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Zinc-aspirin preconditioning reduces endothelial damage of arterial grafts in a rodent model of revascularization
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Introduction: Coronary artery bypass grafting (CABG) is the most common cardiac surgical procedure. The prognosis of revascularization via CABG is determined by the patency of the used grafts, for which an intact endothelium is essential. The degree of ischemia-reperfusion injury (IRI), which occurs during the harvest and implantation of the grafts, is an important determinant of graft patency. Preconditioning with aspirin, a nonsteroidal anti-inflammatory drug has been shown to reduce the functional and molecular damage of arterial grafts in a rodent model. Studies have found that the zinc-aspirin complex may be able to exert an even better protective effect in pathological cardiovascular conditions. Thus, our aim was to characterize the protective effect of zinc-aspirin complex on free arterial grafts in a rodent model of revascularization.



Methods: Donor Lewis rats were treated with either zinc-aspirin, aspirin, or placebo (n = 8) for 5 days, then the aortic arches were harvested and stored in cold preservation solution and implanted heterotopically in the abdominal cavity of the recipient rats, followed by 2 h of reperfusion. There was also a non-ischemia-reperfusion control group (n = 8). Functional measurements using organ bath and histomorphological changes using immunohistochemistry were analyzed.



Results: The endothelium dependent maximal vasorelaxation was improved (non-transplanted control group: 82% ± 3%, transplanted control group: 14% ± 2%, aspirin group: 31% ± 4%, zinc-aspirin group: 52% ± 4%), the nitro-oxidative stress and cell apoptosis decreased, and significant endothelial protection was shown in the groups preconditioned with aspirin or zinc-aspirin. However, zinc-aspirin proved to be more effective in the reduction of IRI, than aspirin alone.



Discussion: Preconditioning with zinc-aspirin could be a promising way to protect the function and structural integrity of free arterial grafts, thus improving the outcomes of CABG.
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1 Introduction

Coronary artery bypass grafting (CABG) is a durable treatment for coronary artery disease (CAD) and it is the most frequently performed cardiac surgical procedure worldwide (1). The prognosis of revascularization via CABG is determined by the patency of the applied grafts. Arterial grafts have superior patency rates compared to vein grafts, and the use of the internal thoracic artery (ITA) leads to the most favorable outcomes (2). Graft failure is mainly due to acute thrombosis in the early phase after revascularization, and atherosclerosis in the long-term. Endothelial damage and dysfunction play a crucial role in both events, thus an intact endothelium is necessary in reaching satisfactory results after CABG (2). One of the most important endothelial damage causing factors is ischemia-reperfusion injury (IRI), which occurs during harvest, storage and implantation of free grafts (3). IRI is triggered by the restoration of blood flow after a prolonged ischemic period. Processes initiated by ischemia intensify during reperfusion, causing the release of various reactive oxygen species (ROS) through proinflammatory cytokines (i.e., TNF-α and IL-6) and increased endothelial interaction with circulating cells (leukocytes, platelets), leading to endothelial damage (4). The importance of IRI in free grafts is emphasized by the findings that the patency of free ITA grafts is remarkably lower than that of in situ ITA grafts (5).

In the clinical practice, free grafts are mostly stored in cold physiological saline or heparinized blood solutions after being harvested in order to preserve the endothelium. However, it has been shown that these solutions are not able to prevent the endothelial damage suffered by the grafts during storage and reperfusion (6). Thus, there is a need for effective options to preserve the integrity of the endothelium of bypass grafts. To achieve this, some promising storage solutions (3, 7) as well as drugs for pharmacological conditioning (8, 9) have been identified in preclinical studies. Our research group has shown the protective effect of aspirin preconditioning on the structural and functional integrity of free arterial grafts in a rodent model of arterial revascularization (10).

Aspirin (Asp) is a nonsteroidal anti-inflammatory drug with antithrombotic and antipyretic properties in addition to its anti-inflammatory effects. Asp blocks the cyclooxigenase-1 enzyme that results in the suppression of the platelet agonist and vasoconstrictor thromboxane, leading to platelet inhibition. The anti-inflammatory effect is achieved by the blockade of the cyclooxigenase-2 enzyme (7, 11). Due to these beneficial mechanisms, Asp plays an important role in the management of CAD patients, however, its administration prior to CABG is still a subject of debate (7).

