

[image: image1]
Danhong Injection Enhances the Therapeutic Efficacy of Mesenchymal Stem Cells in Myocardial Infarction by Promoting Angiogenesis
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Stem cell-based therapies have the potential to dramatically transform the treatment and prognosis of myocardial infarction (MI), and mesenchymal stem cells (MSCs) have been suggested as a promising cell population to ameliorate the heart remodeling in post-MI. However, poor implantation and survival in ischemic myocardium restrict its efficacy and application. In this study, we sought to use the unique mode of action of Chinese medicine to improve this situation. Surrounding the myocardial infarct area, we performed a multi-point MSC transplantation and administered in conjunction with Danhong injection, which is mainly used for the treatment of MI. Our results showed that the MSC survival rate and cardiac function were improved significantly through the small animal imaging system and echocardiography, respectively. Moreover, histological analysis showed that MSC combined with DHI intervention significantly reduced myocardial infarct size in myocardial infarcted mice and significantly increased MSC resident. To investigate the mechanism of DHI promoting MSC survival and cell migration, PCR and WB experiments were performed. Our results showed that DHI could promote the expression of CXC chemokine receptor 4 in MSC and enhance the expression of stromal cell–derived factor-1 in myocardium, and this effect can be inhibited by AMD3100 (an SDF1/CXCR4 antagonist). Additionally, MSC in combination with DHI interfered with MI in mice and this signifies that when combined, the duo could the expression of vascular endothelial growth factor (VEGF) in the marginal zone of infarction compared with when either MSC or DHI are used individually. Based on these results, we conclude that DHI enhances the residence of MSCs in cardiac tissue by modulating the SDF1/CXCR4 signaling pathway. These findings have important therapeutic implications for Chinese medicine-assisted cell-based therapy strategies.
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INTRODUCTION

Cardiovascular disease, including atherosclerosis, stroke, and MI, is the leading cause of death in the world (Clark, 2013). In 2015, CVD accounted for one-third of all deaths, and there was an estimated 422.7 million cases of CVD and 17.92 million CVD-related deaths (Roth et al., 2017). Ischemic heart disease, especially MI, was the major cause of CVD health lost in each region across the world (Finegold et al., 2013). MI blocks the blood oxygen supply of cardiomyocytes and can kill about 25% of the cardiomyocytes in a short time, resulting in a series of serious consequences (Murry et al., 2006). After MI, fibroblasts, and endothelial cells form a dense collagenous scar to maintain wall structure, which is inflexible and non-contractile, and often lead to HF (Bergmann et al., 2009). Despite the significant progress in treatment, the prognosis of patients with MI or HF is still poor, and the current therapeutic approaches are palliative, because they do not solve the potential problems leading to loss of heart tissues (Sanganalmath and Bolli, 2013). Cardiac transplantation, a therapy being developed to eliminate the underlying cause of HF, not just to achieve damage control, is considered to be an effective treatment for the recovery of cardiac function currently. However, it is limited by insufficient donor organs and the requirement for lifelong immunosuppression (Stehlik et al., 2011; Sanganalmath and Bolli, 2013; Huang et al., 2016). Therefore, it is necessary to make efforts to develop new therapies that could repair and regenerate the myocardium.

Stem cell-based therapies have the potential to dramatically transform the treatment and prognosis of CVD, including MI or HF, via replenishing cell. Recently, the substantial preclinical and clinical studies have showed safety stem cell therapy (Khan et al., 2016). A variety of different types of stem cells with greater potential for cardiomyocyte regeneration have been tested in preclinical animal models and in humans, such as skeletal myoblasts, endothelial progenitor cells, MSC, cardiac stem/progenitor cells, embryonic stem cells (Segers and Lee, 2008; Oh et al., 2016).

Among the cell types under investigation, MSCs have been proposed as a promising cell population for cardiovascular regenerative therapy and regenerative medicinal applications (Houtgraaf et al., 2012; Squillaro et al., 2016). As a major candidate for cell therapy, MSC is not only used for heart disease, but also for the treatment of a variety of diseases characterized by fibrosis (Usunier et al., 2014; Karantalis and Hare, 2015).

Friedenstein et al. (1970), first, discovered a group of non-hematopoietic cells with multipotent and plastic-adherent stromal cells residing in the BM, commonly referred to as MSC also known as BM stromal cells. MSCs have been reported to differentiate into different types and functions of cells, including cardiomyocytes and endothelial cells (Pittenger et al., 1999; Reyes et al., 2002; Toma et al., 2002). In addition, MSC are considered to play an indispensable role in hematopoietic stem cell niches (Friedenstein et al., 1974).

In this context, the cardiogenic potential of MSCs is still controversial (Reinecke et al., 2008), and its ability to differentiate into cardiomyocytes and endothelial cells, their immunomodulatory properties, and their broad spectrum release of trophic factors have been highly thought for (Luo et al., 2017). In a large number of preclinical trials, MSC has been shown to promote angiogenesis, reduce myocardial fibrosis, and improve cardiac function in mice model with ischemic cardiomyopathy (Nagaya et al., 2005; Liu et al., 2008; Li L. et al., 2009; Mazo et al., 2010). Clinical studies have also shown that MSC therapy have significant and encouraging results for patients with ischemic cardiomyopathy, which include the improvement in physical fitness, quality of life, and ventricular remodeling (Hare et al., 2012; Li et al., 2012).

Although different kinds of stem cells have been clinically studied for cardiac repair, they all face a common challenge–donor cell loss or death (Shao et al., 2008). These problems prompted us to explore other ways to improve the efficacy of MSC in restoring cardiac structure and function, such as combination therapy (Nigro et al., 2017), especially in combination with TCM.

