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Abstract

:

Ischemic heart disease (IHD) is one of the main focuses in today’s healthcare due to its implications and complications, and it is predicted to be increasing in prevalence due to the ageing population. Although the conventional pharmacological and interventional methods for the treatment of IHD presents with success in the clinical setting, the long-term complications of cardiac insufficiency are on a continual incline as a result of post-infarction remodeling of the cardiac tissue. The migration and involvement of stem cells to the cardiac muscle, followed by differentiation into cardiac myocytes, has been proven to be the natural process, though at a slow rate. SDF-1α is a novel candidate to mobilize stem cells homing to the ischemic heart. Endogenous SDF-1α levels are elevated after myocardial infarction, but their presence gradually decreases after approximately seven days. Additional administration of SDF-1α-releasing microspheres could be a tool for the extension of the time the stem cells are in the cardiac tissue after myocardial infarction. This, in turn, could constitute a novel therapy for more efficient regeneration of the heart muscle after injury. Through this practical study, it has been shown that the controlled release of SDF-1α from biodegradable microspheres into the pericardial sac fourteen days after myocardial infarction increases the concentration of exogenous SDF-1α, which persists in the tissue much longer than the level of endogenous SDF-1α. In addition, administration of SDF-1α-releasing microspheres increased the expression of the factors potentially involved in the involvement and retention of myocardial stem cells, which constitutes vascular endothelial growth factor A (VEGFA), stem cell factor (SCF), and vascular cell adhesion molecules (VCAMs) at the site of damaged tissue. This exhibits the possibility of combating the basic limitations of cell therapy, including ineffective stem cell implantation and the ability to induce the migration of endogenous stem cells to the ischemic cardiac tissue and promote heart repair.
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1. Introduction


Cardiovascular diseases (CVD) development due to atherosclerosis constitutes a main cause of death in the world. Ischemic heart disease (IHD), together with its complications, such as myocardial infarction (MI) and heart failure (HF), are at the forefront of CVDs and present a serious problem from a social and economic point of view. Moreover, the risk of these diseases increases with age; thus, light of the demographic projections, an increase in the number of CVD patients is to be expected due to the ageing population [1,2,3].



The current methods for treating ischemic heart disease include the modification of risk factors, pharmacotherapy, and interventional treatment. Technological progress has also contributed to the significant reduction of mortality rates in patients with myocardial infarction. On the other hand, in the long term, the incidence of heart failure as a result of post-infarction myocardial remodeling (CM) is steadily increasing [4]. Modern medicine faces an enormous challenge, which requires innovative solutions adapted to the new requirements.



There is increasing evidence that one naturally occurring process is the mobilization of stem cells to the heart and differentiation into cardiac myocytes. However, it is a slow progression for the significant recovery of left ventricular function following myocardial infarction [5,6]. Therefore, one of the most promising strategies to aid faster and more efficient recovery in the treatment of cardiovascular diseases is stem cell therapy. Although it is a safe therapy, there are associated limitations, mainly concerning the low efficacy of stem cell homing in the myocardium [7,8]. Previously, direct injection of stem cells into the ischemic heart specimens failed to improve cardiac function, because the microenvironment of the ischemic myocardium did not promote exogenous cell survival, differentiation, and integration into the recipient heart [9]. As a result, in recent years, emphasis has been placed on optimizing cell therapy by mobilizing endogenous stem cells into the ischemic heart, as well as on the method of administration and duration of the treatment.



Chemokine SDF-1 (stromal cell-derived factor 1) is a novel candidate to mobilize stem cell homing to the ischemic heart [10,11]. It is known that, after MI, intravenously delivered stem cells localize at the peri infarction area, suggesting the presence of local chemotactic factors, including SDF-1 [12]. Although the levels of endogenous SDF-1 are elevated after MI, their presence decreases gradually after 4–7 days. From a practical point of view, it is advisable to take steps to obtain high concentrations of SDF-1 in the heart [12,13].



Herein, we show that the controlled release of SDF-1α from biodegradable microspheres into the pericardial sac increases the recruitment of stem cells to the heart after MI, and also increases stem cell homing (Figure 1).




2. Methods


2.1. Animal Studies


This part of the project was performed at the Center for Cardiovascular Research and Development of American Heart of Poland. All procedures were approved by the Animal Ethics Committee (Contract No. 64/2018, 19/2021). All animals received standard care in accordance with the Animal Welfare Act and the “Guide for the Care and Use of Laboratory Animals”. A total of 33 domestic swine (Sus scrofa domesticus), with an average weight of 40 kg, were incorporated in this study.




2.2. Animal Experimental Design


The detailed protocol of a closed thoracic model of myocardial infarction/reperfusion was previously published by our group [14,15,16]. After the appropriate depth of anesthesia was achieved under sterile conditions, a percutaneous vascular sheath (6F) was placed in the femoral artery for arterial access. Using standard percutaneous coronary intervention techniques, a 6F JR3.5 guide catheter was inserted into the left coronary artery, and initial cine angiography was recorded with manual injections of radiographic contrast agent. A simulated myocardial infarction in a pig consisted of a balloon blocking the left anterior descending artery for 60 min, which resulted in transmural necrosis in the area it supplies (a recognized model of myocardial infarction) [17]. The procedure was completed 30 min after the blood flow was restored, then a control coronary angiography was performed to confirm the patency of the artery. In the test group, microspheres (MS) were delivered to the pericardial sac 14 days after the myocardial infarction. Control animal subjects did not receive SDF-1α-released microspheres. The animals were sacrificed 24 h, 72 h, 7 days, and 14 days after MI and 24 h, 72 h, 7 days, 14 days, 3 weeks, 9 weeks, and 15 weeks after microspheres delivery. The procedure was performed by qualified personnel under general anesthesia by intravenous injection of a commercial euthanasia solution (Figure 2).