Zinc (Zn) is a trace element with several physiological functions. It also possesses anti-inflammatory and antioxidant properties and has been found to protect various organs from IRI (12).

Experimental in vitro studies have shown that the combined Asp and Zn into Zn(Asp)2 (bis(aspirinato)zinc(II)) complex exert a more pronounced protective effect against ischemic damage and endothelial injury than treatment with aspirin alone (13, 14). We hypothesize that pretreatment with zinc-aspirin before bypass surgery can protect arterial free grafts from functional and morphological damage to a better extent than aspirin alone, thereby providing a promising option to improve the short and long-term outcomes of CABG. Thus, our aim was to study the potential benefits of pharmacological preconditioning with zinc-aspirin in a rat model of arterial revascularization.



2 Materials and methods


2.1 Animals

Male Lewis rats (250–300 g; Janvier Labs, Saint-Berthevin Cedex, France) were housed in standard cages in a room at a constant temperature of 22 ± 2°C under 12-h light/dark cycles and fed on standard laboratory rat diet and had access to water ad libitum. The rats were acclimatized for at least 1 week before the experiments. All animals received human care according to the “Principles of Laboratory Animal Care” drafted by the National Society for Medical Research and the “Guide for the Care and Use of Laboratory Animals” released by the Institute of Laboratory Animal Resources and used by the National Institutes of Health (NIH Publication No. 86-23, revised 1996). All procedures during the study were reviewed and approved by the Ethical Committee of the Land Baden-Württemberg for Animal Experimentation (G-33/18; 30.10.2018).



2.2 Experimental groups

The rats were randomly divided into the following groups: (1) non-transplanted control group (ntCo, n = 8): rats received 1% methylcellulose vehicle, aortic transplantation was not carried out; (2) transplanted control group (tCo, n = 8): donor rats received 1% methylcellulose vehicle followed by aortic arch transplantation into the recipient rats (n = 8); (3) aspirin group (Asp): donor rats (n = 8) were treated with Asp (115 mg/kg), then aortic arches were transplanted into the recipient rats (n = 8); (4) zinc-aspirin (ZnAsp) group: donor rats (n = 8) were treated with zinc-aspirin (100 mg/kg), with subsequent aortic arch transplantation into the recipient rats (n = 8) (Figure 1). As we have hypothesized an add on effect of zinc to the already demonstrated beneficial effect of aspirin in graft protection (10), and previous results have shown that zinc-aspirin complex exerts a more beneficial effect than zinc alone against the endothelial damage-driven neointima formation (13), we have decided not to include a group with zinc treatment alone.
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FIGURE 1
Flowchart of the applied experimental design. ntCo: non-transplanted control group; tCo, transplanted control group; Asp, aspirin group; ZnAsp, zinc-aspirin group.


Donor rats and the rats in the ntCo group were treated once daily by oral gavage for 5 days prior to the experiments, while recipient rats received no treatment. Aspirin and zinc-aspirin were suspended in 1% methylcellulose vehicle. The dosage of the applied substances was determined based on literature data (10, 14).



2.3 Rat model of heterotopic aortic transplantation

Isogenic Lewis rats were used to avoid organ rejection in the previously reported model of heterotopic aortic transplantation (15).

Briefly, to excise the aortic grafts, we anaesthetized the donor Lewis rats with isoflurane (3% to initiate anaesthesia, 1.75%–2.5% to keep the rats anaesthetized). We also used subcutaneous buprenorphine (0.05–0.1 mg/kg) 45 min before the operation. The donor aortic arch was explanted and flushed using cold physiological saline solution. In the ntCo group, the excised aortic arch was cleaned from fat and connective tissue and were cut into 4 mm-long rings. Two of the rings were freshly mounted for organ bath and the third ring was stored in formalin for further biochemical analysis. In the other groups, aortic arches were harvested and stored in cold physiological saline solution for 80 min. Similarly to the donor rats, recipient rats were anaesthetized and the aortic arches were implanted heterotopically with two end-to-end anastomoses to the abdominal aorta of the recipient rat, to reproduce bypass revascularization. To minimize the variability between experiments, we standardized the duration of cold storage (4°C) at 80 min and implantation at 40 min (120-minute-long ischemic period). The graft was then reperfused with blood in situ for 120 min before harvesting it and preparing it for functional measurements or biochemical analysis. After 120 min, recipient rats were sacrificed with an overdose of sodium pentobarbital (150 mg/kg, intraperitoneally).