Danhong injection, a standard Chinese medicinal formula used in both clinical and basic research has shown promising therapeutic results in MI, including the promotion of angiogenesis, reducing infarct size, improving the micro environment of the infarct margin zone (Guan et al., 2013; Chen et al., 2016; Mao et al., 2016). Effective revascularization plays a key role in protecting cardiac function and improving long-term prognosis after MI (Jujo et al., 2008). In previous study, we found that DHI can significantly increase the expression of SDF-1 and VEGF in the myocardium of MI rats (Chen et al., 2016). Multiple stem cells are recruited to the injured area and play a repair role through SDF-1/CXFR4 signaling regulation (Askari et al., 2003; Ceradini et al., 2004). Here, we assume that DHI use the SDF1/CXCR4 signaling pathway to promote the retention and migration of exogenous MSCs, thereby improving the efficacy of MSC transplantation.

MATERIALS AND METHODS

MSC Culture and Labeling

Human umbilical cord blood-derived MSC were purchased from Tianjin Heze Stem Cell Technology, Co., Ltd. UC-MSC cells were cultured in DMEM/F12 medium containing 10% FBS and incubated at 37°C in a 5% CO2 incubator for routine culture. Single cell suspension was prepared by routine digestion and centrifugation and seeded in T25 flasks at a density of 5 × 105/bottle for in vitro and in vivo experiments.

In order to facilitate the transplantation of stem cell tracking, the red fluorescent dye Dil (Molecular Probes, Eugene, OR, United States) was used to label the cell membrane prior to transplantation, without affecting cell morphology, viability, and proliferation capacity, and the fluorescence signal was maintained for more than 1 month (Cheng et al., 2008; Liu et al., 2013).

Flow Cytometric Analysis

The 5th generation UC-MSC cells were identified by flow cytometry and stained with antibodies against CD11b-PE, CD19-FITC, CD34-FITC, CD45-PE, CD73-PE, CD90-PE, and CD105-PE. Isotype-identical antibodies served as negative controls. For vitro experiments, the UC-MSC cells received a 72-h treatment with Danshensu at the concentrations of 10 μM, and the expression of CXCR4 (stained with antibodies against CXCR4-PE) was detected by flow cytometry.

Transwell Assay

Migration of MSC toward SDF-1 was determined using Costar Transwells with 8 μm pore size (Corning, NY). The MSC cells received a pretreatment with Danshensu at the concentrations of 10 μM, then 100 μl of MSC with a total number of 20,000 cells were added into the insert. The inserts were then transferred to wells of 24-well plate containing 600 μl of 0.5% FBA-supplemented DMEM containing 100 ng/ml SDF-1. After incubation at 37°C and 5% CO2 for 20 h, the membranes were washed by 1× PBS, fixed by 4% paraformaldehyde (PFA) solution, and stained with DAPI. View underneath an inverted microscope and count the number of cells in different fields of view to get an average sum of cells.

MI Model Preparation and Cell Transplantation

Male adult C57BL/6J mice (8 weeks) were purchased from Beijing Weitong Lihua Experimental Animal Technology, Co., Ltd., License number SCXK (Jing) 2012-0001. All procedures were reviewed and approved by the guidelines of Tianjin University of Traditional Chinese Medicine (TCM) Laboratory Animal Ethical Committee (TCM-LAEC20170028). MI in mice was performed, under anesthesia of 1.5–2.0% isoflurane, by LAD with mechanical ventilation as described previously (Gao et al., 2010). The procedure for sham group was totally the same but without ligating the suture. Cell transplant procedure was followed as previously reported (Wang et al., 2011). Briefly, after ligation the mice were immediately randomized to receive 15 μl of 2.0 × 105 Dil-labeled UC-MSCs or saline by three injections into three areas adjacent to the infarcted tissue with a 30-gauge needle, then the chest was immediately closed and spontaneous breathing was restored.

Animal Study Design

After the establishment of MI model, the mice were randomly divided into five groups (eight mice in each group): (1) sham group, received intraperitoneal injection of saline only; (2) model group, received intracardiac injection of saline (15 μL) and saline intraperitoneal injection; (3) MSCs group, received MSCs (2.0 × 105/15 μL) intracardiac injection and saline intraperitoneal injection; (4) DHI group, received saline intracardiac injection (15 μL) and DHI intraperitoneal injection (1.5 mL/kg/day); (5) MSCs+DHI group, received MSCs (2.0 × 105/15 μL) and intracardiac injection DHI intraperitoneal injection (1.5 mL/kg/day). All animals were sacrificed for histological analysis by anesthesia with 5% chloral hydrate 28 days after intraperitoneal injection.

Echocardiographic Examination

All mice were examined by echocardiography at 2 and 4 weeks after MI under anesthesia (1.5% isoflurane in oxygen). Echocardiography was performed using a 18–38 MHz linear-array transducer with a ultra-high resolution small animal ultrasound imaging system in real time (Vevo 2100 Imaging System, VisualSonics, Toronto, ON, Canada). The standard echocardiographic acquisition procedure was reported as previously (Bauer et al., 2011).

Hemodynamic Assessment

Mice were subjected to hemodynamics analysis by cardiac catheterization under the general anesthesia (2,2,2-Tribromoethanol) before removing the heart. Briefly, the micrometer catheter (4F, Millar Instruments) was inserted into the left ventricle through the right common carotid artery. The LV end-systolic (LVESP), end-diastolic (LVEDP) pressure and ±dp/dtmax were recorded by bio-function experiment system MP100-CE (BIOPAC systems, Inc., Santa Barbara, CA, United States).

