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Abstract

:

During aging, senescent cells accumulate in various tissues accompanied by decreased regenerative capacities of quiescent stem cells, resulting in deteriorated organ function and overall degeneration. In this regard, the adult human heart with a generally low regenerative potential is of extreme interest as a target for rejuvenating strategies with blood borne factors that might be able to activate endogenous stem cell populations. Here, we investigated for the first time the effects of human blood plasma and serum on adult human cardiac stem cells (hCSCs) and showed significantly increased proliferation capacities and metabolism accompanied by a significant decrease of senescent cells, demonstrating a beneficial serum-mediated effect that seemed to be independent of age and sex. However, RNA-seq analysis of serum-treated hCSCs revealed profound effects on gene expression depending on the age and sex of the plasma donor. We further successfully identified key pathways that are affected by serum treatment with p38-MAPK playing a regulatory role in protection from senescence and in the promotion of proliferation in a serum-dependent manner. Inhibition of p38-MAPK resulted in a decline of these serum-mediated beneficial effects on hCSCs in terms of decreased proliferation and accelerated senescence. In summary, we provide new insights in the regulatory networks behind serum-mediated protective effects on adult human cardiac stem cells.
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1. Introduction


Cardiovascular diseases are the major cause of death worldwide and are accompanied by decreased proliferation capacities of resident cardiomyocytes and endothelial cells and a reduced regenerative potential of quiescent cardiac stem cells (CSCs) [1,2]. In addition to cardiovascular diseases, an overall decline in tissue regenerative potential during human ageing is considered a crucial factor for the onset of other age-related diseases such as Alzheimer’s disease, diabetes, chronic obstructive pulmonary disease and atherosclerosis [3]. Within the natural ageing process, regenerative capacities of endogenous stem cell pools decline. This phenomenon is accompanied by the accumulation of senescent cells in various tissues, responsible for deteriorated organ function [4]. Thus, rejuvenating treatment strategies are needed to increase the endogenous regenerative capacities of adult stem cells. Since the loss of regenerative capacities can be detected in nearly all organs of the human body, the question arises of whether this decline is organ-specific. However, with increasing age, patients are often affected by multiple degenerative diseases, which points in the direction that these are maybe triggered by systemic factors. In this regard, several studies have demonstrated a rejuvenating effect of young blood and blood plasma on various adult stem cell populations, while the discussion about the active component of rejuvenating blood plasma or serum and the underlying molecular mechanisms has not yet come to a consensus. As one example, Conboy and colleagues described for the first time the rejuvenation of muscle satellite cells in aged mice that underwent heterochronic parabiosis through reactivation of Notch signaling [5]. Further, in the same experiments the authors also showed enhanced proliferation of hepatocytes, which was due to reduced levels of the chromatin remodeling factor Brm in old heterochronic parabionts [5]. On that topic, emerging evidence on the existence of rejuvenating or pro-aging blood borne factors was provided in the following years, mainly focusing on heterochronic parabiosis experiments. For instance, the Wyss-Coray group investigated the impact of young blood to the aging brain, especially the hippocampus, and demonstrated beneficial effects on the molecular, structural, functional and even cognitive level [6]. Importantly, they were also the first to show that human umbilical cord plasma is able to revitalize hippocampal function in aged mice and hypothesized the protein TIMP2 to be a crucial player in this process [7].



The results of these studies suggest more than one molecular mechanism is activated by young blood serum and responsible for these rejuvenating effects that may act organ or tissue-specifically. However, the translation from mice to the human system seems to be complicated, as publications of convincing results are extremely rare [8]. However, the first clinical trials are currently aiming to treat neurodegenerative diseases with either young plasma transfusions or age-related plasma fractions, so-called chronokines [9]. Next to neurodegeneration, a decline in cardiac function is another significant risk factor during human ageing. Although the adult heart was long ago considered a terminally differentiated organ with low regenerative potential, rare populations of mouse and human cardiac stem cells (CSCs) were found that may contribute to endogenous repair mechanisms [10,11,12]. Most of these CSCs were defined by the expression of the stem cell factor receptor kinase cKit [10,13,14,15,16]. However, a range of other cell surface markers has also been reported. For instance, a population of mouse embryonic Isl1+ stem cells was shown to give rise to cardiomyocytes, endothelial cells and smooth muscle cells [17]; additionally, mouse Sca1+/CD31+/cKit− cardiac stem cells were described to exhibit regenerative capacities [18]. In the human system, Smits and colleagues described the isolation of a Sca1+/CD105+/CD31+ population that differentiates to cardiomyocytes in vitro [12]. Interestingly, a high cardiomyocyte proliferation has been reported during fetal development, in contrast to decreased proliferation capacity in adult hearts [1,19]. Thus, targeting the proliferation potential of adult stem cells seems to be a crucial step to enhancing endogenous repair mechanisms. It is well known that blood plasma or serum is a powerful additive in cell culture to enhance proliferation [20,21,22,23]. Here, most studies focused on the in vitro expansion of human mesenchymal stem cells (MSCs) or hematopoietic stem cells (HSCs) prior to transplantation, highlighting the multiple advantages of human plasma or serum compared with fetal calf serum (FCS) in terms of safety and clinical applicability. However, the effect of human blood plasma on adult human cardiac stem cells and the respective underlying mechanisms still remain unknown.