As part of the procedure, blood flow through the bypass was measured with ultrasonic probe in order to control the quality of the anastomosis. However, we did not quantify the flow as it has not shown any relevance in our previous tests.



2.4 In vitro organ bath experiments

Functional measurements were carried out on the excised aortic segments, as described previously (15). The harvested vessels were washed with standard Krebs-Henseleit solution, then cleaned of thrombi and tissue remnants before cutting them into 4 mm-long rings and mounting them on hooks in separated organ baths (Radnoti Glass Technology, Monrovia, CA, USA), where they were incubated for 20 min at 37°C in 25 ml/container Krebs-Henseleit solution and aerated with 95% O2: 5% CO2. After that the aortic rings were placed under a resting tension of 2 g and equilibrated for 60 min.

Prior to every investigation, potassium chloride (KCl, 80 mM) was applied to prepare the aortic rings for stable contractions. Then the aortic rings were rinsed and preconstricted with the alpha-adrenergic receptor agonist phenylephrine (PE, 10−6 M) until reaching a stable plateau, followed by adding cumulative concentrations of the endothelium-dependent dilator acetylcholine (ACh, 10−9 – 10−4 M) for the assessment of relaxation responses. Half-maximum response (EC50) values were obtained from individual concentration-responses by fitting experimental data to a sigmoidal equation with the use of Origin 7.0 (Microcal Software, Northampton, MA, USA).



2.5 TUNEL reaction

DNA strand breaks were detected using terminal deoxynucleotidyl transferase-mediated dUTP nick-end labeling (TUNEL) assay, as described previously (15). Briefly, the sections were incubated in the dark with TUNEL reaction mixture and 50 µl of Terminal deoxynucleotidyl Transferase (TdT) enzyme for 1 h at 37°C. Afterward, they were washed by phosphate-buffered saline (PBS). The slides were then mounted using 4-,6-diamidino-2-phenylindole (DAPI)-Fluoromount-G™ (SouthernBiotech, Birmingham, AL, USA), covered with a cover glass, and analyzed under a fluorescence microscope. All nuclei were stained blue by DAPI, while the apoptotic cells exhibited fluorescence emission in the red wavelength. For the identification of cell apoptosis rate, we used the Image J (Roche Diagnostics GmbH, Mannheim, Germany) software. Two blinded observers counted the TUNEL-positive cell nuclei, and the mean value was used for the statistical analysis.



2.6 Immunohistochemical stainings (CD-31, nitrotyrosine, caspase-3)

The samples were embedded in paraffin, cut into 5-µm thick sections, and stained with hematoxylin eosin to indicate the background. The histological changes of the vessel were detected by targeting specific markers.

Platelet endothelial cell adhesion molecule (PECAM-1) also known as cluster of differentiation 31 (CD-31) is a protein found on the surface of endothelial cells, thus this marker was used to demonstrate the presence of endothelial cells in the lumen of arterial grafts to evaluate the degree of endothelial injury. Following the manufacturer's protocol, anti-CD-31 mouse IgG (Santa Cruz Biotechnology Inc, Heidelberg, Germany) was applied for staining.

Following the previously described method, immunohistochemical staining was performed (MilliporeSigma, Burlington, MA, USA) to identify the nitro-oxidative stress marker nitrotyrosine-3 (NT-3), and mouse monoclonal antibody (Novus Biologicals, Littleton, CO, USA) was used for immunohistochemical localization of caspase-3 to detect the execution phase of cell apoptosis (16).

