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Original investigation

Pioglitazone strengthen therapeutic effect of adipose-derived regenerative cells against ischemic cardiomyopathy through enhanced expression of adiponectin and modulation of macrophage phenotype
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Abstract
Background
The efficacy of cell transplantation in heart failure is reportedly modest, but adjuvant drugs combined with cell therapy may improve this efficacy. Peroxisome proliferator-activated receptor (PPAR)γ, one of the hypoglycemic medicine for diabetes mellitus, reportedly enhances cytokine production in adipose tissue-derived regenerative cells (ADRCs). We hypothesized that combined administration of PPARγ agonists and ADRCs may enhance the paracrine effects of adiponectin (APN), leading to functional recovery in a chronic myocardial infarction (MI) model.

Methods
ADRCs were isolated from adipose tissues of adult rats by gradient centrifugation and embedded in bio-compatible fibrin-glue to produce ADRCs grafts. In the in vitro study, the ADRCs grafts released APN, which was significantly enhanced by the PPARγ agonist (PGZ, pioglitazone). Transplantation of ADRCs grafts (group A), ADRCs mixed with PGZ (group AP), APN knockdown-ADRCs (group Si) or PGZ (group P) onto the epicardium or a sham operation (group C) was performed (n = 10–20 per group).

Results
The AP group showed significant improvement in ejection fraction compared to that in the other groups. In the AP group, a significantly larger number of M2-polarized macrophages was detected and existed for a significantly longer duration in the infarct area. Furthermore, comparing Si group and P group, western blotting of T-cadherin revealed that exogenous APN and local expression of T-cadherin were essential to this histological change and recovery of cardiac function.

Conclusions
Combined administration of PPARγ agonist and ADRSCs activated M2-polarized macrophages with enhancement of APN paracrine effects and lead to better cardiac function in a rat infarction model.
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Introduction
Ischemic cardiomyopathy is a major cause of death and is an independent predictor of mortality in all cardiomyopathy types [1, 2]. Treatment strategies, such as heart transplantation or ventricular assist device implantation, have been used to treat patients with severe heart failure; however, problems such as scarcity of donors and serious complications have hindered the success of these treatment strategies [3]. Recently, several studies of regenerative medicine and clinical trials of cell transplantation have been conducted worldwide [4].
Although myoblasts, mesenchymal system stem cells, and bone-marrow stem cells have been reported as candidates for cell therapy in ischemic cardiomyopathy, they are clinically ineffective in treating severe heart failure [5].
The enhancement of cytokine secretion and prolongation of cell survival have been targeted to improve the effectiveness of cell therapy. Several studies have reported that transfection of genes into cells, preconditioning of cells with drugs, or combination of cells and drugs might enhance the potential of cell therapy [6, 7].
PPARγ agonists, which is one of the hypoglycemic agent for diabetic patients, have been shown to act on adipocytes, promote adipokine secretion, and induce adipocyte differentiation of progenitor cells [8–10]. The protective effect of adipokines on the myocardium has been reported [11, 12]. In particular, adipokines have been shown to have direct anti-apoptosis and anti-inflammatory effects on cardiomyocytes in ischemic reperfusion injury and may thus play an adjuvant role during cell therapy via cytokine-paracrine effects.
In addition, adipose-derived regenerative cells (ADRCs), including mesenchymal stem cells, vascular smooth muscle cells, and endothelial and blood cells isolated from subcutaneous fat tissues, have been proposed as freshly isolated cells that can be used for cell therapy without culture and with clinical evidence of their effectiveness in treatment of acute myocardial infarction [13, 14].
In this study, we investigated whether PPARγ agonists act as adjuvants to ADRCs therapy in a rat ischemic cardiomyopathy model via enhanced cytokine secretion.

Methods
Study protocol, generation of MI model, and transplantation
An MI model was generated by permanent ligation of the left anterior descending artery (LAD) in 7–8-week-old male Crl/Crlj LEW rats. The rats were anesthetized by isoflurane inhalation (Mylan, Inc., Canonsburg, PA, USA). Two weeks after LAD ligation, ADRCs (A group, n = 20), ADRCs combined with pioglitazone (final concentration of PGZ: 10 μm; AP group, n = 20), APN knockdown ADRCs (Si group, n = 10), or PGZ were grafted onto the surface of the anterior left ventricular (LV) wall covering the infarct area, or a sham operation was performed (C group, n = 22). Rats were anesthetized excessively with isoflurane inhalation and euthanized 3, 7, 14, and 56 days after transplantation (Figs. 1a, 2).[image: A12933_2019_829_Fig1_HTML.png]
Fig. 1Study protocol and scenery graft preparation. a Study protocol and groups of the in vivo experiment. UCG Ultrasonocardiography, PCR polymerase chain reaction, ELISA enzyme-linked immunosorbent assay, ADRCs adipose-derived regenerative cells, PGZ pioglitazone. b Formation of round-shaped grafts with cells suspended in fibrinogen and thrombin solution on culture dishes immediately after cell isolation and just before implantation. c Intraoperative photograph showing the grafts being placed onto the surfaces of the hearts
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Fig. 2Relationship between implanted graft and ischemic heart. The ADRCs and PGZ in graft was implanted on the surface of the heart. PGZ is thought to act on the cells in graft, pericardial adipocyte and residual cardiomyocytes, and enhance the APN production in these cells. Furthermore factors that affect the phenotypical change of macrophage and characteristics of these macrophage are shown





For clinical application, xenogeneic transplantation of human-derived ADRCS into nude rat and intracoronary and intramyocardial syngeneic administration of ADRCs derived from LEW rats were performed to evaluate the therapeutic effects of human-derived ADRCs and to compare the transplantation methods, respectively (Additional file 1: Method 1; Additional file 1: Figure S6).