Subsequently, analysis of the SDF-1α concentration in the damaged tissue was carried out using ELISA, and gene expression was analyzes using RT-qPCR. The study procedure flowchart is presented in Table 1.




2.3. Microspheres with SDF-1α


The microspheres (MS) were prepared from poly(L-lactide/glycolide/trimethylene carbonate) (PLA/GA/TMC) according to the previously reported procedure [18]. For a short period of time, the water/oil/water (w/o/w) emulsion method was used to produce the microspheres. SDF-1α was mixed with bovine serum albumin (BSA) (1:9 w/w) and dissolved in deionized H2O (3.5% w/v). The polymer was dissolved in dichloromethane (12.5% w/v). The w/o phase was sonicated for 15 s (Hielscher UP200Ht, Teltow, Germany) and added dropwise to 5% polyvinyl alcohol (PVA) (Kinematica, Polytron PT 2500 E, Malters, Switzerland) at 13,000 rpm. The resulting emulsion was stirred (100 rpm) overnight for solvent evaporation, and the MS were collected by centrifugation (Eppendorf 5810R, Darmstadt, Germany). The obtained MS were then freeze-dried (Christ, Alpha 1-2 LD plus, Osterode am Harz, Germany) and stored at 4 °C




2.4. Enzyme-Linked Immunosorbent Assay (ELISA)


Tissues were harvested and stored at −80 °C. At the indicated time points they were thawed on ice and rinsed with cold Dulbecco’s Phosphate Buffered Saline (DPBS) (PAN Biotech, Aidenbach, Germany). The tissues were then cut into small pieces, weighed, and submersed in an appropriate amount of RIPA Buffer (Abcam, Boston, MA, USA) containing a protease inhibitor (Roche, Basel, Switzerland). Subsequently, they were blended at high speed until completely homogenized using a homogenizer (Unidrive × 1000D CAT, Ballrechten-Dottingen, Germany). Thereafter, the homogenates were centrifuged twice at 12,000 rpm in 10 min, and the supernatants were collected. The concentration of exogenous and endogenous SDF-1α was measured using an ELISA kit (Abclonal, Woburn, MA, USA).




2.5. RNA Isolation and Quantitative RT-PCR


Total RNA was isolated using the RNeasy Fibrous Tissue Mini Kit (Qiagen, Hilden, Germany) according to the manufacturer’s protocol. cDNA was synthesized from 1 µg RNA with the Revert Aid First Strand cDNA Synthesis Kit (Thermo Scientific, Karlsruhe, Germany) according to the manufacturer’s instructions. Relative expression levels were measured in triplicate in a Roche Light Cycler 480 using Power SYBR Green PCR Master Mix (Applied Biosystems, Darmstadt, Germany), 300 mM primers (Table S1), and 1/15 cDNA stock. Relative expression levels were calculated and normalized to those of GAPDH, applying the Pfaffl method [19].




2.6. Statistical Analysis


Statistical analyses of the data were performed with Microsoft Excel software. Normalized relative expression levels were used to calculate the mean and the SD of all experiments (represented by columns and error bars in the figures).





3. Results


3.1. Intrapericardial Administration of Microspheres Increases the Concentration of SDF-1α in the Myocardium


In our previously conducted work, we presented that the microspheres we obtained were capable of the controlled and sustained release of SDF-1 in vitro. Moreover, the SDF-1α factor released from the microspheres was able to stimulate the migration of bmMSCs [18].



In the present study, we wanted to evaluate the long-term biological effect of SDF-1α released from bioresorbable microspheres into the pericardial sac. Therefore, two weeks after recovery from MI, animals were subjected to intra-pericardial delivery of SDF-1α-releasing microspheres, and quantification of endogenous porcine SDF-1α and exogenous (released from the microspheres) levels of SDF-1α were performed at appropriate post-infarction time points.



The analysis showed that the endogenous levels of SDF-1α increases after the myocardial infarction, reaching the highest level on the third day after the MI. Its level then gradually decreases (Figure 3A). In turn, the concentration of exogenous SDF-1α remained at a very high level, even for 15 weeks after the intrapericardial administration of SDF-1α-releasing microspheres (Figure 3B).



In conclusion, pharmacokinetic studies confirmed the presence of SDF-1α in the myocardium after intrapericardial administration of microspheres by ELISA. Moreover, the concentration of exogenous SDF-1α persisted in the tissue much longer than the level of endogenous SDF-1α.