The samples underwent semi-quantitative immunohistochemical analysis with the use of a conventional light microscope and an imaging software (Olympus, Hamburg, Germany) based on the distribution patterns score multiplied by area score (0–12). Four randomized non-overlapping fields of the aorta were evaluated in a blinded fashion.



2.7 Statistical analysis

Data are expressed as means ± standard error of mean (SEM). Shapiro–Wilk test was applied to test the data for normal distribution. The comparison among multiple groups was analyzed using one-way ANOVA and Tukey post hoc test, a value of p < 0.05 was considered statistically significant. SPSS Statistics 22 (IBM Corp, Armonk, NY, USA) software was used for data analysis.




3 Results


3.1 Vascular function of aortic rings

Aortic rings precontracted with phenylephrine (PE) demonstrated a concentration dependent vasorelaxation induced by acetylcholine (Ach) (Figure 2). After 2 h of reperfusion, the transplanted vessels (tCo) showed decreased vasorelaxation compared to the non-transplanted control (ntCo) (14% ± 2% vs. 82% ± 3%, respectively, p < 0.05), indicating severe damage. Asp and zinc-aspirin (ZnAsp) both significantly increased the vasorelaxation activity (31% ± 4% and 52% ± 4%, respectively), however zinc-aspirin pretreatment presented higher impact on vasorelaxation compared to the group pretreated with aspirin alone (p < 0.05) (Figure 2).
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FIGURE 2
Result of the organ bath functional measurement. Significantly better vasorelaxation activity was found in the aspirin group (Asp) compared to the transplanted control (tCo) group, but zinc-aspirin pretreatment (ZnAsp) resulted in an even better graft protection than treatment with aspirin alone. [*p < 0.05 vs. non-transplanted control group (ntCo), #p < 0.05 vs. tCo, łp < 0.05 vs. Asp].




3.2 The effect of ischemia-reperfusion injury on arterial graft

An important factor of ischemia-reperfusion injury is the level of nitro-oxidative stress, which is associated with the amount of nitrotyrosine (NT-3) positive area. The NT-3 immunoreactivity was significantly less increased in the Asp pretreated group after the transplantation than in the tCo group (p < 0.05). Zinc-aspirin demonstrated the least amount of nitro-oxidative stress, decreasing it even more effectively than aspirin (p < 0.05) (Figure 3).


[image: Figure 3]
FIGURE 3
(A) aspirin (Asp) significantly decreased the nitro-oxidative stress caused by ischemia-reperfusion injury; however, zinc-aspirin (ZnAsp) showed an even greater protective effect. (*p < 0.05 vs. non-transplanted control group (ntCo), #p < 0.05 vs. transplanted control group (tCo), łp < 0.05 vs. Asp). (B) The representative immunohistochemistry images demonstrate the expression of nitrotyrosine, shown by the brown color in the aortic wall.


To study the antiapoptotic effect of the treatments, caspase-3 positivity reflecting apoptotic signaling and terminal deoxynucleotidyl transferase-mediated dUTP nick-end labeling (TUNEL) positivity reflecting apoptotic nuclei were also measured. The tCo group was associated with increased apoptosis demonstrated by increased TUNEL positive nuclei ratio and increased caspase-3 positive area of the sample. Asp pretreatment significantly reduced the apoptosis rate, as it led to a reduced caspase-3 positive area and significantly less DNA strand breaks. The antiapoptotic effect was more pronounced in case of the combined treatment of ZnAsp (p < 0.05) (Figure 4).


[image: Figure 4]
FIGURE 4
(A) caspase-3 immunoreactivity significantly increased following transplantation in transplanted control (tCo) grafts compared to non-transplanted control group (ntCo) as a result of increased apoptosis signaling. This mechanism was prevented by aspirin pretreatment (Asp), however, zinc-aspirin (ZnAsp) demonstrated a significantly better preventive effect. (*p < 0.05 vs. ntCo, #p < 0.05 vs. tCo, łp < 0.05 vs. Asp). (B) The apoptosis marker caspase-3 is marked with brown color in the representative immunohistochemistry images. (C) The TUNEL positive cells were considered as apoptotic cells. Apoptosis inhibition was detected in the aspirin (Asp) and zinc-aspirin (ZnAsp) groups compared to transplanted control group (tCo), however, zinc-aspirin treatment resulted in a significantly decreased apoptosis compared to the Asp group. [*p < 0.05 vs. non-transplanted control group (ntCo), #p < 0.05 vs. tCo, łp < 0.05 vs. Asp]. (D) Representative micrographs of aortic tissue show red nuclei with fragmented DNA, visualized by TUNEL staining, and blue nuclei representing 4′,6-diamino-2-phenylindole staining.