Generation of adipocyte-derived regenerative cell fibrin grafts
Inguinal adipose tissues were harvested from 9-week-old male LEW rats (WT; male Crl/Crlj), minced aseptically, and incubated in Hank’s balanced buffered saline containing 0.1% collagenase type I at 37 °C for 1 h. The cell extracts were passed through 100 μm and 70 μm filters, and then centrifuged to obtain ADRC pellets. Freshly isolated ADRCs were examined for surface molecule expression using flow cytometry (Additional file 1: Method 2), followed by APN knockdown using siRNA (Additional file 1: Method 3). Fibrinogen and thrombin solutions were prepared using a Beriplast P Combi-Set Tissue adhesion kit (CLS Behring. Co., Ltd., King of Prussia, PA, USA) according to the manufacturer’s instructions. Briefly, solution A, containing 4.8 mg of fibrinogen and 5 × 106 cells, and solution B, containing 9 IU thrombin, were diluted with D-MEM to a final volume of 200 μL (Table 1). Solutions A and B with or without ADRCs and/or pioglitazone (final concentration 10 μM, Sigma-Aldrich, St. Louis, MO, USA) were mixed by pipetting onto the culture dish to form round-shaped grafts. The grafts were incubated at 37 °C to enforce fibrinogen polymerization, yielding culture–free cell-sheets, which we referred to as ADRC/fibrin grafts (Fig. 1b, c, Additional file 2).Table 1Final concentrations of ADRCs, fibrinogen, thrombin, and pioglitazone solutions used to prepare the grafts


	 	Composition
	Concentration
	Total (μL)

	Solution A
	Fibrinogen
	60 μL (4.8 mg)
	200

	ADRCs/D-MEM ± 50 μM PGZ
	5.0 × 106/140 μL

	Solution B
	Thrombin
	30 μL (9 unit)
	200

	D-MEM
	170 μL




The secretion of HGF, VEGF, APN, IL-6 and IL-10 into the ADRCs grafts culture supernatant was assessed by ELISA. Fibrin grafts were harvested 24, 48, and 72 h after culture and were analyzed histologically.

Assessment of cardiac function and survival
Cardiac function was assessed using an echocardiography system equipped with a 12 MHz transducer (GE Healthcare, Little Chalfont, UK) every week. The LV dimensions were measured, and LV ejection fraction was calculated as (LVDd3 − LVDs3)/LVDd3 × 100, where LVDd and LVDs are the LV end-diastolic and end-systolic dimensions, respectively. The rats were housed in a temperature-controlled incubator for 56 days after treatment to determine survival.

Histological analysis of hearts
Fixed heart sections were stained with pico-Sirius red. The red-stained infarct area and interstitial fibrosis in areas remote to the infarctions were quantified by computerized planimetry using MetaMorph Software (Molecular Devices, San Jose, CA, USA). To assess cardiomyocyte diameter, heart sections were stained with periodic acid-Schiff. A BZ-900 Analyzer (Keyence, Osaka, Japan) was used for quantitative morphometric analysis. To analyze the vessels in the peri-infarct area, heart sections were stained with anti-von Willebrand factor. Capillary density was calculated in the peri-infarct area. To stain macrophages, paraffinized sections (4 μm) of hearts were stained with antibodies against CD 68 (ab125047, rabbit polyclonal; Abcam, Cambridge, UK), CD206 (ab646933, rabbit polyclonal; Abcam) or CD11c (ab11029, mouse monoclonal; Abcam). The secondary antibodies were Alexa 488 goat anti-rabbit and 555 goat anti-mouse antibodies (Life Technologies, Carlsbad, CA, USA). Counterstaining was performed with 6-diamidino-2-phenylindole (Life Technologies).

Quantitative real-time PCR
The expression of myocardial genes related to angiogenesis, vessel maturation, and inflammation 3, 7, 14 days, and 8 weeks after treatment was assessed by quantitative reverse transcription PCR. Total RNA was extracted from the peri-infarct area and areas remote to the infarcted myocardium using an RNeasy mini kit (Qiagen GmbH, Hilden, Germany), according to the manufacturer’s instructions. For each sample, 1 µg of total RNA was converted to cDNA with Omniscript RT (Qiagen) and analyzed with Taqman Gene Expression Assay primers for each gene (Applied Biosystems, Foster City, CA, USA) and a ViiA 7 real-time PCR system (Thermo Fisher Scientific, Waltham, MA, USA). Data were normalized to glyceraldehyde-3-phosphate dehydrogenase (GPDH) expression levels and the corresponding mRNA level of normal LEW rat hearts. Relative gene expression was determined using the ΔΔCT method.

Western blotting
Frozen heart specimens were minced and resuspended in RIPA lysis and extraction buffer (Thermo Fisher, Tokyo, Japan) supplemented with complete EDTA-free protease inhibitor cocktail tablets (Roche, Basel, Switzerland). Lysates were homogenized with Tissue Lyser II (Qiagen) and sonicated to shear genomic DNA, and protein was then quantified by the bicinchoninic acid (BCA) assay (Thermo Fisher Scientific). Protein lysates were boiled with Laemmli sample buffer (Bio-Rad, Hercules, CA, USA) at 95 °C for 5 min.
Protein samples were run on 8–16% MINI PROTEAN TGX gel (Bio-Rad), transferred to nitrocellulose membranes, and probed with the following polyclonal antibodies in Starting Block (TBS) Blocking Buffer (Thermo Fisher Scientific): anti-human cadherin-13 antibody (1:2000, R&D Systems, Minneapolis, MN, USA) and rat anti-beta-actin antibody (Abcam), followed by incubation with horseradish peroxidase-conjugated secondary antibodies at 1:5000 dilution. Signals were detected with an ECL system (Bio-Rad), visualized with ChemiDoc XRS and quantitated with ChemiDoc software (Bio-Rad).

Statistical analysis
Data are given as mean ± SEM. All analyses were performed using JMP 13 (SAS Institute Inc., Cary, NC, USA). Differences were considered statistically significant at P < 0.05.
The data distributions were checked for normality with the Shapiro–Wilk test and for equality of variances with the Bartlett test. Paired t-tests were performed to compare data before and after treatment. Comparisons between 2 groups were made using the unpaired t test or the Wilcoxon–Mann–Whitney U-test. For comparisons among 3 or more groups, parametric multiple comparisons were performed using one-way ANOVA, followed by Tukey’s test. Non-parametric multiple comparisons were performed using the Kruskal–Wallis test, followed by the post hoc pairwise Wilcoxon–Mann–Whitney U-test.