In the present study, we isolated a Nestin+/S100+ cell population from the human heart auricle that expresses common cardiac progenitor markers such as CD105, CD31 and Sca1. These cells are able to form cardiospheres after clonal growth and differentiate into cardiomyocyte-like cells in vitro. Moreover, we demonstrate that human blood plasma and blood serum significantly increase proliferation and metabolic activity of human cardiac stem cells. Further, we provide RNA-seq data to investigate the global transcriptome of blood-serum-treated human stem cells and thereby analyze the highly complex regulatory networks that enhance stem cell proliferation. Here, we could successfully identify key pathways that are affected by serum treatment with p38-MAPK and play a regulatory role in protection from senescence and in the promotion of proliferation.




2. Materials and Methods


2.1. Isolation and Cultivation of Adult Human Cardiac Stem Cells from Heart Auricles


Human heart auricles of left atrial appendages were removed from patients undergoing routine heart surgery after informed and written consent according to local and international guidelines (Declaration of Helsinki). Isolation of human cardiac stem cells (hCSCs) and further experimental procedures were ethically approved by the ethics commission of the medical faculty of the Ruhr University Bochum (approval reference number eP-2016-148). After surgical removal, biopsies were cut into small pieces and washed in PBS (Sigma Aldrich, St-Louis, MO, USA). For initial expansion, the tissue clumps were seeded in gelatin B-coated 10 cm Petri dishes (Sarstedt AG and Co., Nürmbrecht, Germany) with human cardiac stem cell medium (hCSC medium) consisting of DMEM/F-12 medium (Sigma Aldrich), basic fibroblast growth factor (bFGF, 5 ng/mL; Peprotech, Hamburg, Germany), epidermal growth factor (EGF, 10 ng/mL; Peprotech) and 10% fetal calf serum (VWR, Radnor, PA, USA). After reaching confluence, tissue clumps were removed and passaging was performed by treatment with trypsin-EDTA (Sigma Aldrich). For further cultivation, cells were again seeded in gelatin B-coated T-25 cell culture flasks (Sarstedt AG and Co.) in hCSC medium. For clonal analysis, cells were seeded in a 96-well plate (Sarstedt AG and Co.) at a density of 1 cell per well. Single cell dilution was verified by microscopy and medium was changed every two to three days. Sphere forming capacity was tested in low-adhesion culture flasks (Greiner Bio-One, Kremsmünster, Austria) with stem cell medium [24]. In the case of this study, cells from a 77-year old female individual were used.




2.2. Immunohistochemistry and Immunocytochemistry


Cryosections of the heart auricle tissue or cultivated cells were fixed for 20 min using 4% paraformaldehyde (PFA), washed and permeabilized in PBS with TritonX-100 (tissue: 0.2%, cells: 0.02%, Applichem, Darmstadt, Germany) and supplemented with 5% goat serum for 30 min. The applied primary antibodies were diluted in PBS as followed: mouse anti-Nestin 1:200 (Millipore, Burlington, MA, USA), rabbit anti-S100B 1:500 (Dako, Glostrup, Denmark), rabbit anti-α-actinin (Cell-Signaling, Danvers, MA, USA), mouse anti Connexin 43 (Millipore). They were applied for 1 h (cells) or for 2 h (sections), both at room temperature (RT). After three washing steps, secondary fluorochrome-conjugated antibodies (Alexa 555 anti-mouse or Alexa 488 anti-rabbit, Invitrogen, Life Technologies GmbH, Carlsbad, CA, USA) were applied for 1 h at RT with a dilution ratio of 1:300. Nuclear staining was realized by incubation with 4,6-diamidin-2-phenylindol (DAPI) (1 μg/mL, Applichem) in PBS for 15 min at RT. Finally, the samples were mounted with Mowiol (self-made). Imaging was performed using a confocal laser scanning microscope (CLSM 780, Carl Zeiss, Oberkochen, Germany) and image processing was executed with ImageJ and CorelDRAW [25] (open source and Corel Corporation).




2.3. Flow Cytometry


Cultivated hCSCs were harvested by centrifugation after treatment with trypsin and subsequently stained with PE-coupled anti-CD105, anti-CD117, anti-Sca1 or anti-CD31 antibody (Miltenyi Biotec, Bergisch Gladbach, Germany) according to manufacturer’s guidelines. For isotype controls, hCSCs were stained with PE-coupled IgG1 control antibody or APC-coupled IgG1 control antibody. Analysis was done using Gallios Flow Cytometer (Beckmann Coulter Inc., Brea, CA, USA), while Kaluza Acquisition Software (Beckmann Coulter Inc.) was used for subsequent data acquisition and statistical analysis.