3.2. SDF-1α-Releasing Microspheres Affect Gene Expression in the Heart after MI


The following task was the analysis of the expression of the genes responsible for migration and for the stem cells involved at the site of the damaged tissue of the heart muscle in response to SDF-1α. The infarct tissues of animals that received SDF-1α-releasing microspheres into the pericardial sac 14 days after the MI (study group) was compared with those that did not receive SDF-1α-releasing microspheres (control group) (Figure 4). In the control group, the levels of SDF-1α and C-X-C chemokine receptor type 4 (CXCR-4) doubled after 72h and then began to decline, as seen on day 14 after MI. Additionally, the levels of VEGFA and VCAM increased slightly, and after two weeks their decrease was observed. In contrast, an increase in stem cell factor (SCF) expression was not observed. In turn, in the study group, by administering SDF-1α-releasing microspheres, a prolonged effect on the expression of the analyzed genes was observed. SDF-1α, CXCR-4, VCAM, VEGF, and SCF were significantly elevated, which was observed even 15 weeks after the MI.



The results obtained indicate that by the additional administration of SDF-1α-releasing microspheres, the time of stem cell homing in tissue after myocardial infarction can be effectively extended. This, in turn, could constitute a novel therapy for more efficient regeneration of the heart muscle after injury.





4. Discussion


Myocardial infarction is a pathological process characterized by necrosis of the cardiac tissue as a result of persistent ischemia [20]. In recent years, the view on the mechanism of action of stem cell therapy in the treatment of this disease has evolved [21]. It has not yet been confirmed that the human myocardium regenerates, but the observed effects are believed to be related primarily to the paracrine effect leading to the formation of new vessels (angiogenesis), recruitment of resident cardiac stem cells, and inhibition of cardiomyocyte apoptosis. One of the key elements determining the myocardial repair response associated with stem cell therapy are endogenous chemotactic mechanisms occurring in the cardiac muscle, which are stimulated in response to ischemia, and condition temporary or permanent homing by exogenous stem cells in damaged tissue. Such mechanisms include increased expression of cytokines, chemokines, and growth factors at the site of tissue damage, and the presence of receptors for these factors on the stem cells homing on the bone marrow and circulating in the blood [11,22,23].



Among the signaling axes (factor/receptor) involved in the process of mobilization and migration of the stem cells, the most important ones have been noted to be SDF-1-CXCR4 [24], hepatocyte growth factor (HGF)-c-Met [25], SCF-C-kit [26], and VEGF-VEGF receptor (VEGFR) [27], which are particularly important in the regeneration of endothelial cells. SDF-lα occurs in high concentrations in the bone marrow, where it is produced by stromal cells such as osteoblasts, endothelial cells, and reticular cells. The SDF-1/CXCR4 axis stimulates migration and nesting of the cells in bone marrow niches and conditions the mobilization of the stem cells to the peripheral blood [28].



As one of the first investigations undertaken, the team confirmed the presence of CXCR4+, C-kit+, and C-met+ cells circulating in the blood of patients who suffered from myocardial infarction. Importantly, the cells with a receptor for SDF-lα show the increased expression of genes typical of cardiomyocytes and endothelial cells [29]. Furthermore, as shown in the study on the myocardial infarction mouse model, the cells migrating to the SDF-lα gradient show a notably increased activity of early transcription factors for cardiac cells, which suggests their essential role in repair processes [11]. The findings of experimental studies and biopsies of the human myocardium provide convincing information to confirm the increased production of SDF-lα within a few hours after ischemia in the peri-infarct zone, which were reported to promote the nesting of the heart tissue committed stem cells [30]. This mechanism possibly conditions the gathering of cells primarily in the peri-infarct zone after the intracoronary administration [31]. As established, directly after infarction, bone marrow cells show a low chemotactic response, which increases significantly only 4–7 days after infarction. At that time, the expression of SDF-1 in the myocardium is reduced, as compared to the value just after infarction. This leads to the maximum chemotactic response of the CXCR4+ cells to the gradient of SDF-1 concentrations occurring naturally much later in relation to the peak expression of SDF-1 [12]. This is confirmed by our results, where it can be observed that the endogenous level of SDF-1α in the infarcted tissue reaches the highest level on the 3rd day after the MI, and then its level gradually decreases (Figure 3A). However, the intensified migration of the stem cells according to the SDF-1 gradient is one of the prognostic factors behind effective stem cell therapy (REPAIR-AMI) [18,32]. As revealed in experimental studies, the concentrations of SDF-1 in the blood are much lower than in the bone marrow, which conditions the retention of such cells. In such concentrations, circulating SDF-1 does not induce any significant migration of the stem cells. Obtaining concentrations higher than physiological ones leads to a significant increase in migration, which indicates that the local concentration of SDF1 in the heart should be very high.



Currently, several methods of increasing SDF-1 concentrations in tissues are being investigated as potential therapeutic methods. However, there are some limitations, including the rapid diffusion of SDF-1 and its inactivation by proteases, especially in recent ischemia.



This can be counteracted by modifying the structure of SDF-1, which makes the chemokine less susceptible to the action of proteolytic enzymes (S4V) [33], or the sustained release of a biocompatible carrier (fibrin-polyethylene glycol carriers) that releases SDF-1 for 28 days (mouse model of myocardial infarction) [34]. A recently investigated method of increasing the concentration of SDF-1 is the administration of genetically modified mesenchymal stem cells (MSC) from the bone marrow overexpressing SDF-1 [35]. However, this kind of modifications may pose a safety risk as it may result in a sustained increase in SDF-1α expression with unknown consequences.