During aortic transplantation, the graft suffers severe endothelial damage as indicated by the remarkably decreased cluster of differentiation 31 (CD-31) positivity in the tCO group compared to the ntCO group (p < 0.05). As shown in Figure 5, aspirin reduced the damage of the internal surface of the graft (p < 0.05), and zinc-aspirin demonstrated an even greater protective effect (p < 0.05).


[image: Figure 5]
FIGURE 5
(A) CD-31 positive area, reflecting the uninjured endothelium surface was significantly more extensive in the aspirin (Asp) and zinc-aspirin (ZnAsp) groups compared to the transplanted control (tCo) group. Significant difference was also found between the Asp and ZnAsp groups, as zinc-aspirin showed a more intensive endothelium protective effect. [*p < 0.05 vs. non-transplanted control group (ntCo), #p < 0.05 vs. tCo, łp < 0.05 vs. Asp]. (B) The uninjured endothelium is labelled with brown color in the representative immunohistochemical images.





4 Discussion

In this study, we investigated the protective effects of ZnAsp pretreatment against IRI on free arterial grafts in a rat model of arterial revascularization, and we also compared its effects to that of Asp pretreatment alone. Free arterial grafts without treatment suffered severe endothelial damage on the functional and morphological level. The use of zinc-aspirin prior to the procedure preserved the endothelial function of the grafts and significantly decreased the degree of nitro-oxidative stress and apoptosis. The amount of uninjured endothelium was also significantly higher in the ZnAsp group than in the transplanted control group. The aforementioned findings demonstrate the endothelial protective effect of ZnAsp pretreatment. Preoperative administration of Asp alone exerted the same beneficial effects on the arterial grafts, however, to a significantly lesser extent than ZnAsp treatment, showing the superiority of zinc-aspirin treatment to aspirin alone. As an intact endothelium is a key determinant of graft patency, our results could indicate that zinc-aspirin pretreatment may be able to improve the patency of free arterial grafts after CABG.

The biological properties of ITA enable it to provide the most favorable outcomes in CABG. One of the beneficial components is the increased production of nitric oxide (NO) compared to other conduits (17), which is due to the rich heparin sulfate and endothelial nitric oxide synthase (eNOS) content of the endothelial cells of ITA. NO is an important factor of endothelial homeostasis (18).

Importantly, ITA demonstrates less favorable patency rates when used as a free graft, compared to the in situ form (19, 20). However, there are several situations when the use of the free form needs to be preferred. These can be the inadequate length of the in situ conduit to reach the target vessel and the injury of the ITA during harvest depending on the site of injury (19). Furthermore, arterial grafts used in addition to the in situ ITA are mostly applied as a free arterial graft. The difference between free and in situ ITAs is also highlighted by the finding that bilateral ITA grafting demonstrates better results when both ITAs are used as in situ graft compared to the setup of applying the second ITA as a free graft (21). Our group has also shown in a porcine model of CABG that endothelial function and integrity were severely impaired in free ITA grafts after reperfusion, however in situ grafts showed no signs of injury (17). A major factor leading to poorer outcomes with free grafts is ischemia-reperfusion injury (IRI), which occurs during the harvest and implantation of these conduits.

These observations suggest that finding ways to preserve the function and integrity of free arterial grafts could lead to better results after CABG.