Results
Characteristics of ADRCs and its’ grafts
Characteristics of rat ADRCs and FACS gate setting are shown in Table 2 and in Fig. 3a–c respectively.Table 2Summary of the cell populations in manually isolated cells


	Speculated cells
	ASC
	EC/EPC
	VSMC/pericytes
	Blood cell

	CD45
	–
	–
	–
	+

	CD90
	+
	+
	–
	–

	CD73
	+
	+
	+
	±

	CD11b
	–
	–
	–
	±

	CD31
	–
	+
	–
	–

	% in isolated cells
	11.3 ± 2.9
	1.9 ± 1.3
	3.0 ± 1.2
	6.6 ± 1.6


Three lots of cells were characterized by flow cytometry as described in “Methods” section



[image: A12933_2019_829_Fig3_HTML.png]
Fig. 3In vitro analysis of ADRCs and its grafts. a Distribution patterns of the cells, plotted as FSC (cell size) versus SSC (granularity) with flow cytometric analysis. b, c Analysis of population 1 based on the stained makers CD11b, CD31, CD45, CD73, and CD90. The figure shows one representative result. d Macroscopic finding of a graft. e Cross-sectional view of hematoxylin and eosin-stained ADRC graft. f Magnified photograph of the rectangular area in b. Scale bar = 50 μm. g Oil red-O staining of ADRC grafts showing that mature adipocytes were more common in grafts containing PGZ after 72 h culture in vitro. Arrows indicate oil droplets in the adipocyte cytosol. Scale bar = 50 μm. h Whole section of graft showing scattered distribution of adipocytes. i ELISA analysis of ADRCs graft culture supernatant. Adiponectin (APN), hepatocyte growth factor (HGF), and vascular endothelial growth factor (VEGF) secretion into the culture supernatant, measured by ELISA. j Inflammation-related cytokines from ADRCs measured by ELISA. k There was significant difference of cell sphericity index between before and after 72 h incubation of graft in AP group. Multiple comparisons made by one-way ANOVA. n = 3 per group; *P < 0.05 versus A group, **P < 0.05 versus AP group, n = 3 per group, †P < 0.05 between AP-0 h and AP-72 h





Cross-sectional analysis of the small-scaled ADRC grafts by HE staining revealed a regular structure approximately 10 mm in diameter and 500–600 µm thick (Fig. 3d–f). Cells in the grafts were mixed well with fibrinogen and distributed wholly, and there was no apparent macroscopic change in shape but the cell in AP group ovalized over time (Fig. 3k). With oil red-O staining, adipogenic differentiation of progenitor cells was observed in ADRCs. Fatty droplet-positive ADRCs were observed in grafts (Fig. 3g, h).
The conditioned media contained various factors, such as VEGF, HGF, IL-6, and IL-10. Notably, the concentration of adiponectin (APN) increased after addition of PGZ and decreased with si-RNA treatment over time (Fig. 3i, j, Additional file 1: Figure S1).

ADRCs engraftment and changes after transplantation
ADRCs were transplanted to cover infarct areas (Fig. 4a, b). Two weeks after implantation, the ADRCs grafts had vascular networks to the epicardium, but no apparent invasion of transplanted cells into the recipient myocardium was observed (Fig. 4b, c). The ADRCs survived, even 4 weeks after transplantation, and contained adipocytes and connective tissues, and APN was expressed in the cytoplasm of surviving ADRCs and in the residual cells at the anterior LV wall (Fig. 4d, Additional file 1: Figure S2).[image: A12933_2019_829_Fig4_HTML.png]
Fig. 4Engraftment of ADRC grafts on the cardiac surface and local APN production. a Macroscopically, the grafts covered the anterior walls of the heart. b Hematoxylin and eosin staining of the grafts showed connective tissue between the graft and the heart. Asterisk indicates implanted ADRCs. c ADRCs derived from GFP rats were implanted in the same manner. IHC showed that the connective tissue contained a vascular network in its stalk. c-2 Magnified photograph of the rectangular area in c-1. Arrow head shows GFP-positive cells in the graft that survived, indicating that the implanted ADRCs survived 14 days after transplantation. Scale bar = 50 μm. c-1 Magnified photograph of the rectangular area in c-2. Arrows show connective tissue between the graft and the heart. Scale bar = 100 μm. Green, GFP-positive cells; red, SMA; and blue, nuclei. d Representative pictures of APN positive cells in myocardium 3 weeks after implantation. Some cells in infarct areas and infarct border zones showed strong labelling for APN. The APN distribution was not only observed in the intravascular lumen, but also in suspected residual cardiomyocytes. Red, APN; Green, SMA; blue, nuclei. Scale bar = 50 μm






Effects of ADRC grafts on cardiac performance and survival
Cardiac performance was evaluated by 2D echocardiography every week after implantation (Fig. 5e, f). Both the diastolic and systolic LV dimensions were similar among the A, AP, Si, and P groups. In contrast, LV ejection fraction was significantly greater in the AP group than that in the A, C, and Si groups (Fig. 5a–d; Additional file 1: Figure S3-A, B, C and D). Mortality was substantial until 70 days after LAD ligation in the C group. In contrast, in the ADRC groups, there was no mortality after transplantation, indicating a significant difference in survival (Fig. 5g). Furthermore, cardiac function was maintained for 16 weeks after ADRC implantation, and no mortality was observed during that period (data not shown).[image: A12933_2019_829_Fig5_HTML.png]
Fig. 5Cardiac function and survival rate after transplantation. a ADRCs grafts improved left ventricular ejection fraction after implantation. b Left ventricular anterior wall thickness was preserved in A, AP and Si groups. c, d In A, AP and Si groups, the left ventricular end-systolic dimension was significantly smaller than that in the C group. However, the end-diastolic diameter was almost the same among the groups. e, f Representative M-mode pictures of echocardiography of control and ADRC groups. Arrows indicate anterior wall of the left ventricle. g The ADRC transplantation groups showed significantly better survival than did group C. There was no significant difference among the A, AP, and Si groups. Multiple comparisons made by one-way ANOVA. *P < 0.05 versus C group, **P < 0.05 versus A group, †P < 0.05 versus Si group, n = 8–10 per group






