expression and GATA2 levels. In addition, we observed a decline of GATA2 expression in transplanted grafts. These effects were partially counteracted by donor pretreatment with S-NO-HSA. In our study, we did not investigate the mode of action how S-NO-HSA modifies GATA2, however it is tempting to speculate that preserved endothelial cell viability may lead to maintainance of GATA2 levels and subsequent functional improvement.
An ischemia duration-dependent increase in myocardial fibrosis in transplanted cardiac isografts 60 days after transplantation was detected. The extent of fibrosis was significantly attenuated when donors were pretreated with S-NO-HSA before procurement.
NO deficiency due to its consumption by superoxide (O2−), produced in high concentrations during ischemia and reperfusion are known to play an important role in the pathophysiology of I/R injury (15). The mechanism by which S-NO-HSA as an exogenous NO-donor can protect the dysfunction of the endothelium and prevent excessive O2− formation is based on prevention of eNOS uncoupling (10, 15). The uncoupled eNOS can intermittently produce both NO and superoxide (27, 28). It is of note that the slow and long-lasting release of NO by S-NO-HSA compared to small molecular weight S-nitroso thiols is a special feature of the applied drug. Mean arterial blood pressure is not affected at a dose of 0.1 μmol/kg/h of S-NO-HSA (29). Recently, this difference in kinetics of NO release by S-NO-HSA has also been demonstrated intracellularly by live-cell imaging of nitric oxide dynamics with novel FP-based probes (20).
In the present study, administration of S-NO-HSA as pretreatment to the donor may increase/preserve NO bioavailibility due to prevention of eNOS uncoupling during the cold ischemia and reperfusion period, leading to a decrease in oxidative/nitroxidative stress induced by O2− and peroxynitrite (ONOO−) formation, and maintainance of endothalial cell integrity and function during the period of I/R (10). In the pretreatment phase, NO provided by S-NO-HSA may downregulate eNOS activity through feedback inhibition and thereby preserve its function (prevent eNOS uncoupling) (30). Therefore, in this setting, beneficial effects can be explained by two mechanisms: on the one hand, pretreatment with S-NO-HSA downregulates eNOS prior to ischemia and reperfusion by supplementing NO and thereby preserving and stabilizing its function during the prolonged ischemic phase, leading to sufficient NO production after transplantation (reperfusion), on the other hand, the improved NO production has further an indirect/direct positive inotropic and lusitropic effect on the myocardial cell and thereby preserves cardiac function (10). S-NO-HSA administration for only 20 min prior to donor heart procurement seems to minimize/prevent eNOS uncoupling during the 12 h storage in HTK-N solution at 4°C and subsequent transplantation. Interestingly, this pretreatment with the NO-donor is sufficient to reduce fibrosis after 60 days of transplantation. NO has also been reported to act as an antifibrotic effector in animal models of experimental fibrosis and a loss of NO bioavailability in eNOS knock-out mice resulted in increased fibrosis (6, 31, 32). These data are in line with our observed results and emphasize the importance of NO bioavailability in the prevention of fibrosis (32).
As S-NO-HSA prevents eNOS uncoupling in our transplant model and in further consequence reduces fibrosis, we utilized S-NO-HSA as NO donor to simulate a preserved endothelium in experiments with human fibroblasts and TGF-ß stimulation. NO provided by S-NO-HSA at physiologically relevant concentration significantly decreased α-smooth muscle actin (α-SMA) levels as well as TGFRII expression levels in TGF-β stimulated fibroblasts when compared to HSA (Figures 6A,B). Park et al. have recently demonstrated that NO (via nitrite) significantly decreased α-SMA expression in TGF-ß stimulated fibroblasts thereby attenuating myofibroblast differentiation of human keratocytes (33). In addition, inhibiting the production of NO causes endothelial cells to produce factors that promote the expression in fibroblasts of α-SMA and collagen type I (34). In our model we could not attribute the reduction of expression of collagen type I to NO as both HSA and S-NO-HSA showed a reduction (Figure 6D). It has also been shown that increased levels of TGFRII from matrix-producing interstitial cells such as fibroblast are sufficient to increase the severity of fibrosis (35). The expression levels of periostin (a marker of activated fibroblasts) (36) was also reduced with S-NO-HSA compared to HSA but did not reach a level of significance (Figure 6C). Taking together the data reveals the importance of NO (and intact eNOS) in the prevention of fibrosis. The data with the NO donor S-NO-HSA on expression of markers for fibrosis in TGF-β stimulated human cardiac fibroblasts are in line with our finding that hearts transplanted after prolonged cold ischemia showed significantly reduced fibrosis 60 days after transplantation when donors were pretreated with S-NO-HSA.
Limitations
The animal model used in the present study is not able to fully mimic the clinical scenario of cardiac transplantation. After heterotopic transplantation, the graft is perfused and beating, but the left ventricle is unloaded, leading to graft atrophy and thrombus formation in the left ventricular cavity over time. However, quantification of fibrosis is possible in the right ventricular myocardium and the interventricular septum.
Our study did not aim to investigate the influence of immunologic responses and we therefore did not choose an allograft model. In the isogenic transplantation model applied, we did not expect nor observe graft vasculopathy.
However, the control role of miR-126-3p on the progression of neointima formation and vascular smooth muscle cell proliferation has been demonstrated in previous studies (37), suggesting that the depletion of miR-126-3p in transplanted hearts demonstrated in our study may be an indicator for CAI. This let us hypothesize that preservation of miR-126-expression may also inhibit CAV pathogenesis. Further studies are also required to assess other variables with, e.g., PET-MRI which will enable to establish correlations with graft viability and functional analysis of the transplanted hearts.
CONCLUSION
Intravenous administration of S-NO-HSA to the donor prior to organ procurement significantly attenuated myocardial interstitial fibrosis, and lead to preservation of both GATA2 and miR-126-3p expression in cardiac isografts. These results indicate that the signaling pathways involving GATA2 and miR-126-3p participate in the pathogenesis of CAI, and targeting miR-126-3p might represent a potential novel therapeutic approach to limit ischaemia-mediated cardiac and vascular dysfunction in heart transplant recipients. S-NO-HSA may represent a useful therapeutic adjunct to pre-transplant graft preservation, which is clinically easily applicable without requiring a direct intervention on the organ recipient.
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