The key issue is to develop methods for the safe and efficient transfer of SDF-1 that will ensure the sustained release of this factor into the heart muscle at concentrations necessary to maintain a chemotactic gradient sufficient to recruit circulating stem cells. Previous studies suggest that it is likely to be achieved by a controlled release system from microspheres after intra-pericardial administration [36].



In our latest research, we developed biodegradable microspheres loaded with SDF-1α, which was a novel approach. The microspheres obtained from poly(L-lactide/glycolide/trimethylene carbonate) were characterized by a regular spherical shape and smooth surface and provided prolonged release of SDF-1α (only 40% of SDF-1α was released within 21 days) [18]. This trait allows them to attract cells, which is also valuable for protein functionality on further steps. This is important because the results of the release of SDF-1α in vitro, published so far, mostly indicated a much faster elution from the delivery systems [37,38,39,40]. Another advantageous feature of the microspheres presented in this study is the high encapsulation efficiency of the SDF-1α (67%), which resulted in a much higher concentration of the chemokine in the microspheres (1.4% w/w) [18], compared to the microparticles reported thus far [41].



Moreover, we were the first to be able to significantly extend the presence of SDF-1α in infarcted tissue. To demonstrate this, we injected intrapericardial microspheres 14 days after MI, where levels of endogenous SDF-1α are known to be already low. Our results showed high levels of SDF-1α up to 15 weeks after the myocardial infarction (Figure 3B).



Further, our recent in vitro studies [18] as well as in vivo mouse model studies [42], confirmed that SDF-1α is required for stem cell recruitment to the heart after MI, and that forced overexpression of SDF-1α can enhance stem cell migration and recovery after infarction.



The expression of VCAM and ICAM genes, which are important in the recruitment of stem cells, is known to be increased after myocardial infarction [42,43,44,45]. This is also confirmed by our results, where we observed an increase in the VCAM and ICAM expression on the 3rd day after MI (Figure 4). We have also proven that by releasing SDF-1α from microspheres, this effect can be significantly prolonged, and the level of expression of the genes responsible for the activation of stem cells can be increased (Figure 4).



Overall, our study reveals that adequate delivery of SDF-1α is sufficient to induce the homing of endogenous stem cells to the damaged heart and promote heart repair. Our experiment showed that cytokines released in the pericardium penetrate the heart muscle and the infarct zone, stimulating genes there that can accelerate the regeneration of the heart muscle damaged by acute ischemia. Due to microspheres having such biodegradability, biocompatibility, and lack of toxicity for treated cells, they are desired candidates as delivery tools. Our designed microspheres did not reveal immunogenicity, which is important in term of their further use in clinical trials. Moreover, to the best of our knowledge, this is the first microparticulate delivery system of SDF-1α analyzed in vivo on a large animal model (pigs). Most of the studies conducted so far on polymeric carriers of SDF-1α have been conducted on mice [46,47] or rats [48,49]. It is particularly important that our work on the SDF-1α cytokine and its results can serve as a model for analogous testing of other cytokines and stem cells triggered by these cytokines. This therapy presents the opportunity to overcome limitations such as the low efficacy of nesting of the stem cells in the myocardium.




5. Conclusions


The main limitations of stem cell therapy in order to impact heart regeneration are short-term and ineffective stem cell implantation. We believe that the use of a novel treatment methods based on the additional intrapericardial release of a chemotactic factor essential for heart regeneration allows one to overcome this obstacle. Validation of this method in a large animal model will allow us not only to implement endocardial therapy in ischemic cardiomyopathy in the future, but will also provide a platform for the delivery of drugs and biological substances to the pericardium for the treatment of other diseases, namely bacterial and autoimmune pericarditis or neoplastic diseases, to an extent.



Further research is needed that includes the identification of factors that affect the efficiency of SDF-1α-released microspheres and their delivery to the pericardial sac, and their influence on the nesting of stem cells at the target destination.








Supplementary Materials


The following supporting information can be downloaded at: https://www.mdpi.com/article/10.3390/biomedicines11020343/s1.





Author Contributions


Conceptualization, P.B. (Paweł Buszman) and K.B.-R.; methodology, A.F.-K., K.J., C.F., D.Ż.-U. and P.B. (Piotr Buszman); software, M.M.-K. and J.K.; validation, K.B.-R. and M.M.-K.; formal analysis, K.B.-R. and P.B. (Paweł Buszman) (Paweł Buszman); investigation, M.M., K.G. and P.B. (Piotr Buszman); resources, K.G., K.J. and P.B. (Piotr Buszman); writing—original draft preparation, K.B.-R., P.B. (Paweł Buszman) and A.F.-K.; writing—review and editing, K.B.-R., A.F.-K. and P.B. (Paweł Buszman); visualization, A.F.-K. and J.K.; supervision, P.B. (Paweł Buszman); project administration, P.B. (Paweł Buszman) and K.B.-R.; funding acquisition, P.B. (Paweł Buszman); All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by the National Science Centre in Poland, grant number UMO- UMO–2016/23/B/NZ5/02517.