2.4. Cardiac Differentiation of hCSCs


Cardiac differentiation of the isolated cells was induced following the protocol described by Smits and colleagues [12]. Briefly, cells were seeded with a density of 105 cells per 6-well in hCSC medium. After 24 h, differentiation was induced with a cardiac differentiation medium consisting of a 1:1-mixture of IMDM (Gibco, Thermo Fisher Scientific, Waltham, MA, USA) and Ham’s F12 nutrient mixture with GlutaMAX-I (Gibco), containing 10% horse serum (Dianova, Hamburg, Germany), 1x MEM nonessential amino acids (Bio Whittaker, Lonza, Basel, Switzerland) and 1x insulin-transferrin-selenium (Gibco). Then, 5 µM 5-azacytidine was added in three consecutive days and differentiation medium was refreshed at day 4. Six days after the start of the differentiation, ascorbic acid (Sigma Aldrich) was added every two days and 1 ng/mL transforming growth factor β (TGF-β) (Peprotech, Hamburg, Germany) was added twice weekly. Medium was refreshed every two to three days. After 28 days, the protein expression was analyzed by immunocytochemical staining for α-actinin as described above. As undifferentiated control, cells were cultured in hCSC medium.




2.5. Blood Plasma


Blood plasma samples were collected from routine blood donation service from healthy individual donors. For further comparisons, plasma donors older than 60 years were declared “old,” and donors younger than 20 years were declared “young”. For the isolation of serum from fresh frozen plasma (FFP), 20% CaCl2 was added in a ratio of 1:50 and incubated at 4 °C overnight. After centrifugation at 1920 RCF for 20 min, blood serum was harvested from the supernatant. In all assays, blood plasma or serum from three different donors was used as biological replicates within the treatment groups.




2.6. p38-MAPK Inhibition


The following p38-MAPK inhibitors were used: BMS-582949 (InvivoChem, Libertyville, IL, USA) and SB239063 (Medchemexpress, Sollentuna, Sweden). BMS-582949 binds to the p38α and induces a less accessible conformation of the activation loop. We further selected SB239063 since it is highly selective (>220-fold selectivity over ERK and JNK1). Inhibitor stock solutions were dissolved in DMSO at a concentration of 10 mM and aliquots were stored at −80 °C. For p38-MAPK inhibition, inhibitors were diluted to 50 µM in the respective assays. DMSO served as control.




2.7. Proliferation Assay


For examination of cell proliferation, a determined cell count was seeded in either 6-well TC-plates (Sarstedt AG and Co.) or TC25 cell culture flasks (Sarstedt AG and Co.). The cells were starved for 48 h in serum-free medium containing DMEM-F12 (Sigma-Aldrich), 200 mM L-glutamine (Sigma-Aldrich), 10 mg/mL penicillin/streptomycin (Sigma-Aldrich), 10 ng/mL EGF (Peprotech) and 5 ng/mL FGF-2 (Peprotech) and then treated with 10% of individual blood serum and p38 inhibitors. Medium, blood serum and p38 inhibitors were renewed every two days. The cells were detached using trypsin (Sigma-Aldrich) and cell count was carried out using a Neubauer chamber.




2.8. Orangu Cell Viability Assay


A cell viability assay using the Orangu Cell Counting Solution (Cell Guidance Systems, Cambridge, UK) was performed with hCSCs in a 96-well TC-Plate (Sarstedt AG and Co.) in hCSC medium. One thousand cells per treatment and a calibration line of 250, 500, 750, 1000, 1500, 2000, 2500 and 3000 cells were seeded. The cells were treated with 10% blood plasma for two days. For evaluation, the cells were incubated with 10 µL Orangu solution for two hours in the dark. Absorbance at 450 nm was measured using a GloMax microplate reader (Promega, Madison, WI, USA).




2.9. Senescence-Associated β-Galactosidase Assay


Activity of Senescence-associated β-Galactosidase was measured according to Debacq-Chainiaux and colleagues [26]. Briefly, cells were washed in PBS (Sigma-Aldrich) and fixed with 4% paraformaldehyde (Sigma-Aldrich) before addition of the staining solution containing 1 mg/mL X-Gal (Carl Roth, Karlsruhe, Germany). Incubation for 18 h at 37°C led to final staining, which could be visualized by phase contrast microscopy.




2.10. RNA Isolation and Sequencing


RNA was isolated from cell pellets using the TRI Reagent Protocol for Suspension Cells (Sigma-Aldrich, Darmstadt, Germany) according to the manufacturer’s guidelines. The amount of isolated RNA was determined using a NanoDrop (Thermo Fisher Scientific, Waltham, MA, USA). For storage the samples were kept at −80 °C. Library preparation and sequencing on Illumina Hiseq4000 platform was carried out by Novogene (Beijing, China). After alignment to the reference genome GRCh38 with TopHat v2.0.9, gene expression quantification was performed with HTseq v0.6.1. Raw data are accessible at NCBI Gene Expression Omnibus. Differential gene expression was analyzed using DESeq2 R package (2_1.6.3) and correlation was calculated with the cor.test function. The database DAVID was used for the calculation of overexpressed Gene Ontology (GO)-Terms and pathway analyses [27]. GO terms of differentially expressed genes were determined using the PANTHER classification system [28,29,30] and analysis of Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment was performed using KOBAS 3.0 [31,32].




2.11. ELISA


To measure the protein-contents in terms of MCP1, GDF11 and eotaxin of the plasmas used, the following Kits were used according to manufacturer’s guidelines: Human MCP-1 (CCL2) Mini ABTS ELISA Development Kit (Peprotech), Human Eotaxin (CCL11) Standard ABTS ELISA Development Kit (Peprotech) and Human Growth Differentiation Factor 11 GDF11 ELISA Kit (Novatein Biosciences, Woburn, MA, USA).