One possible way of graft protection is pharmacological preconditioning, meaning that a drug is administered prior to the procedure with the aim of reducing the expected damage. Our group has identified some promising drugs for this aim in experimental models (8, 9). We have shown in a rat model that treatment with aspirin prior to arterial revascularization significantly reduced the functional and morphological damage suffered by free arterial grafts (10). As many patients take aspirin prior to CABG and there is a debate whether or not this medication should be discontinued before the operation, the findings of our experiment could be clinically highly relevant. Importantly, in agreement with our findings, some studies suggest that the protective effect of aspirin could be further enhanced when using it as a complex with zinc. In a rat model of myocardial injury, preconditioning with zinc and Asp in the form of bis(aspirinato)zinc(II) complex was reported to result in better protection against acute ischemia than pretreatment with aspirin alone. This effect was possibly reached by increasing the level of antioxidant enzymes and the anti-inflammatory cytokine TGF-beta (14). The zinc-complex of aspirin also demonstrated protection against ischemia when it was administered after the occurrence of acute myocardial injury in rats. Increasing the level of antioxidant enzymes was a key element in its mechanism of action (22). Attenuating nitro-oxidative stress and cell apoptosis played an important role in the prevention of diabetic cardiomyopathy in a rat model of type 2 diabetes treated with zinc-aspirin complex (23). Similarly, as an impaired endothelium reduces the patency of the used grafts after CABG, endothelial damage can lead to restenosis in a high number of patients undergoing percutaneous transluminal coronary angioplasty. In a study, balloon injury of the carotid artery was introduced in rats, followed by the treatment of aspirin, zinc or the zinc complex of aspirin. Only zinc-aspirin was found to significantly reduce the ratio of stenosis (13). Thus, our results are consistent with the previous findings that zinc-aspirin treatment is able to exert a protective effect in pathological cardiovascular conditions, presumably mainly by the reduction of oxidative stress. In addition, the zinc complex of aspirin seems to result in better protection than single aspirin treatment.

Furthermore, combined treatment with zinc and aspirin has also been demonstrated to exert beneficial effects in non-cardiovascular settings. In a mouse model of colitis-associated colorectal cancer, the combined treatment of zinc and aspirin showed a protective effect against colitis-associated colorectal cancer by decreasing the degree of inflammation, oxidative stress, cell proliferation and apoptosis (24). In addition, the Bis(aspirinato)Zn complex has been found to be promising in the management of diabetes and metabolic syndrome in spontaneously diabetic mice (25).

Another important aspect of the combined zinc-aspirin treatment is the anti-ulcerogenic activity of zinc (26), which could be beneficial in the prevention of the ulcer-causing side effect of aspirin in case of long-term treatment (27). The continuation of aspirin prior to CABG is still debated due to the increased bleeding risk, however, data suggest its beneficial effects on postoperative outcomes without increasing the rate of surgical re-exploration due to bleeding and the need for red blood cell transfusion when low doses are applied (28). Accordingly, the 2011 American College of Cardiology Foundation/American Heart Association Guidelines for Coronary Artery Bypass Surgery recommends the continuation or administration of aspirin preoperatively or 6 h after the operation (29).

A limitation of our study is the questionable transferability of our findings, as rat aorta differs from human arterial grafts. However, as preconditioning with aspirin has been shown to improve graft patency in humans (30), and zinc seems to be able to enhance the effect of aspirin, it could be expected that treatment with zinc-aspirin complex could be protective for human bypass grafts. Human studies need to be carried out to confirm our findings. A further limitation may be the lack of data on the quantification of blood flow through the grafts. However, at the time of initiating the set-up, we have observed that controlling the flow quality was satisfactory and flow quantification was not required. The above presented data only includes grafts that had sufficient quality of blood flow. Furthermore, acute thrombosis is responsible for early graft failure, however, we did not investigate platelet parameters in this study. As a damaged endothelium is required for the development of acute thrombosis, as well as for the pathological processes that may lead to graft obstruction on the longer term, and we intended to choose end points that may provide information on the possible short- and long-term outcomes, we have focused on the degree of ischemia-reperfusion injury and endothelial damage.

As pretreatment with the zinc complex of aspirin remarkably reduced the functional and morphological damage suffered by free arterial grafts in our study, the administration of zinc-aspirin complex before CABG may be able to improve the patency rate of free arterial grafts, thereby improving the outcomes of the procedure.
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