Institutional Review Board Statement


The animal study protocol was approved by the Local Ethics Committee for animal research (Contract No. 64/2018, 19/2021).




Informed Consent Statement


Not applicable.




Data Availability Statement


Not applicable.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Khan, M.A.B.; Hashim, M.J.; Mustafa, H.; Baniyas, M.Y.; Al Suwaidi, S.K.B.M.; AlKatheeri, R.; Alblooshi, F.M.K.; Almatrooshi, M.E.A.H.; Alzaabi, M.E.H.; Al Darmaki, R.S.; et al. Global Epidemiology of Ischemic Heart Disease: Results from the Global Burden of Disease Study. Cureus 2020, 12, e9349. [Google Scholar] [CrossRef] [PubMed]

	



Vilela, E.M.; Fontes-Carvalho, R. Inflammation and ischemic heart disease: The next therapeutic target? Rev. Port. Cardiol. Engl. Ed. 2021, 40, 785–796. [Google Scholar] [CrossRef] [PubMed]

	



Jenča, D.; Melenovský, V.; Stehlik, J.; Staněk, V.; Kettner, J.; Kautzner, J.; Adámková, V.; Wohlfahrt, P. Heart failure after myocardial infarction: Incidence and predictors. ESC Heart Fail. 2021, 8, 222–237. [Google Scholar] [CrossRef] [PubMed]

	



Sutton, M.G.S.J.; Sharpe, N. Left Ventricular Remodeling After Myocardial Infarction Pathophysiology and Therapy. Circulation 2000, 101, 2981–2988. [Google Scholar] [CrossRef] [PubMed]

	



Doppler, S.A.; Deutsch, M.A.; Lange, R.; Krane, M. Cardiac regeneration: Current therapies—Future concepts. J. Thorac. Dis. 2013, 5, 683–697. [Google Scholar] [CrossRef] [PubMed]

	



Broughton, K.M.; Wang, B.J.; Firouzi, F.; Khalafalla, F.; Dimmeler, S.; Fernandez-Aviles, F.; Sussman, M.A. Mechanisms of Cardiac Repair and Regeneration. Circ. Res. 2018, 122, 1151–1163. [Google Scholar] [CrossRef] [PubMed]

	



Chavakis, E.; Urbich, C.; Dimmeler, S. Homing and engraftment of progenitor cells: A prerequisite for cell therapy. J. Mol. Cell. Cardiol. 2008, 45, 514–522. [Google Scholar] [CrossRef]

	



Rheault-Henry, M.; White, I.; Grover, D.; Atoui, R. Stem cell therapy for heart failure: Medical breakthrough, or dead end? World J. Stem Cells 2021, 13, 236–259. [Google Scholar] [CrossRef]

	



Laflamme, M.A.; Zbinden, S.; Epstein, S.E.; Murry, C.E. Cell-based therapy for myocardial ischemia and infarction: Pathophysiological mechanisms. Annu. Rev. Pathol. 2007, 2, 307–339. [Google Scholar] [CrossRef] [PubMed]

	



Ghadge, S.K.; Muhlstedt, S.; Ozcelik, C.; Bader, M. SDF-1α as a therapeutic stem cell homing factor in myocardial infarction. Pharmacol. Ther. 2011, 129, 97–108. [Google Scholar] [CrossRef]

	



Kucia, M.; Dawn, B.; Hunt, G.; Guo, Y.; Wysoczynski, M.; Majka, M.; Ratajczak, J.; Rezzoug, F.; Ildstad, S.T.; Bolli, R.; et al. Cells expressing early cardiac markers reside in the bone marrow and are mobilized into the peripheral blood after myocardial infarction. Circ. Res. 2004, 95, 1191–1199. [Google Scholar] [CrossRef] [PubMed]

	



Askari, A.T.; Unzek, S.; Popovic, Z.B.; Goldman, C.K.; Forudi, F.; Kiedrowski, M.; Rovner, A.; Ellis, S.G.; Thomas, J.D.; DiCorleto, P.E.; et al. Effect of stromal-cell-derived factor 1 on stem-cell homing and tissue regeneration in ischaemic cardiomyopathy. Lancet 2003, 362, 697–703. [Google Scholar] [CrossRef]

	



Pillarisetti, K.; Gupta, S.K. Cloning and relative expression analysis of rat stromal cell derived factor-1 (SDF-1)1: SDF-1 α mRNA is selectively induced in rat model of myocardial infarction. Inflammation 2001, 25, 293–300. [Google Scholar] [CrossRef]

	



Zalewski, J.; Claus, P.; Bogaert, J.; Driessche, N.V.; Driesen, R.B.; Galan, D.T.; Sipido, K.R.; Buszman, P.; Milewski, K.; Van de Werf, F. Cyclosporine A reduces microvascular obstruction and preserves left ventricular function deterioration following myocardial ischemia and reperfusion. Basic Res. Cardiol. 2015, 110, 18. [Google Scholar] [CrossRef]

	