Histological changes to the myocardium after transplantation
Two weeks after implantation, the C group showed typical MI with a large anterior LV scar, dilatation of the LV cavity, and cardiomyocyte hypertrophy. There was no difference in fibrotic area among the groups during this early period, but a difference was observed 8 weeks after transplantation. In addition, semiquantitative assessment showed significantly less interstitial fibrosis in the ADRC groups than in the C group (Fig. 6a, b, Additional file 1: Figure S3-E and F). The diameter of the cardiomyocytes was significantly smaller in the ADRC groups (Fig. 6c, d, Additional file 1: Figure S3-G, H, and I, S4), and higher capillary densities and less collagen accumulation were observed in the ADRC groups (Fig. 6e, f, Additional file 1: Figure S3-J and K). Sixteen weeks after transplantation, autopsy of the brain, lungs, heart, thymus, liver, kidney, and spleen was performed, and the safety of the procedure was confirmed when no neoplasia formation was detected.[image: A12933_2019_829_Fig6_HTML.png]
Fig. 6Histological evaluation of left ventricular at 3 days and 8 weeks after implantation. a, b Representative whole microscopic images of Sirius red staining in each group. Quantification of percent fibrosis and fibrotic area. Fibrosis at areas remote to the infarct zone was significantly suppressed in the A, AP, and Si groups compared to that in the C group 8 weeks after transplantation. Scale bar = 50 μm. Evaluation of hypertrophy of cardiomyocytes. c, d Representative periodic acid-Schiff staining of tissue infarct border site. Quantification of cardiomyocyte diameter. Cardiomyocyte diameters in the borders of the infarct sites were significantly smaller in the A and AP groups than in the C group. Especially at 8 weeks diameters in AP group was significantly smaller than the other three groups. e, f Capillary density in the area bordering the infarct zone and areas remote to infarction. Capillaries stained by immunostaining with an anti-von Willebrand factor antibody were significantly denser in the A and AP groups than C and Si groups at 3 days. At 8 weeks the density in AP group was significantly larger than the other three groups. n = 8–10 per group; *P < 0.05 versus C group, **P < 0.05 versus A group, †P < 0.05 versus Si group. Scale bar = 50 μm





ADRCs-induced macrophage polarization into the anti-inflammatory subtype
It was observed that macrophages infiltrated the infarction area in all groups and stayed at the infarct and border zone 8 weeks after transplantation. The ratio of M2M[image: $$\upvarphi$$] to M1M[image: $$\upvarphi$$] was high and was maintained in the ADRCs transplantation groups, and for a particularly long time in the PGZ addition group. The ratio was low in the Si and P groups and showed a tendency similar to that in the C group (Fig. 7a, b, Additional file 1: Figure S3-L and M).[image: A12933_2019_829_Fig7_HTML.png]
Fig. 7Evaluation of macrophage phenotype in infarct and border zone. a Representative immuno-histochemical staining of CD11c (M1 macrophage marker) and/or CD206 (M2 macrophage marker). b The ratio of the number of CD206- to CD11c-positive cells was significantly higher in the A and AP groups than in the C and Si groups at two points of observation. The highest ratio was maintained in the AP group. Green, CD11c-positive cell; red, CD206; and blue, nuclei. N = 8–10; *P < 0.05 versus C group, **P < 0.05 versus A group, †P < 0.05 versus P group. Scale bar = 50 μm






Gene expression profiling in the heart
Quantitative RT-PCR showed that IL-6 mRNA levels were lower in the peri-infarct areas of the A and AP groups than in those of the C group 3 days after implantation, and this difference was statistically significant. On the other hand, mRNA levels of APN, HGF, and IL-10 were significantly higher in the ADRC groups than in the C group. Notably, IL-10 expression was higher in the AP than in the A group; however, there was no significant difference between APN or HGF levels in the A and AP groups (Fig. 8a).[image: A12933_2019_829_Fig8_HTML.png]
Fig. 8Gene and protein expression in the heart. a Quantitative RT-PCR results for the expression levels of APN, CDH-13, Adipo-R1, Adipo-R2, SDF-1, VEGF, HGF, TNF-α, IL-6 and IL-10 genes in the infarct border area. APN was significantly higher in the ADRC groups than in the C group. ADRCs effect on VEGF and HGF expression after myocardial infarction during the early days of implantation. b Representative immunoblot of T-cadherin in total protein extracted from the heart 3 days and 8 weeks after implantation. c T-cadherin expression levels were higher in the A and AP groups than in the C and Si groups during the early days after implantation. At 8 weeks, T-cadherin levels were higher in the AP group than in the other groups. Multiple comparisons were made by one-way ANOVA. n = 8–10; *P < 0.05 versus C group, **P < 0.05 versus A group, †P < 0.05 versus Si group






Western blotting for T-cadherin expression in the heart
APN was shown to be present in the entire vascular endothelium by immunostaining (Additional file 1: Figure S5). Transplantation of ADRCs and ADRCs with PGZ resulted in increased expression of T-cadherin (T-cad), an APN ligand protein, in the infarct border zone of the heart 3 days after implantation. The greatest expression of T-cad was observed in the AP group 8 weeks after transplantation and was 100% more than that in the untreated and siRNA groups. Eight weeks after transplantation, there was also a significant difference.


Discussion
Summary of results and proof of the effectiveness of the combination
In this study, we transplanted ADRCs along with an adjuvant drug into an ischemic cardiomyopathy model and observed an increase in the curative effect of the cell therapies.
The addition of the drug led to the differentiation of stem cells in the grafts to adipocyte-like cells, which significantly secreted an adipocyte-specific cytokine, APN. On the other hand, we found that the curative effect of the cells was attenuated by knockdown of APN.
Regarding graft survival, the cells persisted for more than 4 weeks, and cardiac function was maintained for at least 16 weeks despite cell elimination.
Histologically, vascularization and suppression of hypertrophy as well as infiltration into the infarct area and polarization to an anti-inflammatory phenotype of macrophages were observed. Therefore, we suspected that enhanced secretion of APN and local expression of T-cad, a receptor of APN, played a pivotal role in cardiac function improvement.