Histological and Immunofluorescent Assessments

Histological analysis was performed in paraffin-embedded sections. The heart was rinsed with PBS buffer and then perfused with 10% phosphate-buffered formalin. At the end of the perfusion, all hearts were collected and fixed in 4% PFA solution for more than 48 h, then paraffin embedded and cut into 5 μm sections. Those sections were stained with H&E and Masson for morphological analysis, and the nucleus was localized using DAPI. Fluorescence images were captured by use of the OLYMPUS DP71 inverted fluorescence microscopy.

Quantitative Real-Time RT-PCR

The expressions of SDF-1, CXCR4, and VEGF mRNA were detected in UC-MSC and myocardium, respectively. The total RNA was extracted with TRIzol reagent (Invitrogen, United States) according to the manufacturer’s instructions, and the concentration of the total RNA was quantified with NanoDrop1000 at value ratio of 260 and 280 nm. cDNA was obtained by reverse transcription PCR using TaqMan Reverse Transcription Reagents (Roche, Switzerland) according to manufacturer’s instruction. Quantitative real-time PCR was performed using SYBR GREEN PCR Master Mix (Roche, Switzerland) and in using a CFX96TM Real-Time PCR Detection System (Bio-Rad, United States). The mRNA quantity was normalized with the house-keeping gene β-actin and GAPDH. The primer sequences are listed in Table 1.

TABLE 1. Primers sequences used for real-time PCR.
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Western Blot

The proteins were extracted from heart samples using RIPA Lysis Buffer [Sangon Biotech (Shanghai), Co., Ltd.]. Western blotting was performed with anti-SDF-1 (ab25117, abcam), anti-CXCR4 (ab124827, abcam), and anti-GAPDH (Santa Cruz Biotechnology, Inc., Santa Cruz, CA, United States) primary antibodies and with relevant secondary anti-bodies (Santa Cruz Biotechnology, Inc.) as described previously (Chen et al., 2015).

Small Animal Optical Imaging in Vivo

The fluorescence images of the transplanted Dil labeled MSC in living mice were obtained through the IVIS Lumina (PE, Waltham, MA, United States). Brief, mice transplanted with MSC underwent fluorescence imaging to detect the expression level of DIL using the IVIS at 1 week after cell transplantation under anesthesia (1.5% isoflurane in oxygen). The wavelengths of the excitation light and the wavelengths of the emitted light are 549 and 565 nm, respectively. The procedure was repeated at the second and fourth weeks, after which Dil labeled UC-MSC transplantation imaging was performed.

Statistical Analysis

All data were presented as mean ± SD. One-way ANOVA was performed for multiple-group comparisons, and the differences in the two groups were analyzed by Student’s t-test using SPSS17.0 statistical software. A p-value less than 0.05 (p < 0.05) was considered as statistically significant.

RESULTS

MSC Identification

Microscopically, the fifth generation cells display a homogeneous spindle-shaped fibroblast like morphology (Figure 1B). Flow analysis results show a strong positive for cell surface marker CD73, CD90, CD105, and negative for CD 19, CD11b, CD34, CD31 (Figure 1A).
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FIGURE 1. MSC assessment. (A) Cell surface marker of UC-MSCs at P5 showing positive for CD73, CD90, and CD105 and negative for CD19, CD11b, CD34, and CD45. (B) Morphological images of UC-MSCs at P5 (×100).



MSC Plus DHI Improves Cardiac Function in Mice With Myocardial Infarction

To observe the effect of MSC and DHI on heart function, we detected the LV ejection fraction (EF), fractional shortening (FS), early and late diastolic mitral flow velocity ratio (E/A), the ratio of mitral valve diastolic velocity in early and late diastolic phase (E′/A′), and hemodynamic changes (pressure increase or decrease speed; ±dp/dtmax) in mice with MI by echocardiography and LV catheterization. Indeed, compared with sham group, EF, FS, E/A, E′/A′, and +dp/dtmax were significantly decreased, and -dp/dtmax was significantly increased in the model group (p < 0.01). The EF, FS, E/A, and E′/A′ of mice in MSC only, DHI only, and MSC plus DHI group were improved in different degrees in 2 and 4 weeks after MI (p < 0.05 or p < 0.01), except for E/A in group B mice (Figure 2); compared with MSCs only or DHI only mice, the EF and FS were significantly increased in MSC plus DHI group mice in 2 weeks after MI (Figures 2A,B). However, compared with the only MSC group, MSC combined with DHI had no significant effect on FS, E/A, and ±dp/dtmax for 4 weeks of MI mice. Therefore, these data indicated that DHI promoted the role of MSC in improving cardiac function, which usually gets weaker over time in MI mice.
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FIGURE 2. Effects of MSC combined with DHI on cardiac function and hemodynamics in MI mice. LV ejection fraction (A) and fractional shortening (B) of mice in each group after intervention for 14 days. (C–F) indicated LV ejection fraction (EF), fractional shortening (FS), early and late diastolic mitral flow velocity ratio (E/A), and mitral valve diastolic velocity ratio (E′/A′) in each group after 28 days of intervention, respectively. (G,H) The LV maximum upstroke velocity (+dp/dtmax) and maximum descent velocity (–dp/dtmax) were examined by cardiac catheterization. (I) Representative echocardiographic images (M-mode) in different groups. All values are means ± SD (n = 8 or n = 6). #p < 0.05, ##p < 0.01 versus model group; NS means no significant difference.