Dębiński, M.; Buszman, P.P.; Milewski, K.; Wojakowski, W.; Jackiewicz, W.; Pająk, J.; Szurlej, D.; Fryc-Stanek, J.; Wiernek, S.; Jelonek, M.; et al. Intracoronary adiponectin at reperfusion reduces infarct size in a porcine myocardial infarction model. Int. J. Mol. Med. 2011, 27, 775–781. [Google Scholar] [CrossRef] [PubMed]

	



Buszman, P.P.; Wojakowski, W.; Milewski, K.; Dębiński, M.; Pająk, J.; Aboodi, M.S.; Jackiewicz, W.; Kawka, M.; Bochenek, A.; Prats, J.; et al. Controlled reperfusion with intravenous bivalirudin and intracoronary abciximab combination therapy in the porcine myocardial infarction model. Thromb Res. 2012, 130, 265–272. [Google Scholar] [CrossRef] [PubMed]

	



Konarski, Ł.; Dębiński, M.; Kolarczyk-Haczyk, A.; Jelonek, M.; Kondys, M.; Buszman, P. Aborted myocardial infarction in patients with ST-segment elevation myocardial infarction treated with mechanical reperfusion. Kardiol. Pol. 2021, 79, 39–45. [Google Scholar] [CrossRef] [PubMed]

	



Bajdak-Rusinek, K.; Fus-Kujawa, A.; Jelonek, K.; Musiał-Kulik, M.; Buszman, P.P.; Żyła-Uklejewicz, D.; Sekowska, A.W.; Kasperczyk, J.; Buszman, P.E. Controlled Release of Encapsuled Stromal-Derived Factor 1α Improves Bone Marrow Mesenchymal Stromal Cells Migration. Bioengineering 2022, 9, 754. [Google Scholar] [CrossRef] [PubMed]

	



Pfaffl, M.W. A new mathematical model for relative quantification in real-time RT-PCR. Nucleic Acids Res. 2001, 29, e45. [Google Scholar] [CrossRef]

	



Gelfand, E.V.; Cannon, C.P. Myocardial infarction: Contemporary management strategies. J. Intern. Med. 2007, 262, 59–77. [Google Scholar] [CrossRef]

	



Segers, V.F.; Lee, R. Stem-cell therapy for cardiac disease. Nature 2008, 451, 937–942. [Google Scholar] [CrossRef] [PubMed]

	



Kucia, M.; Jankowski, K.; Reca, R.; Wysoczynski, M.; Bandura, L.; Allendorf, D.J.; Zhang, J.; Ratajczak, J.; Ratajczak, M.Z. CXCR4-SDF-1 signalling, locomotion, chemotaxis and adhesion. J. Mol. Histol. 2004, 35, 233–245. [Google Scholar] [CrossRef] [PubMed]

	



Kucia, M.; Wojakowski, W.; Reca, R.; Machalinski, B.; Gozdzik, J.; Majka, M.; Baran, J.; Ratajczak, J.; Ratajczak, M.Z. The migration of bone marrow-derived nonhematopoietic tissue-committed stem cells is regulated in an SDF-1-, HGF-, and LIF dependent manner. Arch. Immunol. Ther. Exp. 2006, 54, 121–135. [Google Scholar] [CrossRef]

	



Chirica, A.; Terzic, A.; Park, S.; Ikeda, Y.; Faustino, R.; Nelson, T.J. SDF-1-enhanced cardiogenesis requires CXCR4 induction in pluripotent stem cells. J. Cardiovasc. Transl. Res. 2010, 3, 674–682. [Google Scholar] [CrossRef] [PubMed]

	



Peura, M.; Bizik, J.; Salmenpera, P.; Noro, A.; Korhonen, M.; Pätilä, T.; Vento, A.; Vaheri, A.; Alitalo, R.; Vuola, J.; et al. Bone marrow mesenchymal stem cells undergo nemesis and induce keratinocyte wound healing utilizing the HGF/c-Met/PI3K pathway. Wound Repair Regen. 2009, 17, 569–577. [Google Scholar] [CrossRef] [PubMed]

	



Lutz, M.; Rosenberg, M.; Kiessling, F.; Eckstein, V.; Heger, T.; Krebs, J.; Ho, A.D.; Katus, H.A.; Frey, N. Local injection of stem cell factor (SCF) improves myocardial homing of systemically delivered c-kit + bone marrow-derived stem cells. Cardiovasc. Res. 2008, 77, 143–150. [Google Scholar] [CrossRef]

	



Ball, S.G.; Shuttleworth, C.A.; Kielty, C.M. Mesenchymal stem cells and neovascularization: Role of platelet-derived growth factor receptors. J. Cell. Mol. Med. 2007, 11, 1012–1030. [Google Scholar] [CrossRef]

	



Marquez-Curtis, L.A.; Janowska-Wieczorek, A. Enhancing the Migration Ability of Mesenchymal Stromal Cells by Targeting the SDF-1/CXCR4 Axis. BioMed Res. Int. 2013, 2013, 561098. [Google Scholar] [CrossRef]

	



Wojakowski, W.; Tendera, M.; Michalowska, A.; Majka, M.; Kucia, M.; Maślankiewicz, K.; Wyderka, R.; Ochała, A.; Ratajczak, M.Z. Mobilization of CD34/CXCR4+, CD34/CD117+, c-met+ stem cells, and mononuclear cells expressing early cardiac, muscle, and endothelial markers into peripheral blood in patients with acute myocardial infarction. Circulation 2004, 110, 3213–3220. [Google Scholar] [CrossRef]