Immunoreaction after myocardial infarction and ADRCs transplantation
In cell therapy for ischemic heart disease, neo-vascularization is known to be the main therapeutic mechanism [14]. In addition, suppression of hypertrophy and apoptosis of cardiomyocytes, anti-inflammation, and antioxidative stress are important in suppressing ischemic damage to the heart [15–17]. Generally, after myocardial infarction, an innate immune reaction is activated by danger-associated molecular patterns (DAMPs) released from necrotic cardiomyocytes. This reaction begins with the infiltration of neutrophils and phagocytosis of the necrotic myocardium and debris by macrophages, followed by re-organization and tissue repair [18, 19]. On the other hand, for the acquired immune system, lymphocyte reaction is activated; however, it has clearly been established that innate immunity and macrophages play an important role. In other words, a suitable degree and timing of inflammation response as well as a serial change in anti-inflammation after myocardial infarction are important [20].

Role of macrophages and APN in healing myocardial infarction
In this study, we observed the infiltration of macrophages to the myocardial infarction zone and polar changes from the inflammatory to the anti-inflammatory phenotype. The pattern of this polarization is similar to that of the polarization that occurs after myocardial infarction; however, ADRC implantation induced this polarization earlier and maintained it for a longer period. Furthermore, this change was reinforced with enhanced APN secretion by the addition of PGZ [21].
Improvement of fibrosis, hypertrophy of cardiomyocytes, and capillary density have been reported as histological changes that occur after bone marrow-derived MSC implantation in ischemic cardiomyopathy [22, 23]. Similar histological changes were observed in this study, including anti-hypertrophic changes to cardiomyocytes and immunocytic changes in the myocardium, and were significantly induced by the addition of the drug [24].
Hypertrophy of the myocardium results from abnormal protein in the residual cardiomyocytes during the ischemic condition. This change is understood in the context of compensated enlargement; however, excessive enlargement ultimately leads to poor cardiac function [25].
Immediately after transplantation, a large amount of exogenous APN interacted with both residual cardiomyocytes and macrophages to exert a direct anti hypertrophic effect and induce polarization of macrophages into the anti-inflammatory phenotype, thereby contributing to cardiac function improvement [26, 27].
We speculated that the improved immune reaction in the heart helped maintain the cardiac function for a longer period.

The other direct action of adiponectin after MI
It is well known that APN, a cytokine, acts on the vascular endothelium with T-cad and suppresses arteriosclerotic change [28–30]. In addition, it has been reported that both APN and T-cad suppressed cardiac hypertrophy in a hypertensive animal model and reduced enlargement of the ischemic area in an ischemic reperfusion model [31]. In this study, APN replacement from grafts promoted T-cad expression in the myocardium in an ischemic cardiomyopathy model.
It has been reported that blood APN levels increase in the heart failure state, consistent with our finding that APN abundantly accumulated along the vessel wall. This suggests that the direct action of exogenous APN on cardiomyocytes may be the trigger point of healing. It has been thought that the higher APN secretion, the higher the curative effect. So exogenous APN supplementation, even temporarily, is necessary along with simultaneous upregulation of T-cad in the heart.

The potential of combination with the drugs in cell therapies
Generally the treatment of drug alone against chronically progressive disease like heart failure has disadvantage, for example needs of repetitive administration because of short serum half-time.
The combination of Pioglitazone and ADRCs and its’ therapeutic potential was summarized in Fig. 2.
Especially pioglitazone has many directional activities and is effective in prevention cardiovascular disease, and APN has strong cardioprotective activities [32, 33].
In this study, the importance of the combination with drugs is proven like previous report of preconditioning of the cell [34]. Among the variety of effect, for example atherosclerotic effect through immune modulation, should be elucidated to develop the cell therapy in the future [30].
Finding the best combination of drugs and cells, and the appropriate point of cell therapy lead to clinically valuable regenerative medicine.


Conclusions
In conclusion, the concomitant transplantation of ADRCs and PGZ for treating ischemic cardiomyopathy increased the local expression of APN and T-cad and showed stronger improvement of cardiac function than did cell therapy alone.

Authors’ contributions
DM participated in research design performance of research, analyzed data, and wrote the article. KT provided the human adipose sample for the animal study. RM, NS, SF, TU, KT, TK, and NM reviewed all data and article. SM, IS and YS participated in research design, writing of the article and reviewed all data and article. All authors have met the following criteria: drafting the work or revising it critically for important intellectual content; final approval of the version to be published; agreement to be accountable for all aspects of the work in ensuring that questions related to the accuracy or integrity of any part of the work are appropriately investigated and resolved. All authors read and approved the final manuscript.
Acknowledgements
The authors thank Yuto Nakamura for the excellent technical assistance. We also thank Akima Harada and the staff of the Cardiovascular Surgery Department for their excellent technical assistance.

Competing interests
T.O. is a member of Akiyoshi project and a consultant for international patent application.

Availability of data and materials
The datasets used and/or analyzed during the current study are available from the corresponding author on reasonable request.

Consent for publication
Not applicable.

Ethics approval and consent to participate
All experimental procedures were approved by the Osaka University institutional ethics committee. Animal care was conducted humanely in compliance 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 prepared by the Institute of Animal Resources and published by the National Institutes of Health (Eighth Edition, revised 2011). Experimental protocols were approved by the Ethics Review Committee for Animal Experimentation of Osaka University Graduate School of Medicine.

Funding
This study was supported by 2015–2016 Grant-in-Aid for “Examination of the effectiveness of the local administration therapy of heart using the Adipose-derived Regenerative cells” from Project MEET, Osaka University Graduate School of Medicine and Mitsubishi Tanabe Pharma Corporation.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in published maps and institutional affiliations.


[image: Creative Commons]Open AccessThis article is distributed under the terms of the Creative Commons Attribution 4.0 International License (http://​creativecommons.​org/​licenses/​by/​4.​0/​), which permits unrestricted use, distribution, and reproduction in any medium, provided you give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons license, and indicate if changes were made. The Creative Commons Public Domain Dedication waiver (http://​creativecommons.​org/​publicdomain/​zero/​1.​0/​) applies to the data made available in this article, unless otherwise stated.