Myocardium Histology

To directly assess the effect of MSC combined with DHI on the morphology of infarcted myocardium, we examined the extent of MI in mice in each group by pathological staining. As shown in HE staining results, we found that myocardial tissue structure disorder, myocardial cell edema, and fibrous fracture in mice at 4 weeks of MI, had different degrees of different degrees of improvement after intervention (Figure 3A). Similar to the HE staining results, compared with the model group, the infarct size of mice in DHI only and DHI plus MSC groups decreased significantly, while the infarct size of MSC only group had no significant difference. The infarct size of mice in DHI plus MSC group was significantly smaller than that in MSC only and DHI only group (Figures 3B–D). Moreover, the heart and lung index of mice in model group were significantly increased compared with sham group (Figures 3E,F). In contrast, a significantly lower heart and lung index were also observed in DHI only and MSC plus DHI group but not MSC only group. Therefore, our data suggest that transplantation of MSC combined with DHI contributes to maintaining LV geometry well, thereby reducing LV remodeling and delaying HF development.
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FIGURE 3. Pathological examination was performed by HE and Masson staining. (A,B) Representative photomicrographs of HE-stained and Masson-stained myocardium (200×). (C) Representative heart longitudinal panoramic view. (D) The infarct area ratio was quantified by midline method. (E,F) Representative percentage of heart and lung wet weight to body weight. All values are means ± SD (n = 4 or n = 8). #p < 0.05, ##p < 0.01 versus model group; NS means no significant difference.



DHI Improves the Retention Rate of Transplanted MSC in MI Mice

To non-invasively assess cell engraftment, the retention rate of transplanted Dil-MSCs was monitored by IVIS every week after transplantation. Compared with the sham group, Dil-MSCs transplanted along with DHI nor when applied individually could decrease the loss of Dil-MSCs significantly (p < 0.01). DHI significantly increased the survival rate of MSC in myocardium compared with MSC only group within 7 and 14 days after MSC transplantation (Figures 4A–D). Fluorescence was not detected in vitro after 28 days of MSC transplantation. Immunofluorescence examination showed that the number of MSC resident in the marginal area of MI in the DHI plus MSC group was significantly higher than that in the MSC only group after 28 days of transplantation (Figure 4E). These data indicate that the retention and survival of MSC in the myocardium is gradually reduced over time.
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FIGURE 4. Molecular imaging of Dil-MSCs retention after transplantation. (A,B) Effect of DHI on MSC retention after 7 and 14 days of transplantation. (C,D) Representative fluorescence images of mice transplanted with MSC and MSC + DHI at 7 and 14 days were obtained by IVIS. (E) Representative myocardial photomicrographs of mice after transplantation of MSC and MSC + DHI for 28 days. All values are means ± SD (n = 8). ##p < 0.01 versus model group.



DHI Promote Retention Rate of MSC via the SDF-1/CXCR4 Signaling Pathway

SDF-1/CXCR4 signaling is involved in the migration and survival of MSC and plays an important role in angiogenesis (Lund et al., 2014; Li et al., 2015a; Ma et al., 2015). There is also evidence that the therapeutic effect of MSCs is in part owing to their abundant secretion of SDF-1 (Tang et al., 2011; Ranganath et al., 2012; Hatzistergos et al., 2016). Therefore, we tested the hypothesis that DHI could improve the effects of MSCs on MI by regulated SDF1/CXCR4 pathway (Figure 5).
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FIGURE 5. DHI promotes the survival of MSC through the SDF-1/CXCR4 signaling pathway. Quantitative real-time PCR analysis of gene expression of SDF-1 (A), CXCR4 (B), and VEGF (C) in heart samples with various treatments. (D) The representative western blotting bands of SDF-1 and CXCR4 protein in different groups. (E) Semi-quantitative analysis of SDF-1 and CXCR4 protein were normalized against GAPDH expression. All values are means ± SD (n = 3). #p < 0.05, ##p < 0.01 versus model group; NS means no significant difference.



First, we detected the expression of SDF-1, CXCR4, and VEGF mRNA in the marginal zone of infarcted myocardium by PCR. Compared with the model group, the expression of SDF-1, CXCR4, and VEGF mRNA in each intervention group was significantly up-regulated (p < 0.01), except for the expression of CXCR4 mRNA in the DHI group. Moreover, the gene expression of MSC plus DHI group was significantly higher than that of MSC only group. The results of immunoblotting also showed a similar trend. As shown in Figure 5E, the expression of SDF-1 protein in MSC only and DHI only group did not increase significantly compared with the model group, however, that of MSC plus DHI group was significantly higher than that in in all other groups (p < 0.01). Nevertheless, the expression of CXCR4 protein in mice of MSC only, DHI only, and MSC plus DHI groups were significantly higher than that in model group mice (p < 0.01), and MSC plus DHI group was raised about 1.5-fold that of MSC only and DHI only group.

In order to further observe the effect of DHI on MSC, we selected Danshensu (DSS), the main component of DHI (Mao et al., 2016), and incubated with MSC for 72 h. Flow cytometric analysis indicated that DSS significantly increased the expression of CXCR4 in MSC cells (Figures 6A,B). Next, we tested the role of DSS in MSC migration in the presence or absence of AMD3100, an inhibitor of the SDF1/CXCR4 axis (Figure 6C). Consistent with our conjecture, DSS can significantly increase the migration of MSC cells (p < 0.01). This promotion effect of MSC migration can be further enhanced by SDF-1 and was suppressed by AMD3100 (p < 0.05) (Figure 6D). These results further suggest that SDF1/CXCR4 axis plays an important role in DHI promoting MSC migration and residence.
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FIGURE 6. The effect of DHI main component of Danshensu on MSC cells. (A) Effect of Danshensu on the expression of CXCR4 protein in MSCs. (B) Representative flow cytometric analysis of CXCR4-PE in MSCs. (C) MSC cell migration was assessed by transwell assay under different interventions. (D) The number of MSC migration statistics. All values are means ± SD (n = 3). #p < 0.05, ##p < 0.01 versus control group; NS means no significant difference.