	



Hu, X.; Dai, S.; Wu, W.; Tan, W.; Zhu, X.; Mu, J.; Guo, Y.; Bolli, R.; Rokosh, G. Stromal cell derived factor-1 alpha confers protection against myocardial ischemia/reperfusion injury: Role of the cardiac stromal cell derived factor-1 alpha CXCR4 axis. Circulation 2007, 116, 654–663. [Google Scholar] [CrossRef]

	



Musialek, P.; Tekieli, L.; Kostkiewicz, M.; Miszalski-Jamka, T.; Klimeczek, P.; Mazur, W.; Szot, W.; Majka, M.; Banys, R.P.; Jarocha, D.; et al. Infarct size determines myocardial uptake of CD34+ cells in the peri-infarct zone: Results from a study of (99m)Tc-extametazime-labeled cell visualization integrated with cardiac magnetic resonance infarct imaging. Circ. Cardiovasc. Imaging 2013, 6, 320–328. [Google Scholar] [CrossRef] [PubMed]

	



Dill, T.; Schachinger, V.; Rolf, A.; Möllmann, S.; Thiele, H.; Tillmanns, H.; Assmus, B.; Dimmeler, S.; Zeiher, A.M.; Hamm, C. Intracoronary administration of bone marrow-derived progenitor cells improves left ventricular function in patients at risk for adverse remodeling after acute ST-segment elevation myocardial infarction: Results of the Reinfusion of Enriched Progenitor cells And Infarct Remodeling in Acute Myocardial Infarction study (REPAIRAMI) cardiac magnetic resonance imaging substudy. Am. Heart J. 2009, 157, 541–547. [Google Scholar] [PubMed]

	



Segers, V.F.; Tokunou, T.; Higgins, L.J.; MacGillivray, C.; Gannon, J.; Lee, R.T. Local delivery of protease-resistant stromal cell derived factor-1 for stem cell recruitment after myocardial infarction. Circulation 2007, 116, 1683–1692. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, G.; Nakamura, Y.; Wang, X.; Hu, Q.; Suggs, L.J.; Zhang, J. Controlled release of stromal cell-derived factor-1 α in situ increases c-kit+ cell homing to the infarcted heart. Tissue Eng. 2007, 13, 2063–2071. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, M.; Mal, N.; Kiedrowski, M.; Chacko, M.; Askari, A.T.; Popovic, Z.B.; Koc, O.N.; Penn, M.S. SDF-1 expression by mesenchymal stem cells results in trophic support of cardiac myocytes after myocardial infarction. FASEB J. Off. Publ. Fed. Am. Soc. Exp. Biol. 2007, 21, 3197–3207. [Google Scholar] [CrossRef] [PubMed]

	



Ratajczak, M.Z.; Kim, C.H.; Abdel-Latif, A.; Schneider, G.; Kucia, M.; Morris, A.J.; Laughlin, M.J.; Ratajczak, J. A novel perspective on stem cell homing and mobilization: Review on bioactive lipids as potent chemoattractants and cationic peptides as underappreciated modulators of responsiveness to SDF-1 gradients. Leukemia 2012, 26, 63–72. [Google Scholar] [CrossRef]

	



Sun, J.; Zhao, T.; Li, Q.; Chen, B.; Hou, X.; Xiao, Z.; Dai, J. Controlled Release of Collagen-Binding SDF-1α Improves Cardiac Function after Myocardial Infarction by Recruiting Endogenous Stem Cells. Sci. Rep. 2016, 6, 26683. [Google Scholar] [CrossRef]

	



Mansor, M.H.; Najberg, M.; Contini, A.; Alvarez-Lorenzo, C.; Garcion, E.; Jérôme, C.; Boury, F. Development of a non-toxic and non-denaturing formulation process for encapsulation of SDF-1α into PLGA/PEG-PLGA nanoparticles to achieve sus-tained release. Eur. J. Pharm. Biopharm. 2018, 125, 38–50. [Google Scholar] [CrossRef]

	



Oleszko-Torbus, N.; Bochenek, M.; Utrata-Wesołek, A.; Hajduk, B.; Kubacki, J.; Jałowiecki, Ł.; Płaza, G.; Kowalczuk, A.; Mendrek, B. Poly(2-oxazoline) Matrices with Temperature-Dependent Solubility-Interactions with Water and Use for Cell Culture. Materials 2020, 13, 2702. [Google Scholar] [CrossRef]

	



Ramos, T.; Sánchez-Abarca, L.I.; Muntión, S.; Preciado, S.; Puig, N.; López-Ruano, G.; Hernández-Hernández, Á.; Redondo, A.; Ortega, R.; Rodríguez, C.; et al. MSC surface markers (CD44, CD73, and CD90) can identify human MSC-derived extracellular vesicles by conventional flow cytometry. Cell Commun. Signal. 2016, 14, 2. [Google Scholar] [CrossRef]

	



Louka, D.A.; Holwell, N.; Thomas, B.H.; Chen, F.; Amsden, B.G. Highly Bioactive SDF-1α Delivery from Low-Melting-Point, Biodegradable Polymer Microspheres. ACS Biomater. Sci. Eng. 2018, 4, 3747–3758. [Google Scholar] [CrossRef]