References
1.
Bart BA, Shaw LK, McCants CB, Fortin DF, Lee KL, Califf RM, O’Connor CM. Clinical determinants of mortality in patients with angiographically diagnosed ischemic or nonischemic cardiomyopathy. J Am Coll Cardiol. 1997;30:1002–8. https://​doi.​org/​10.​1016/​S0735-1097(97)00235-0.CrossrefPubMed

2.
American Heart Association. Statistical fact sheet on International Cardiovascular Disease Statistics. 2004.

3.
Toyoda Y, Guy TS, Kashem A. Present status and future perspectives of heart transplantation. Circ J. 2013;77:1097–110. https://​doi.​org/​10.​1253/​circj.​CJ-13-0296.CrossrefPubMed

4.
Jeong H, Yim HW, Park HJ, Cho Y, Hong H, Kim NJ, Oh IH. Mesenchymal stem cell therapy for ischemic heart disease: systematic review and meta-analysis. Int J Stem Cells. 2018;11:1–12. https://​doi.​org/​10.​15283/​ijsc17061.CrossrefPubMedPubMedCentral

5.
Sawa Y, Miyagawa S. Present and future perspectives on cell sheet-based myocardial regeneration therapy. Biomed Res Int. 2013;2013:583912. https://​doi.​org/​10.​1155/​2013/​583912.CrossrefPubMedPubMedCentral

6.
Cahill TJ, Choudhury RP, Riley PR. Heart regeneration and repair after myocardial infarction: translational opportunities for novel therapeutics. Nat Rev Drug Discov. 2017;16:699. https://​doi.​org/​10.​1038/​nrd.​2017.​106.CrossrefPubMed

7.
Wei ZZ, Zhu YB, Zhang JY, McCrary MR, Wang S, Zhang YB, Yu SP, Wei L. Priming of the cells: hypoxic preconditioning for stem cell therapy. Chin Med J. 2017;130:2361–74. https://​doi.​org/​10.​4103/​0366-6999.​215324.CrossrefPubMedPubMedCentral

8.
Czarnowska E, Domal-Kwiatkowska D, Reichman-Warmusz E, Bierla JB, Sowinska A, Ratajska A, Goral-Radziszewska K, Wojnicz R. The correlation of PPAR alpha activity and cardiomyocyte metabolism and structure in idiopathic dilated cardiomyopathy during heart failure progression. PPAR Res. 2016;2016:7508026. https://​doi.​org/​10.​1155/​2016/​7508026.CrossrefPubMedPubMedCentral

9.
Kishida K, Nakagawa Y, Kobayashi H, Mazaki T, Yokoi H, Yanagi K, Funahashi T, Shimomura I. High serum C1q-binding adiponectin levels in male patients with acute coronary syndrome. Cardiovasc Diabetol. 2014;13:9. https://​doi.​org/​10.​1186/​1475-2840-13-9.CrossrefPubMedPubMedCentral

10.
Maeda K, Okubo K, Shimomura I, Funahashi T, Matsuzawa Y, Matsubara K. cDNA cloning and expression of a novel adipose specific collagen-like factor, apM1 (AdiPose Most abundant Gene transcript 1). Biochem Biophys Res Commun. 1996;221:286–9. https://​doi.​org/​10.​1006/​bbrc.​1996.​0587.CrossrefPubMed

11.
Hamblin M, Chang L, Fan Y, Zhang J, Chen YE. PPARs and the cardiovascular system. Antioxid Redox Signal. 2009;11:1415–52. https://​doi.​org/​10.​1089/​ars.​2008.​2280.CrossrefPubMedPubMedCentral

12.
Maeda N, Funahashi T, Shimomura I. Cardiovascular-metabolic impact of adiponectin and aquaporin. Endocr J. 2013;60:251–9. https://​doi.​org/​10.​1507/​endocrj.​EJ13-0016.CrossrefPubMed

13.
Mazo M, Planat-Benard V, Abizanda G, Pelacho B, Leobon B, Gavira JJ, Penuelas I, Cemborain A, Penicaud L, Laharrague P, et al. Transplantation of adipose derived stromal cells is associated with functional improvement in a rat model of chronic myocardial infarction. Eur J Heart Fail. 2008;10:454–62. https://​doi.​org/​10.​1016/​j.​ejheart.​2008.​03.​017.CrossrefPubMed

14.
Schaffler A, Buchler C. Concise review: adipose tissue-derived stromal cells–basic and clinical implications for novel cell-based therapies. Stem Cells. 2007;25:818–27. https://​doi.​org/​10.​1634/​stemcells.​2006-0589.CrossrefPubMed

15.
Fujishima Y, Maeda N, Matsuda K, Masuda S, Mori T, Fukuda S, Sekimoto R, Yamaoka M, Obata Y, Kita S, et al. Adiponectin association with T-cadherin protects against neointima proliferation and atherosclerosis. FASEB J. 2017;31:1571–83. https://​doi.​org/​10.​1096/​fj.​201601064R.CrossrefPubMed

16.
Kamata S, Miyagawa S, Fukushima S, Imanishi Y, Saito A, Maeda N, Shimomura I, Sawa Y. Targeted delivery of adipocytokines into the heart by induced adipocyte cell-sheet transplantation yields immune tolerance and functional recovery in autoimmune-associated myocarditis in rats. Circ J. 2015;79:169–79. https://​doi.​org/​10.​1253/​circj.​CJ-14-0840.CrossrefPubMed

17.
Yang DZ, Wang W, Li LP, Peng YL, Chen P, Huang HY, Guo YL, Xia XW, Wang YY, Wang HY, et al. The relative contribution of paracrine effect versus direct differentiation on adipose-derived stem cell transplantation mediated cardiac repair. PLoS ONE. 2013;8:e59020. https://​doi.​org/​10.​1371/​journal.​pone.​0059020.CrossrefPubMedPubMedCentral