3. Results


3.1. Identification of Nestin+/S100B+ Cells in the Human Heart Auricle Tissue


To localize putative adult cardiac stem cell populations within their endogenous niche, human heart auricles (LAA = left atrial appendage) (Figure 1A) were obtained during routine heart surgery. Within this heart auricle tissue, a typical morphology of three main layers was observable: the myocardium is cardiac muscle tissue, mainly cardiomyocytes that are surrounded by the epicardium on the outer surface and the endocardium on the inner surface of the heart (Figure 1B). Immunohistochemistry revealed the presence of cells positive for the neural-crest markers S100B and Nestin in the adult myocardium and not in the endocardium or epicardium (Figure 1C).




3.2. Successfully iIsolated Putative Human Cardiac Stem Cells from Heart Auricle Tissue Show High Clonal Efficiency and Capability for Cardiosphere Formation


To analyze the stem cell-marker expressing cells found in the adult human myocardium in more detail, we modified an established protocol for the isolation of human cardiomyocyte progenitor cells [12]. Explant culture resulted in the isolation of cell migrating out of tissue pieces that spontaneously formed cardiospheres. To investigate their stemness characteristics, the clonal growth of putative hCSCs was analyzed. Here, putative hCSCs revealed a clonal efficiency of 22.7%. Importantly, clonally grown cells maintained their ability to form cardiospheres under suspension culture conditions (Figure 1D).




3.3. Isolated Cells Express Known Marker Proteins of Cardiac Stem and Progenitor Cells


Characterizing putative hCSCs in more detail, we further observed a high amount of 87% to 95.6% of Sca1+ cells isolated from two distinct hCSC donors but no expression of c-kit using flow cytometry (Figure 1E–G). Multiple staining followed by flow cytometric measurement showed 92.56% of cells being double positive for CD105 and CD31 (Figure 1G), which has also been shown by Smits and colleagues [12].




3.4. HCSCs Are Able to Give Rise to Cardiomyocytes In Vitro


To investigate the cardiogenic differentiation potential of the hCSC population, we exposed the cells to TGFβ and ascorbic acid, as published by Smits and colleagues [12]. A high proportion(94%)of α-actinin+ cells were detected by immunocytochemistry, indicating a successful cardiac differentiation, whereas no α-actinin was observable in undifferentiated control cells (Figure 1H). Additionally, these cells showed the expression of the gap junction protein Connexin 43, visible as punctual structures (Figure 1I).




3.5. Blood Plasma and Blood Serum Strongly Enhance Proliferation-Inducing Effects of Blood Plasma on Adult Human Cardiac Stem Cells


To investigate potential proliferation-inducing effects of blood plasma on hCSCs, we exposed the cells to heparin-treated human blood plasma or human blood serum, which was applied to decrease the number of putative active plasma components (Figure 2A). Control cells cultured in starvation medium showed enlarged and flattened cell morphology, as would be expected of bona fide senescent cells. (Figure 2B, control). In contrast, exposure of hCSCs to human blood plasma or serum resulted in a smaller cell morphology (Figure 2B) next to strongly and significantly increased proliferation (Figure 2C). Notably, no difference was detectable between plasma and serum in the enhancing effects on the proliferation of hCSCs (Figure 2C).




3.6. Age and Sex of Blood Serum Donors Do Not Affect Beneficial Effects on Proliferation and Metabolism of hCSCs


Since several studies have suggested an age-dependent effect of blood plasma on stem cell behavior in the murine system [5,33], we applied serum from young (18–20 years) and old (>60 years) female and male donors to hCSCs (Figure 3A). We again observed a strongly increased proliferation of hCSCs treated with human blood serum independent to serum donor age or sex (Figure 3B). Exposure of blood serum from young and old female and male donors further resulted in significantly increased metabolism of hCSCs compared to control, but only modest variations between the serum-treated samples (Figure 3C).




3.7. Exposure of hCSCs to Blood Serum from Young Female or Male Donors Results in Significantly Enhanced Protection against Senescence Compared to Serum from Old Female Individuals


We next assessed the ability of blood serum from donors of different ages and sexes to protect hCSCs from starvation-mediated senescence by applying a senescence associated β-galactosidase (SA-β-Gal) activity assay. In comparison to control cells undergoing starvation, blood serum from young female or male donors (18–20 years) and old female or male donors (>60 years) led to significantly and strongly decreased senescence of hCSCs (Figure 3D and Figure S1B). Notably, we observed a significantly enhanced protection against senescence in hCSCs exposed to serum from young female or male individuals compared to serum from old female donors (Figure 3D), suggesting a moderate yet significant age-dependent difference in blood-serum-mediated protection against senescence.




3.8. Young Blood Serum Enhances Differential Global Gene Expression of hCSCs


With regard to beneficial effects of blood serum on proliferation of hCSCs and the age-dependent differences observed in protection of hCSCs against senescence, we investigated the effects of blood serum from old and young male donors on global gene expression of hCSCs using RNAseq (Figure 4A). Here, we focused on the examination of potential age-dependent effects of human blood serum on the transcriptome level, since potential differences in the effects of blood serum related to the sex of the donor have not been reported so far. However, the literature frequently describes a rejuvenation phenomenon in the murine system when applying young blood/serum to older individuals.