	



Abbott, J.D.; Huang, Y.; Liu, D.; Hickey, R.; Krause, D.; Giordano, F. Stromal Cell–Derived Factor-1α Plays a Critical Role in Stem Cell Recruitment to the Heart After Myocardial Infarction but Is Not Sufficient to Induce Homing in the Absence of Injury. Circulation 2004, 110, 3300–3305. [Google Scholar] [CrossRef]

	



Vermeulen, M.; Le Pesteur, F.; Gagnerault, M.C.; Mary, J.Y.; Sainteny, F.; Lepault, F. Role of adhesion molecules in the homing and mobilization of murine hematopoietic stem and progenitor cells. Blood 1998, 92, 894–900. [Google Scholar] [CrossRef]

	



Frenette, P.S.; Subbarao, S.; Mazo, I.B.; von Andrian, U.H.; Wagner, D.D. Endothelial selectins and vascular cell adhesion molecule-1 promote hematopoietic progenitor homing to bone marrow. Proc. Natl. Acad. Sci. USA 1998, 95, 14423–14428. [Google Scholar] [CrossRef] [PubMed]

	



Peled, A.; Grabovsky, V.; Habler, L.; Sandbank, J.; Arenzana-Seisdedos, F.; Petit, I.; Ben-Hur, H.; Lapidot, T.; Alon, R. The chemokine SDF-1 stimulates integrin-mediated arrest of CD34_ cells on vascular endothelium under shear flow. J. Clin. Investig. 1999, 104, 1199–1211. [Google Scholar] [CrossRef]

	



Wang, B.; Guo, Y.; Chen, X.; Zeng, C.; Hu, Q.; Yin, W.; Li, W.; Xie, H.; Zhang, B.; Huang, X.; et al. Nanoparticle-modified chitosan-agarose-gelatin scaffold for sustained release of SDF-1 and BMP-2. Int. J. Nanomed. 2018, 13, 7395–7408. [Google Scholar] [CrossRef] [PubMed]

	



Zamproni, L.N.; Mundim, M.V.; Porcionatto, M.A.; des Rieux, A. Injection of SDF-1 loaded nanoparticles following traumatic brain injury stimulates neural stem cell recruitment. Int. J. Pharm. 2017, 519, 323–331. [Google Scholar] [CrossRef] [PubMed]

	



Chen, Y.; Wu, T.; Huang, S.; Suen, C.W.; Cheng, X.; Li, J.; Hou, H.; She, G.; Zhang, H.; Wang, H.; et al. Sustained Release SDF-1α/TGF-β1-Loaded Silk Fibroin-Porous Gelatin Scaffold Promotes Cartilage Repair. ACS Appl. Mater. Interfaces 2019, 11, 14608–14618. [Google Scholar] [CrossRef]

	



Holloway, J.L.; Ma, H.; Rai, R.; Hankenson, K.D.; Burdick, J.A. Synergistic Effects of SDF-1α and BMP-2 Delivery from Proteolytically Degradable Hyaluronic Acid Hydrogels for Bone Repair. Macromol. Biosci. 2015, 15, 1218–1223. [Google Scholar] [CrossRef]








[image: Biomedicines 11 00343 g001 550] 





Figure 1. Study design. Fourteen days after myocardial infarction, SDF-1α released from microspheres were transferred to the pericardium sac. The effect of SDF-1α was investigated using ELISA test, measuring the level of endogenous and exogenous concentrations of SDF-1α over a long-term period, and RT-qPCR, examining the gene expression profile in the infarct tissue. 
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Figure 2. The scheme of the experiment. In the study group (*), SDF-1α-released microspheres were delivered to the pericardial sac 14 days after the myocardial infarction. Control animals did not receive microspheres after MI. The animals were euthanized 24 h, 72 h, 7 days, 14 days, 3 weeks, 9 weeks, and 15 weeks after microspheres delivery. 
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Figure 3. Concentration of endogenous (A) and exogenous (B) SDF-1α in infarct tissue. Concentrations were measured by ELISA 1, 3, 7, 14, 15, 17, 21, 28, 35, 77, and 119 days after the myocardial infarction. In addition, 14 days after MI, SDF-1α-released microspheres were transferred to the pericardium sac. The bars represent the means ± SD (n = 3). 
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Figure 4. RT-qPCR expression analysis of SDF-1α (stromal cell-derived factor 1), CXCR-4 (C-X-C chemokine receptor type 4), VEGFA (vascular endothelial growth factor A), SCF (stem cell factor), and VCAM (vascular cell adhesion molecule) after myocardial infarction (MI). The study group represents animals that, two weeks after the myocardial infarction, received into the pericardial sac, microspheres releasing SDF-1α. The control group represents animals that did not receive microspheres. Gene expression was evaluated at different time points: for the control group, 24 h, 72 h, and 14 days after MI, and for the study group, 24 h, 72 h, 14 days, 3 weeks, 9 weeks, and 15 weeks after delivery of SDF-1α-releasing microspheres. Values are mean ± SD (n = 3). 
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Table 1. Study procedures’ flowchart.
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