18.
Prabhu SD, Frangogiannis NG. The biological basis for cardiac repair after myocardial infarction: from inflammation to fibrosis. Circ Res. 2016;119:91–112. https://​doi.​org/​10.​1161/​CIRCRESAHA.​116.​303577.CrossrefPubMedPubMedCentral

19.
Rehman J, Traktuev D, Li JL, Merfeld-Clauss S, Temm-Grove CJ, Bovenkerk JE, Pell CL, Johnstone BH, Considine RV, March KL. Secretion of angiogenic and antiapoptotic factors by human adipose stromal cells. Circulation. 2004;109:1292–8. https://​doi.​org/​10.​1161/​01.​CIR.​0000121425.​42966.​F1.Crossref

20.
Frangogiannis NG. The immune system and cardiac repair. Pharmacol Res. 2008;58:88–111. https://​doi.​org/​10.​1016/​j.​phrs.​2008.​06.​007.CrossrefPubMedPubMedCentral

21.
Leor J, Palevski D, Amit U, Konfino T. Macrophages and regeneration: lessons from the heart. Semin Cell Dev Biol. 2016;58:26–33. https://​doi.​org/​10.​1016/​j.​semcdb.​2016.​04.​012.CrossrefPubMed

22.
Liu M, Liu F. Up- and down-regulation of adiponectin expression and multimerization: mechanisms and therapeutic implication. Biochimie. 2012;94:2126–30. https://​doi.​org/​10.​1016/​j.​biochi.​2012.​01.​008.CrossrefPubMedPubMedCentral

23.
Spinale FG. Myocardial matrix remodeling and the matrix metalloproteinases: influence on cardiac form and function. Physiol Rev. 2007;87:1285–342. https://​doi.​org/​10.​1152/​physrev.​00012.​2007.CrossrefPubMed

24.
van Den Akker F, Deddens J, Doevendans P, Sluijter J. Cardiac stem cell therapy to modulate inflammation upon myocardial infarction. Biochim Biophys Acta Gen Subj. 2013;1830:2449–58. https://​doi.​org/​10.​1016/​j.​bbagen.​2012.​08.​026.Crossref

25.
Shibata R, Ouchi N, Ito M, Kihara S, Shiojima I, Pimentel DR, Kumada M, Sato K, Schiekofer S, Ohashi K, et al. Adiponectin-mediated modulation of hypertrophic signals in the heart. Nat Med. 2004;10:1384–9. https://​doi.​org/​10.​1038/​nm1137.CrossrefPubMedPubMedCentral

26.
Onodera T, Fukuhara A, Jang MH, Shin J, Aoi K, Kikuta J, Otsuki M, Ishii M, Shimomura I. Adipose tissue macrophages induce PPARgamma-high FOXP3(+) regulatory T cells. Sci Rep. 2015;5:16801. https://​doi.​org/​10.​1038/​srep16801.CrossrefPubMedPubMedCentral

27.
van Stijn CM, Kim J, Lusis AJ, Barish GD, Tangirala RK. Macrophagepolarization phenotype regulates adiponectin receptor expression and adiponectin anti-inflammatory response. FASEB J. 2015;29:636–49. https://​doi.​org/​10.​1096/​fj.​14-253831.CrossrefPubMed

28.
Fukuda S, Kita S, Obata Y, Fujishima Y, Nagao H, Masuda S, Tanaka Y, Nishizawa H, Funahashi T, Takagi J. The unique prodomain of T-cadherin plays a key role in adiponectin binding with the essential extracellular cadherin repeats 1 and 2. J Biol Chem. 2017;292:7840–9. https://​doi.​org/​10.​1074/​jbc.​M117.​780734.CrossrefPubMedPubMedCentral

29.
Matsuda M, Shimomura I, Sata M, Arita Y, Nishida M, Maeda N, Kumada M, Okamoto Y, Nagaretani H, Nishizawa H, et al. Role of adiponectin in preventing vascular stenosis. The missing link of adipo-vascular axis. J Biol Chem. 2002;277:37487–91. https://​doi.​org/​10.​1074/​jbc.​m206083200.CrossrefPubMed

30.
Tian Y, Chen T, Wu Y, Yang L, Wang L, Fan X, Zhang W, Feng J, Yu H, Yang Y, Zhou J, Yuan Z, Wu Y. Pioglitazone stabilizes atherosclerotic plaque by regulating the Th17/Treg balance in AMPK-dependent mechanisms. Cardiovasc Diabetol. 2017;16:140. https://​doi.​org/​10.​1186/​s12933-017-0623-6.CrossrefPubMedPubMedCentral

31.
Doyle DD, Goings GE, Upshaw-Earley J, Page E, Ranscht B, Palfrey HC. T-cadherin is a major glycerophosphoinositol-anchored protein associated with non caveolar detergent-insoluble domains of the cardiac sarcolemma. J Biol Chem. 1998;273:6937–43. https://​doi.​org/​10.​1074/​jbc.​273.​12.​6937.CrossrefPubMed

32.
de Jong M, van der Worp HB, van der Graaf Y, Visseren FLJ, Westerink J. Pioglitazone and the secondary prevention of cardiovascular disease. A meta-analysis of randomized-controlled trials. Cardiovasc Diabetol. 2017;16:134. https://​doi.​org/​10.​1186/​s12933-017-0617-4.CrossrefPubMedPubMedCentral

33.
Lemaire A, Vanorle M, Horckmans M, di Pietrantonio L, Clouet S, Robaye B, Boeynaems JM, Communi D. Mouse P2Y4 nucleotide receptor is a negative regulator of cardiac adipose-derived stem cell differentiation and cardiac fat formation. Stem cells and development. 2017;26:363–73. https://​doi.​org/​10.​1089/​scd.​2016.​0166.CrossrefPubMed

34.
Madonna R, Petrov L, Teberino MA, Manzoli L, Karam JP, Renna FV, Ferdinandy P, Montero-Menei CN, Yla-Herttuala S, De Caterina R. Transplantation of adipose tissue mesenchymal cells conjugated with VEGF-releasing microcarriers promotes repair in murine myocardial infarction. Cardiovasc Res. 2015;108:39–49. https://​doi.​org/​10.​1093/​cvr/​cvv197.CrossrefPubMed