DISCUSSION

In the present study, we have revealed that DHI combined with MSC intervention can significantly improve cardiac function and inhibit ventricular remodeling in murine MI models. Meanwhile, we also observed that, compared with MSC alone, MI mice receiving combination therapy were better at either MSC survival or angiogenesis. Our data clearly shows that MSC in combination with DHI can significantly improve the therapeutic effect of MSC transplantation. This benefit may be due to the regulation of the SDF-1/CXCR4 axis by DHI combined with MSC.

At present, the mechanism of action on MSC in the treatment of heart disease is mainly focused on reducing myocardial fibrosis (Molina et al., 2009), stimulating angiogenesis (Psaltis et al., 2008), and differentiating and invigorating endogenous cardiac stem cell proliferation and differentiation to restore cardiac function (Hatzistergos et al., 2010, 2016; Heldman et al., 2014; Karantalis et al., 2014). Undoubtedly, our results confirm that MSC transplantation alone can reduce myocardial fibrosis to certain extent, promote the expression of VEGF, and also have a significant improvement on cardiac function in a short period of time. However, in previous reports with other stem cells (Li et al., 2007; Li Z. et al., 2009), we could see that these effects gradually disappear with the progression of MI.

The extent of benefit of MSC transplantation is limited due to the poor retention and survival rate of MSC in myocardial tissue (Toma et al., 2002; Muller-Ehmsen et al., 2006; Quevedo et al., 2009). In addition, the route of administration is also a problem that cannot be ignored (Wang et al., 2011). Therefore, it is important to select the appropriate route of delivery and improve the survival rate of the MSC at the lesion site or to ameliorate the transplanting micro-environment for enhancing the therapeutic effect of MSCs.

At present, in order to solve the problem of poor survival rate of MSC transplantation, the combination therapy with statins (Wang et al., 2011), biomaterials (Paul et al., 2014; Yao et al., 2015), and biological effectors (Wu et al., 2011; Song et al., 2014) has been extensively explored and achieved good results. However, the joint use of TCM has not been widely explored.

The multi-effect characteristics of TCM can provide unique auxiliary effects for improving the microenvironment of MSC transplantation. We know that hypoxia and serum deprivation are unfavorable factors in the death of donor cells (Hakuno et al., 2002). We have previously reported that DHI promotes angiogenesis and improves the microenvironment in the marginal zone of MI (Chen et al., 2016). These effects of DHI may be the reason for its positive consequences on the resistance of the MSC to the hostile microenvironment and improves the survival of MSC transplants. Moreover, our results indicated that DHI administration increased the expression of VEGF, and the effects were enhanced by combination with MSC transplantation.

Stem/Progenitor cell retention and release are largely governed by the SDF-1/CXCR4 ligand–receptor interaction, which may regulate cell fate decisions (Cheng and Qin, 2012; Huang et al., 2016). Many studies show that SDF-1/CXCR4 could regulate MSC migration and homing of MSCs after MI (Marquez-Curtis and Janowska-Wieczorek, 2013; Li et al., 2015b; Zhang et al., 2016). MSCs have been widely explored as a promising treatment strategy in disorders caused by insufficient angiogenesis such as chronic wounds, stroke, and MI (Bronckaers et al., 2014). Our results show that DHI combined with MSC can significantly increase the expression of SDF1 and CXCR4 in myocardium, and the number of MSCs residing in cardiac area is significantly more than that of MSC alone transplantation. Danshensu, the main component of DHI, can promote the expression of CXCR4 in MSC cells, and its effect of promoting migration can be significantly inhibited by the selective antagonism of CXCR4 with the pharmacological agent AMD3100. These data indicate that DHI promotes the retention and migration of exogenous MSC by regulating the SDF-1/CXCR4 signaling pathway, thereby improving the efficacy of MSC transplantation.

CONCLUSION

The combination of DHI with MCS transplantation could improve the heart performance in post-MI. Compared with DHI alone or MSC alone, the combined treatment strategy can achieve more benefits in regeneration and repair of MI. DHI treatment could effectively improve MSC engraftment and survival in the ischemic myocardium and also has the functional benefits from cell transplantation.

From our results, we speculate that DHI could effectively enhance the survival of the implanted MSCs in infarcted tissues, which may be related to the activation of the SDF-1/CXCR4 axis. The benefits of the combination therapy for MI may be attributed to their ability to further promote angiogenesis. The preliminary results of this study provide further evidence for the use of Chinese medicine to enhance stem cell therapy in the treatment of MI, which suggests a new strategy for stem cell therapy for MI.

AUTHOR CONTRIBUTIONS

GF and XG designed the experiment and were responsible for the study conception. JC and JW performed most experiments and wrote the paper. YH, YM, JN, and YZ helped to carry out experiments and analyzed the data. ML contributed to the laboratory experiments.

FUNDING

This work was supported by grant from the National Natural Science Foundation of China (Grant Nos. 81630106 and 81774050) and the National Key Basic Research Program of China (973 Program) (Grant No. 2012CB518404).

ABBREVIATIONS

BM, bone marrow; CVD, cardiovascular disease; CXCR4, CXC chemokine receptor 4; DHI, danhong injection; HF, heart failure; IVIS, in vivo imaging system; LAD, ligation on left anterior descending coronary artery; LV, left ventricular; MI, myocardial infarction; MSC, mesenchymal stem cells; SDF-1, stromal cell–derived factor-1; TCM, traditional Chinese medicine; VEGF, vascular endothelial growth factor.