Differential gene expression analysis between untreated and serum-treated hCSCs revealed a remarkably increased differential gene expression after application of young serum compared to control (Figure 4B) in comparison to old serum compared to control (Figure 4C). In particular, hCSCs treated with young serum showed upregulation of 1366 genes and downregulation of 1708 genes (Figure 4B), while hCSCs treated with serum from old donors differentially upregulated only 20 genes and downregulated 79 genes (Figure 4C). Both treatment groups showed an overlap of 20 upregulated genes (Figure 4D) and 78 downregulated genes (Figure 4E). Importantly, the gene expression levels of the stem cell marker Nestin and the cardiac stem cell marker CD105 remained unaffected after serum treatment. Moreover, genes that were commonly upregulated during cardiac differentiation were not expressed in serum-treated cells (Figure 4F), indicating that hCSCs keep their stem cell-like identity and do not differentiate upon serum treatment. Interestingly, treatment with young serum resulted in a significant reduction of MCP1 expression with a -1.3 fold change compared to untreated cells, whereas eotaxin and GDF11 were not differentially expressed (Supplementary Table S1). Further, IL24 could be found among the most significantly enriched transcripts after treatment with young serum with a log2fold change of +8.8 (Supplementary Table S1). The cytokines GDF11, MCP-1 and eotaxin were frequently discussed in rejuvenation experiments with old mice [34,35,36,37,38,39]. We therefore assessed the respective protein concentrations in old and young plasma samples via ELISA assays (Figure S1C). Neither increases in chemokine and cytokine levels of GDF11, MCP-1 and eotaxin nor increases in proliferation and senescence could be detected when comparing old and young plasma samples.




3.9. Global Gene Expression Profiling Indicates Age-Dependent Clusters of Blood-Serum-Treated Adult Stem Cells


Using hierarchical clustering of gene expression levels, we generated a heatmap separating the groups of untreated hCSCs and hCSCs treated with either young or old blood serum into distinct clusters. Even though the Pearson correlation analysis showed only marginal differences between the treatment groups (Figure S2), cluster analysis of differentially expressed genes resulted in clear differences along the whole transcriptome (Figure 5, Figures S3 and S4).




3.10. Gene Ontology (GO) Term Analysis Reveals Downregulation of Attachment-Associated Genes and Upregulation of Proliferation-Associated GO Terms, Including p38-MAPK


Analysis of GO Term enrichment showed beneficial effects on cell cycle and proliferation which was underlined by enrichment of the p38 MAPK pathway (P05918) as the most enriched GO-Term in samples treated with either young or old blood serum (Figure 6). In addition, the term oxidative stress response (P00046) followed as the second most enriched. Interestingly, the application of a KEGG-pathway analysis within this cluster also demonstrated amongst others, the upregulation of the KEGG-pathway glutathione metabolism (hsa00480), further highlighting a possible antioxidative effect of blood serum on hCSCs. In addition, analysis of the genes upregulated only in cells treated with young serum showed GO terms associated with DNA and protein-synthesis-like purine metabolism (P02769) or the pentose phosphate pathway (P02762), leading to enhanced proliferation (Figure 5). The p38 MAPK pathway (P05918) was also in this cluster among the significantly enriched GO terms with a 5.5-fold enrichment and in the KEGG pathways (hsa04010) (Figure 6). Interestingly, the application of GO terms and KEGG-pathway enrichment on a cluster of genes downregulated in cells treated with young serum but upregulated in cells treated with old serum led to the significant enrichment of the GO terms integrin signaling pathway (P00034) and cadherin signaling pathway (P00012) and the KEGG-pathways ECM-receptor interaction (hsa04512), adherens junction (hsa04520), focal adhesion (hsa04510) and tight junction (hsa04530), possibly indicating degenerated exchange with the extracellular matrix (ECM) or neighboring cells or altered intercellular communication—one of the nine hallmarks of aging that were defined in 2013 [4] (Figure S4). Moreover, within this cluster we found the KEGG-pathways arrythmogenic right ventricular cardiomyopathy (hsa05412), hypertrophic cardiomyopathy (hsa05410) and dilated cardiomyopathy (hsa05414), which may indicate an age-dependent protective effect of young blood serum on hCSCs (Figure S4). In summary, GO enrichment analysis revealed the upregulation of various pathways, with p38-MAPK pathway being the most enriched GO term in genes that are highly upregulated after treatment with young serum and not regulated in the old serum group (see Figure 6). Further, p38-MAPK is also in third position (after general metabolism-associated GO terms) of the most enriched GO terms in genes that are highly upregulated after treatment with young serum and downregulated after treatment with old serum (Figure 5).