OEBPS/sidebar.gif





OEBPS/cc-by.png
() _®





OEBPS/A12933_2019_829_Fig8_HTML.png
— 15000z
— 7508

— 50k0a

— 150Kz
— 100KDz
— 5008
— s70a

Si

AP

AP
A AP Si

S

0
2 Si

Bl A R R R R R R

@ Ap

3 days
8 weeks
T-cad

Os mA

T-cad
Tubulin
B-Actin

11
|

VEGF

s A AP
HGF

s A AP

TNF-a

s A AP
IL-6

T &gs5§° TgrEgc 2gEge mgEgc NS
° © ° ° (LOVV~2/LOVV~2)
(LOVV~2/L0VV~2) (LOVY~2/10VV~2) ¢
(LOVV~v2/LOVY~v2) (LOVV~v2/LOVV~2) uoissaudx3 eAeley
uoisseidx3 onEIol uoisseidx3 enlleled UO1S5010¢a SATEIOY uoisseidx3 oANEIoH
—~ .
N @ @ o N o
0 < < <
> . ™ - Al -
S = : ¥ @ o .
v I
=2 o T o} < 9 A_.Dr <
=0 < ) Q (o8
= QO < < = = )
Bz c- 2 2
-
© ) © S} O
° 8 2R ° 2L 88 - T8 35 8 ° 8 58-° = 8§ 8§ °
p3 S - o - ° =] =}
mw_muay_mmmm\mm_u% (LOVY~2/LOVT~2) (LOVV~2/10VV~2) (LOVY~2/L0VV~2) (LOVY~2/LOVT~2)
! v Uoissaidxa aneloH uoisseidx3 eAnelel uoisseidx3 onNelel uoissaidxa anelol





OEBPS/contact.gif





OEBPS/A12933_2019_829_Fig7_HTML.png
N N
- (o]

M2/MA1
Macrophage

-day3 H A-day3

-W -5W





OEBPS/A12933_2019_829_Fig4_HTML.png
HH

L
HTE
HH

1000pm

Fibrotic area

Vs

~%

7

50um






OEBPS/A12933_2019_829_Article_IEq200.gif





OEBPS/A12933_2019_829_Fig3_HTML.png
E E
. 3 . = £
o e 2 3
- L ' g
> wge .
< | g X S
N IR (N X
, i
X x % &
. v w S Q
€ s 7 0//
3 % .%‘
e , | o
i &
e % W 4:\
O]
< > &= - 1 o q o
o o o
; (snipes
. Jolewysnipel Joujw)
vs . 3 X xopu| Ayousyds
sodav Z295d+s0dav
o =
E “_
= <
s & 8 & °
® - ~
N
Aep/qw/Bn
&
E kﬂ & o
* <
oz a ©
o * T
u <
< <
Joogme e grggc
N o 2] o © ®
Aepriuybu Aep/qw/Bn





OEBPS/A12933_2019_829_Fig6_HTML.png
pEtraney

(gwuwyspun)
Aysuaq Asejden

[ewwyspun]
Ausuaq Asejden

EEETrTTIIIT .
FERRRRERRNENY

[wrl] JejoweIq 118D

AR
GW#WGW’MA.

*

8 weeks
A AP Si

11%
.5%
%

X R
IV
N ©

(9) eoe onoiqi4

.&
e
] PITTITTTETEY
o
<
=
<
]
o
m}
g 5 8 8 8
NN S~
~ = 8
o] ~

[o¢] eoe 2110414





OEBPS/A12933_2019_829_Article_IEq201.gif





OEBPS/A12933_2019_829_Fig1_HTML.png
Groups: graft composition
| ADRCs isolation | C: Fibrin only

a gy .| A: ADRCs/Fibrin
LEW rat: 9 weeks old : |AP: ADRCs+PGZ/Fibrin
200-250 i i: nocked down s/Fibrin
- 3, g i | Si: APN knocked down ADRCs/Fibri
___________________________________________ /| *P: PGZ/Fibrin
l |+ APN knock down with SIRNA
---------------------------------- \.
'@ .6 =
; ADRC * '7/;, T - i Graft in vitro analysis;
H S; e :—> . . .
l Myocardial infarction l 5 x 106 PGZ Fibrin ELISA, Histological analysis

LEW rat: 7 weeks old % li
i 3, 200-250g ; Implantation

O k UCG, Histology, PCR, ELISA

I e

(g

-2w 0 day3 1w ow 8w

LN

.

Pericardium |






OEBPS/A12933_2019_829_Fig2_HTML.png
ADRCs/Fibrin Immuno-cells
graft

Smooth muscle cells

Immune response in the

heart

/ Macrophage:CD68+ \

M2-polarization factors; M
APN, GLP-a(STAT3), IL-4, IF|
IL-13, C1q, C3b

class A scavenger receptor

-
e
M2-M¢p:CD206+
Anti-inflammation
tissue repalr, scar
formation, apoptotic
cell and damaged molecule

clearing

1-polarization factors;
N-y, C3a, C5a, C5b-9

M1-M@:CD11b+
tissue destruction
pathogen clearing

_/

-Inflammation
-Oxidative stress

-Cell apoptosis

“Myocardial hypertrophy

-Mitochondrial biogenesis






OEBPS/A12933_2019_829_Fig5_HTML.png
[Y]

EF [%]

LVDd [cm]

0r *%
A __g—4af
o5l  B<TR o Bo-&
e ;
35t O--.m....m
o C
*
175} B A
O AP
o QIS|

1.1

0.825

0.275 |

0 2 4 6 8

Weeks post
transplantation

p=

o 2 4 6 8
Weeks post
transplantation

LVAWD [cm]

LVDs [cm]

02
015} F—B—&
R oD
0.05}

0

0 2 4 6 8
Weeks post
transplantation

11y
0825} ‘m____m....z----m
| S =3

0.55

0.275

Weeks post
transplantation

0 2 4 6 8

Control ADRCs
100ms 100ms
bR A e ,
1Akinetic

S 4
(2015.06.18)

| I
2
g
.g p=0.0424 (Log-rank test)
5
(]
days after implantation
S A AP Si

60