REFERENCES

Askari, A. T., Unzek, S., Popovic, Z. B., Goldman, C. K., Forudi, F., Kiedrowski, M., et al. (2003). Effect of stromal-cell-derived factor 1 on stem-cell homing and tissue regeneration in ischaemic cardiomyopathy. Lancet 362, 697–703. doi: 10.1016/S0140-6736(03)14232-8

Bauer, M., Cheng, S., Jain, M., Ngoy, S., Theodoropoulos, C., Trujillo, A., et al. (2011). Echocardiographic speckle-tracking based strain imaging for rapid cardiovascular phenotyping in mice. Circ. Res. 108, 908–916. doi: 10.1161/CIRCRESAHA.110.239574

Bergmann, O., Bhardwaj, R. D., Bernard, S., Zdunek, S., Barnabe-Heider, F., Walsh, S., et al. (2009). Evidence for cardiomyocyte renewal in humans. Science 324, 98–102. doi: 10.1126/science.1164680

Bronckaers, A., Hilkens, P., Martens, W., Gervois, P., Ratajczak, J., Struys, T., et al. (2014). Mesenchymal stem/stromal cells as a pharmacological and therapeutic approach to accelerate angiogenesis. Pharmacol. Ther. 143, 181–196. doi: 10.1016/j.pharmthera.2014.02.013

Ceradini, D. J., Kulkarni, A. R., Callaghan, M. J., Tepper, O. M., Bastidas, N., Kleinman, M. E., et al. (2004). Progenitor cell trafficking is regulated by hypoxic gradients through HIF-1 induction of SDF-1. Nat. Med. 10, 858–864. doi: 10.1038/nm1075

Chen, J., Cao, W., Asare, P. F., Lv, M., Zhu, Y., Li, L., et al. (2016). Amelioration of cardiac dysfunction and ventricular remodeling after myocardial infarction by Danhong injection are critically contributed by anti-TGF-beta-mediated fibrosis and angiogenesis mechanisms. J. Ethnopharmacol. 194, 559–570. doi: 10.1016/j.jep.2016.10.025

Chen, J. R., Wei, J., Wang, L. Y., Zhu, Y., Li, L., Olunga, M. A., et al. (2015). Cardioprotection against ischemia/reperfusion injury by QiShenYiQi Pill(R) via ameliorate of multiple mitochondrial dysfunctions. Drug Des. Dev. Ther. 9, 3051–3066. doi: 10.2147/DDDT.S82146

Cheng, M., and Qin, G. (2012). Progenitor cell mobilization and recruitment: SDF-1, CXCR4, alpha4-integrin, and c-kit. Prog. Mol. Biol. Transl. Sci. 111, 243–264. doi: 10.1016/B978-0-12-398459-3.00011-3

Cheng, Z., Ou, L., Zhou, X., Li, F., Jia, X., Zhang, Y., et al. (2008). Targeted migration of mesenchymal stem cells modified with CXCR4 gene to infarcted myocardium improves cardiac performance. Mol. Ther. 16, 571–579. doi: 10.1038/sj.mt.6300374

Clark, H. (2013). NCDs: a challenge to sustainable human development. Lancet 381, 510–511. doi: 10.1016/S0140-6736(13)60058-6

Finegold, J. A., Asaria, P., and Francis, D. P. (2013). Mortality from ischaemic heart disease by country, region, and age: statistics from World Health Organisation and United Nations. Int. J. Cardiol. 168, 934–945. doi: 10.1016/j.ijcard.2012.10.046

Friedenstein, A. J., Chailakhjan, R. K., and Lalykina, K. S. (1970). The development of fibroblast colonies in monolayer cultures of guinea-pig bone marrow and spleen cells. Cell Tissue Kinet. 3, 393–403. doi: 10.1111/j.1365-2184.1970.tb00347.x

Friedenstein, A. J., Chailakhyan, R. K., Latsinik, N. V., Panasyuk, A. F., and Keiliss-Borok, I. V. (1974). Stromal cells responsible for transferring the microenvironment of the hemopoietic tissues. Cloning in vitro and retransplantation in vivo. Transplantation 17, 331–340. doi: 10.1097/00007890-197404000-00001

Gao, E., Lei, Y. H., Shang, X., Huang, Z. M., Zuo, L., Boucher, M., et al. (2010). A novel and efficient model of coronary artery ligation and myocardial infarction in the mouse. Circ. Res. 107, 1445–1453. doi: 10.1161/CIRCRESAHA.110.223925

Guan, Y., Yin, Y., Zhu, Y. R., Guo, C., Wei, G., Duan, J. L., et al. (2013). Dissection of mechanisms of a Chinese medicinal formula: Danhong injection therapy for myocardial ischemia/reperfusion injury in vivo and in vitro. Evid. Based Complement. Alternat. Med. 2013:972370. doi: 10.1155/2013/972370

Hakuno, D., Fukuda, K., Makino, S., Konishi, F., Tomita, Y., Manabe, T., et al. (2002). Bone marrow-derived regenerated cardiomyocytes (CMG cells) express functional adrenergic and muscarinic receptors. Circulation 105, 380–386. doi: 10.1161/hc0302.102593

Hare, J. M., Fishman, J. E., Gerstenblith, G., Difede Velazquez, D. L., Zambrano, J. P., Suncion, V. Y., et al. (2012). Comparison of allogeneic vs autologous bone marrow-derived mesenchymal stem cells delivered by transendocardial injection in patients with ischemic cardiomyopathy: the POSEIDON randomized trial. JAMA 308, 2369–2379. doi: 10.1001/jama.2012.25321

Hatzistergos, K. E., Quevedo, H., Oskouei, B. N., Hu, Q., Feigenbaum, G. S., Margitich, I. S., et al. (2010). Bone marrow mesenchymal stem cells stimulate cardiac stem cell proliferation and differentiation. Circ. Res. 107, 913–922. doi: 10.1161/CIRCRESAHA.110.222703