3.11. Beneficial Effects of Blood Plasma on Proliferation and Protection of hCSCs Against Senescence Are Partially Mediated by p38 MAPK-Signaling


With regards to the up-regulation of genes associated to p38 MAPK pathway in hCSCs exposed to young serum, we were encouraged to assess its functional role in the before observed effects (Figure 2 and Figure 3). Therefore, we applied two inhibitors of p38 MAPK (BMS-582949 and SB239063) in senescence- and proliferation assays (Figure 7A). Notably, simultaneous exposure of hCSCs to blood plasma and the p38 MAPK inhibitors BMS-582949 and SB239063 led to a strongly decreased proliferation compared to blood plasma or serum-treated hCSCs (Figure 7B,D). Accordingly, we observed a strongly elevated increase in senescence of blood plasma or serum-treated hCSCs after application of the p38 MAPK inhibitors in comparison to hCSCs solely exposed to blood plasma or serum (Figure 7C,E). These results are in line with the upregulation of p38 associated KEGG-pathways and GO terms in hCSCs treated with serum from young male donors (Figure 5 and Figure 6) and emphasize the regulatory role of p38 MAPK in terms of blood-serum-mediated proliferation and protection against senescence.





4. Discussion


Ageing is characterized by a decline of homeostatic and regenerative capacities, at least partly caused by the exhaustion of endogenous stem cell functions [4], the accumulation of intracellular ROS and cells undergoing senescence in various tissues and organs. Prominent studies in the murine system suggest that circulating factors play a critical role within this process [5,6,7]. For instance, experiments with heterochronic parabiosis in mice resulted in elevated proliferation of muscle satellite cells, liver, skin, neuronal stem cells and pancreatic β-cells [5,33,40,41]. More rejuvenation strategies targeting the cardiovascular system of aging mice have been recently reviewed by Cesselli et al. [42]. Besides, other studies provided indirect evidence by transplanting islet-cells from young or old mice into hyperglycemic recipients resulting in similar replication rates of both old and young donor cells [43]. However, a rejuvenation of aged human cells or organs by the application of a young systemic milieu could not be shown so far [8]. In the present study, we compare the effects of human blood plasma and serum of young and old donors on adult cardiac stem cells from the human heart auricle. Although the adult heart was long ago considered a terminally differentiated organ with low regenerative potential, rare populations of mouse and human cardiac stem cells (CSCs) were found that may contribute to endogenous repair mechanisms [10,11,12]. Although identification and isolation of adult CSCs often utilize the expression of the cell-surface marker c-kit [10,15,16], expression was also reported in non-cardiac cells [44,45,46] and its relevance as a cardiac stem cell marker is controversially discussed. For instance, Sultana and co-workers showed that c-kit+ cells in the mouse heart are endothelial cells and not cardiac stem cells [47], and c-kit-negative stem cell populations have already been described in the human heart [11]. Interestingly, Tomita et al. reported that Nestin+ NCSCs in the mouse heart give rise to cardiomyocytes in vivo [48]. Accordingly, we show here that the myocardium of the adult human heart auricle contains a population of Nestin+/S100B+ cardiac stem cells positive for Sca1 and CD105 but lacking c-kit-expression. Next to c-kit, the surface antigens Sca1 and CD105 are commonly used markers for human cardiac stem and progenitor cells [12]. In contrast to most studies showing co-expression of Sca1, c-kit and CD105 in human CSCs [12], we observed the presence of Sca1 and CD105 in human cardiac stem cells despite the lack of c-kit. Isolated hCSCs were able to grow clonally while maintaining their capability of sphere formation and differentiated efficiently into α-actinin+ cardiomyocyte-like cells. Although the application of human blood serum, blood plasma or platelet-rich plasma on stem cell cultures has already been shown to effectively promote cell proliferation [21,22,49,50,51,52,53], the cardiovascular system and especially cardiac stem cells have not been investigated so far. Within this study we likewise could demonstrate an overall enhancing effect of human blood serum on adult human cardiac stem cells, while no age dependency could be detected in terms of proliferation and metabolic activity. In line with these results, other studies focusing on data analysis of red blood cell transfusions in terms of donor age and sex and the survival rates of the transfusion-recipients have not shown an age or sex-related effect [54]. Importantly, we could not detect significant changes in the gene expression levels of CD105 and Nestin upon serum-treatment, nor the expression of cardiac differentiation genes in any of the samples. These results demonstrate that hCSCs keep their stem cell-like features and do not differentiate spontaneously during exposure to blood serum. Accordingly, other adult stem cell populations were also reported to keep their characteristic gene expression and stemness characteristics when cultivated in human blood plasma [22,55].