Hatzistergos, K. E., Saur, D., Seidler, B., Balkan, W., Breton, M., Valasaki, K., et al. (2016). Stimulatory effects of mesenchymal stem cells on cKit+ cardiac stem cells are mediated by SDF1/CXCR4 and SCF/cKit signaling pathways. Circ. Res. 119, 921–930. doi: 10.1161/CIRCRESAHA.116.309281

Heldman, A. W., Difede, D. L., Fishman, J. E., Zambrano, J. P., Trachtenberg, B. H., Karantalis, V., et al. (2014). Transendocardial mesenchymal stem cells and mononuclear bone marrow cells for ischemic cardiomyopathy: the TAC-HFT randomized trial. JAMA 311, 62–73. doi: 10.1001/jama.2013.282909

Houtgraaf, J. H., Den Dekker, W. K., Van Dalen, B. M., Springeling, T., De Jong, R., Van Geuns, R. J., et al. (2012). First experience in humans using adipose tissue-derived regenerative cells in the treatment of patients with ST-segment elevation myocardial infarction. J. Am. Coll. Cardiol. 59, 539–540. doi: 10.1016/j.jacc.2011.09.065

Huang, P., Tian, X., Li, Q., and Yang, Y. (2016). New strategies for improving stem cell therapy in ischemic heart disease. Heart Fail. Rev. 21, 737–752. doi: 10.1007/s10741-016-9576-1

Jujo, K., Ii, M., and Losordo, D. W. (2008). Endothelial progenitor cells in neovascularization of infarcted myocardium. J. Mol. Cell Cardiol. 45, 530–544. doi: 10.1016/j.yjmcc.2008.08.003

Karantalis, V., Difede, D. L., Gerstenblith, G., Pham, S., Symes, J., Zambrano, J. P., et al. (2014). Autologous mesenchymal stem cells produce concordant improvements in regional function, tissue perfusion, and fibrotic burden when administered to patients undergoing coronary artery bypass grafting: the prospective randomized study of mesenchymal stem cell therapy in patients undergoing cardiac surgery (PROMETHEUS) trial. Circ. Res. 114, 1302–1310. doi: 10.1161/CIRCRESAHA.114.303180

Karantalis, V., and Hare, J. M. (2015). Use of mesenchymal stem cells for therapy of cardiac disease. Circ. Res. 116, 1413–1430. doi: 10.1161/CIRCRESAHA.116.303614

Khan, A. R., Farid, T. A., Pathan, A., Tripathi, A., Ghafghazi, S., Wysoczynski, M., et al. (2016). Impact of cell therapy on myocardial perfusion and cardiovascular outcomes in patients with angina refractory to medical therapy: a systematic review and meta-analysis. Circ. Res. 118, 984–993. doi: 10.1161/CIRCRESAHA.115.308056

Li, L., Wu, S., Li, P., Zhuo, L., Gao, Y., and Xu, Y. (2015a). Hypoxic preconditioning combined with microbubble-mediated ultrasound effect on MSCs promote SDF-1/CXCR4 expression and its migration ability: an in vitro study. Cell Biochem. Biophys. 73, 749–757. doi: 10.1007/s12013-015-0698-1

Li, L., Wu, S., Liu, Z., Zhuo, Z., Tan, K., Xia, H., et al. (2015b). Ultrasound-targeted microbubble destruction improves the migration and homing of mesenchymal stem cells after myocardial infarction by upregulating SDF-1/CXCR4: a pilot study. Stem Cells Int. 2015:691310. doi: 10.1155/2015/691310

Li, L., Zhang, S., Zhang, Y., Yu, B., Xu, Y., and Guan, Z. (2009). Paracrine action mediate the antifibrotic effect of transplanted mesenchymal stem cells in a rat model of global heart failure. Mol. Biol. Rep. 36, 725–731. doi: 10.1007/s11033-008-9235-2

Li, T. S., Cheng, K., Malliaras, K., Smith, R. R., Zhang, Y., Sun, B., et al. (2012). Direct comparison of different stem cell types and subpopulations reveals superior paracrine potency and myocardial repair efficacy with cardiosphere-derived cells. J. Am. Coll. Cardiol. 59, 942–953. doi: 10.1016/j.jacc.2011.11.029

Li, Z., Lee, A., Huang, M., Chun, H., Chung, J., Chu, P., et al. (2009). Imaging survival and function of transplanted cardiac resident stem cells. J. Am. Coll. Cardiol. 53, 1229–1240. doi: 10.1016/j.jacc.2008.12.036

Li, Z., Wu, J. C., Sheikh, A. Y., Kraft, D., Cao, F., Xie, X., et al. (2007). Differentiation, survival, and function of embryonic stem cell derived endothelial cells for ischemic heart disease. Circulation 116, I46–I54. doi: 10.1161/CIRCULATIONAHA.106.680561

Liu, J. F., Wang, B. W., Hung, H. F., Chang, H., and Shyu, K. G. (2008). Human mesenchymal stem cells improve myocardial performance in a splenectomized rat model of chronic myocardial infarction. J. Formos. Med. Assoc. 107, 165–174. doi: 10.1016/S0929-6646(08)60130-8

Liu, Y., Ye, X., Mao, L., Cheng, Z., Yao, X., Jia, X., et al. (2013). Transplantation of parthenogenetic embryonic stem cells ameliorates cardiac dysfunction and remodelling after myocardial infarction. Cardiovasc. Res. 97, 208–218. doi: 10.1093/cvr/cvs314