To investigate the underlying molecular mechanisms driven by the application of blood serum, we performed RNAseq and compared the global transcriptome of hCSCs treated with either old (donor age >60 years) or young (donor age <20 years) male blood serum. This state-of-the-art technique allowed us to analyze the highly complex regulatory networks that drive proliferation of human cardiac stem cells. Here, we focused on the examination of potential age-dependent effects, since sex-specific differences were not detectable on proliferation or senescence of serum-treated hCSCs. In line with these findings, potential differences in the effects of blood serum related to the sex of the donor have not been reported so far. However, the literature frequently describes a rejuvenation phenomenon in the murine system when applying young blood/serum to old individuals [5,6,7]. Our present observations show that the application of young blood serum leads to an increased number of up or downregulated genes compared to the treatment with old blood serum. To the best of our knowledge, comparable transcriptomic data of human cells after exposure to serum or plasma do not exist. However, a general decline in global gene expression of aging tissues has been reported in several studies [56,57,58,59,60], which is line with our present findings. In detail, the pattern of differentially expressed genes seems to be dependent on tissue type. For instance, Lipinski and colleagues showed that genes associated with autophagy are downregulated in the human brain during aging [59]. Other groups showed differential gene expression of migration and proliferation-associated genes in male skin samples with advanced age [60]. We likewise could show increased differential gene expression in hCSCs upon the treatment with young blood serum compared to the application of old blood serum. However, this seems to have no further beneficial influence on the effects on cell proliferation and viability compared to the application of old serum. We therefore suggest that both old and young serum trigger activation of pathways leading to enhanced proliferation and protection against senescence. Here, our analysis identified p38MAPK as a crucial pathway for regulating proliferation and senescence in a blood-serum-dependent manner, as discussed in detail below. In accordance to our observations, human blood serum, blood plasma or platelet-rich plasma were reported to be beneficial for proliferation of stem cells, despite the age of the plasma donors [21,22,56,57,58,59,60]. The highly elevated global gene expression levels after treatment of hCSCs with young blood serum compared to old serum further suggest that the application of young serum may result in cellular effects other than proliferation or protection against senescence. Considering this discrepancy in our observation, a more detailed transcriptomic analysis was necessary to understand age-related blood borne effects on cultured cells. A detailed analysis of upregulated genes after serum treatment showed significant overrepresentation of cell cycle and proliferation-enhancing GO terms, which is in line with the observed beneficial effects of blood serum on proliferation of hCSCs. Moreover, we could observe the upregulation of integrin signaling and cadherin signaling, which is also connected to proliferation in several instances [61]. In addition, a range of studies also suggest circulating pro-ageing factors with the pro-inflammatory chemokine MCP1 as one of the most popular candidates. Level of MCP1 increases with age in mice and humans and is even discussed as a biomarker for cardiac aging [34,36]. Accordingly, we could show via RNAseq that MCP1 was significantly downregulated in cells treated with young blood serum. Further, Ghosh and coworkers recently showed that levels of MCP1 in white adipose tissue in old mice were decreased upon heterochronic parabiosis with young mice and even in cell culture after conditioning with young serum [62]. In contrast to this, we detected no significant differences in the protein concentration of MCP1 between old and young plasma samples. Next to MCP1, other factors like GDF11 or eotaxin (CCL11) are also discussed as age-dependent blood borne cytokines [35,37,38,39]. These chemokines and cytokines were measured in moderate yet significantly higher abundances in young plasma samples compared to old plasma samples. However, our data did not show a differential expression of the corresponding genes in serum-treated hCSCs. These differences between protein concentrations in the plasma samples and gene expression levels in the treated cells may be partially explained by the only modest changes of protein contents that are not sufficient to trigger differential gene expression.



Notably, analysis of the global gene expression profile of hCSCs treated with young or old blood serum showed the upregulation and enrichment of genes in the p38-MAPK-associated GO term P05918 and KEGG-pathway hsa04010. In general, p38-MAPK signaling is understood as an inhibitor of proliferation [63] but it has also been described to enhance proliferation in a range of cell types [64,65], suggesting that the role of p38-MAPK in proliferation and senescence is strongly cell-specific. For example, in male human skin samples, MAPK signaling is upregulated along with cell proliferation in aged (>70 years) patients [60]. Further, in human breast cancer cells, p38 MAPK upregulation is associated with increased proliferation and can be inhibited by the use of the p38 inhibitor SB203580 or p38α-siRNA [64,66]. In line with these observations, inhibition of p38 significantly reversed the beneficial effects of blood serum in terms of proliferation and protection from senescence in the present study. Interestingly, we also detected the cytokine IL24 to be highly upregulated in hCSCs after treatment with young blood serum. IL24 was reported to induce p38 MAPK activation [67], suggesting a role in the upstream regulation of p38 in hCSCs in a blood-serum-dependent manner. However, other relevant signaling pathways may interact with p38 MAPK in controlling blood-serum-mediated proliferation of hCSCs. For instance, other MAPKs, such as ERK, were described to co-regulate proliferation of stem cells together with p38 MAPK in response to stimuli such as hypoxia or proliferation-inducing drugs [68,69]. In particular, treatment of periodontal ligament stem cells with inhibitors against p38 MAPK or ERK resulted in reduced hypoxia-mediated proliferation [69]. Likewise, signaling via p38 MAPK and NF-κB was described to co-regulate proliferation of hepatic stem cells [70] and also has an essential role in the regulation of myocardial adaption to ischemia [71]. Accordingly, our present data reveal a relevant role of p38 MAPK in regulating proliferation of adult human cardiac stem cells. Regarding the reversion of the senescent phenotype after blood plasma treatment, Liu and colleagues likewise showed that young blood plasma reverses age-dependent senescence in hepatic tissues of rodents. This effect was not reported in application of old plasma [72]. Other studies also describe similar effects with young blood on various organs in heterochronic parabiotic mice [5,35,62,73,74]. However, our results show a more general protective effect of human blood plasma against senescence which is independent of age and sex. These contrasting results also demonstrate the difficulties in the transition from the murine to the human system and the highly complex regulation of the ageing process. Here, next to the investigation of age-dependent effects upon usage of human blood plasma or serum, the cell types or tissues that are addressed should also be taken into account carefully—possibly with the examination of p38-MAPK as a crucial regulator.



In summary, we demonstrate within this study the beneficial effects of blood serum on the proliferation and metabolism of adult human cardiac stem cells, which are accompanied by a decrease of senescent cells. By the application of RNAseq we were able to describe the changes in the global gene expression profiles of serum-treated hCSCs and thus successfully identified the age-dependent enhancement of p38-MAPK signaling as one of the underlying pathways that promote the blood-serum-mediated proliferation.
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Figure 1. Isolation and characterization of adult human cardiac stem cells (hCSCs). (A) Human heart auricles were removed during routine heart surgery. (B) Heart auricle tissue consists of the three main layers: endocardium, myocardium and epicardium. (C) Nestin+ and S100+ cells can be found in the myocardium of the human heart auricle. (D) Isolated cells spontaneously form cardiospheres and possess the ability for self-renewal with a clonal efficiency of 22.7%. (E) Cultured cells express the cardiac stem cell marker Sca1. (F) Cultured cells do not express the stem cell marker cKit. (G) Double staining shows that cultured cells coexpress the cardiac stem cell markers CD31 and CD105. (H) After cardiac differentiation with biochemical cues, 94% of cells express the cardiomyocyte protein α-actinin. (I) After differentiation with biochemical cues, the gap junction protein Connexin43 is expressed at the surface of α-actinin+ cells, indicated by arrowheads. 
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Figure 2. Application of human blood serum and human blood plasma on adult human cardiac stem cells led to increased cell proliferation. (A) Primary cultures of human stem cells from the adult heart auricle where exposed to blood serum, blood plasma or starvation medium. (B) Microscopy images of treated cells demonstrated a proliferation inducing effect of blood serum and plasma compared to untreated cells. (C) Serum and plasma significantly increased the proliferation of hCSCs in a similar manner. Mann-Whitney two-tailed, * p < 0.05 was considered significant, not significant (n.s.) p > 0.05. 
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Figure 3. Application of different serum and plasma samples on adult human cardiac stem cells. (A) hCSCs were exposed to blood serum and blood plasma from old (>60 years) and young (<20 years) male and female donors or starvation medium. (B) Treatment with sera from young female, young male and old female donors significantly increased the proliferation of hCSCs. (C) Orangu cell viability assay to measure the metabolism of hCSCs showed increased metabolism after serum treatment but no sex or age dependency. (D) SA-β-Galactosidase assay showed a decrease of senescent cells after plasma treatment compared to untreated cells. Mann-Whitney two-tailed, * p < 0.05 was considered significant. 
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Figure 4. RNAseq showed increased differential gene expression in an age-dependent manner. (A) hCSCs where exposed to blood serum and blood plasma from old (>60 years) and young (<20 years) male donors or starvation medium followed by RNAseq. (B) Volcano plot of differential expressed genes in hCSCs treated with young serum vs. control. (C) Volcano plot of differential expressed genes in hCSCs treated with old serum vs. control. Red: upregulated; green: downregulated genes. A detailed list is provided in Supplementary Table S1. (D) Venn diagram of upregulated genes in the old and young treatment groups. (E) Venn diagram of downregulated genes in the old and young treatment groups. (F) Gene expression levels (in fragments per kilobase million, FPKM) of selected marker genes for cardiac stem cells (CD105, Nestin) and genes that are upregulated during cardiac differentiation (Nkx-2.5, MEF2C, TroponinT, βMHC, cardiac actin). Expressions of CD105 and Nestin are not affected by serum treatment, and cardiac differentiation genes were not expressed either in the control or in the serum-treated samples. 
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Figure 5. Heatmap of differentially expressed genes with KEGG-pathway analysis and GO-term enrichment of genes highly upregulated in hCSCs treated with young serum and downregulated in hCSCs treated with old serum and in the control (cluster marked with black box). 
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Figure 6. Heatmap of differentially expressed genes with KEGG-pathway analysis and GO-term enrichment of genes highly upregulated in hCSCs treated with young serum, slightly upregulated in hCSCs treated with old serum and downregulated in the control (cluster marked with black box). 
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Figure 7. In vitro inhibition of p38-MAPK reversed the beneficial effect of blood plasma on proliferation and survival of hCSCs. (A) hCSCs where exposed to blood plasma and serum and p38 inhibitors BMS-582949 and SB239063. (B) Inhibition of p38 with BMS582949 led to significantly decreased proliferation compared to plasma and serum treatment alone. (C) Inhibition of p38 with BMS582949 led to significantly elevated SA-β-Gal activity compared to plasma treatment alone. (D) Inhibition of p38 with SB239063 led to significantly decreased proliferation compared to serum treatment alone. (E) Inhibition of p38 with SB239063 led to significantly elevated SA- β-Gal activity compared to serum treatment alone. Mann-Whitney two-tailed, * p < 0.05; ** p < 0.005; *** p < 0.0005; **** p < 0.0001 was considered significant, not significant (n.s.) p > 0.05. 
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