Lund, T. C., Patrinostro, X., Kramer, A. C., Stadem, P., Higgins, L. A., Markowski, T. W., et al. (2014). sdf1 expression reveals a source of perivascular-derived mesenchymal stem cells in zebrafish. Stem Cells 32, 2767–2779. doi: 10.1002/stem.1758

Luo, L., Tang, J., Nishi, K., Yan, C., Dinh, P. U., Cores, J., et al. (2017). Fabrication of synthetic mesenchymal stem cells for the treatment of acute myocardial infarction in mice. Circ. Res. 120, 1768–1775. doi: 10.1161/CIRCRESAHA.116.310374

Ma, J., Liu, N., Yi, B., Zhang, X., Gao, B. B., Zhang, Y., et al. (2015). Transplanted hUCB-MSCs migrated to the damaged area by SDF-1/CXCR4 signaling to promote functional recovery after traumatic brain injury in rats. Neurol. Res. 37, 50–56. doi: 10.1179/1743132814Y.0000000399

Mao, H. P., Wang, X. Y., Gao, Y. H., Chang, Y. X., Chen, L., Niu, Z. C., et al. (2016). Danhong injection attenuates isoproterenol-induced cardiac hypertrophy by regulating p38 and NF-kappab pathway. J. Ethnopharmacol. 186, 20–29. doi: 10.1016/j.jep.2016.03.015

Marquez-Curtis, L. A., and Janowska-Wieczorek, A. (2013). Enhancing the migration ability of mesenchymal stromal cells by targeting the SDF-1/CXCR4 axis. Biomed Res. Int. 2013:561098. doi: 10.1155/2013/561098

Mazo, M., Gavira, J. J., Abizanda, G., Moreno, C., Ecay, M., Soriano, M., et al. (2010). Transplantation of mesenchymal stem cells exerts a greater long-term effect than bone marrow mononuclear cells in a chronic myocardial infarction model in rat. Cell Transplant. 19, 313–328. doi: 10.3727/096368909X480323

Molina, E. J., Palma, J., Gupta, D., Torres, D., Gaughan, J. P., Houser, S., et al. (2009). Reverse remodeling is associated with changes in extracellular matrix proteases and tissue inhibitors after mesenchymal stem cell (MSC) treatment of pressure overload hypertrophy. J. Tissue Eng. Regen. Med. 3, 85–91. doi: 10.1002/term.137

Muller-Ehmsen, J., Krausgrill, B., Burst, V., Schenk, K., Neisen, U. C., Fries, J. W., et al. (2006). Effective engraftment but poor mid-term persistence of mononuclear and mesenchymal bone marrow cells in acute and chronic rat myocardial infarction. J. Mol. Cell. Cardiol. 41, 876–884. doi: 10.1016/j.yjmcc.2006.07.023

Murry, C. E., Reinecke, H., and Pabon, L. M. (2006). Regeneration gaps: observations on stem cells and cardiac repair. J. Am. Coll. Cardiol. 47, 1777–1785. doi: 10.1016/j.jacc.2006.02.002

Nagaya, N., Kangawa, K., Itoh, T., Iwase, T., Murakami, S., Miyahara, Y., et al. (2005). Transplantation of mesenchymal stem cells improves cardiac function in a rat model of dilated cardiomyopathy. Circulation 112, 1128–1135. doi: 10.1161/CIRCULATIONAHA.104.500447

Nigro, P., Bassetti, B., Cavallotti, L., Catto, V., Carbucicchio, C., and Pompilio, G. (2017). Cell therapy for heart disease after 15 years: unmet expectations. Pharmacol. Res. 127, 77–91. doi: 10.1016/j.phrs.2017.02.015

Oh, H., Ito, H., and Sano, S. (2016). Challenges to success in heart failure: cardiac cell therapies in patients with heart diseases. J. Cardiol. 68, 361–367. doi: 10.1016/j.jjcc.2016.04.010

Paul, A., Hasan, A., Kindi, H. A., Gaharwar, A. K., Rao, V. T., Nikkhah, M., et al. (2014). Injectable graphene oxide/hydrogel-based angiogenic gene delivery system for vasculogenesis and cardiac repair. ACS Nano 8, 8050–8062. doi: 10.1021/nn5020787

Pittenger, M. F., Mackay, A. M., Beck, S. C., Jaiswal, R. K., Douglas, R., Mosca, J. D., et al. (1999). Multilineage potential of adult human mesenchymal stem cells. Science 284, 143–147. doi: 10.1126/science.284.5411.143

Psaltis, P. J., Zannettino, A. C., Worthley, S. G., and Gronthos, S. (2008). Concise review: mesenchymal stromal cells: potential for cardiovascular repair. Stem Cells 26, 2201–2210. doi: 10.1634/stemcells.2008-0428

Quevedo, H. C., Hatzistergos, K. E., Oskouei, B. N., Feigenbaum, G. S., Rodriguez, J. E., Valdes, D., et al. (2009). Allogeneic mesenchymal stem cells restore cardiac function in chronic ischemic cardiomyopathy via trilineage differentiating capacity. Proc. Natl. Acad. Sci. U.S.A. 106, 14022–14027. doi: 10.1073/pnas.0903201106

Ranganath, S. H., Levy, O., Inamdar, M. S., and Karp, J. M. (2012). Harnessing the mesenchymal stem cell secretome for the treatment of cardiovascular disease. Cell Stem Cell 10, 244–258. doi: 10.1016/j.stem.2012.02.005

Reinecke, H., Minami, E., Zhu, W. Z., and Laflamme, M. A. (2008). Cardiogenic differentiation and transdifferentiation of progenitor cells. Circ. Res. 103, 1058–1071. doi: 10.1161/CIRCRESAHA.108.180588

Reyes, M., Dudek, A., Jahagirdar, B., Koodie, L., Marker, P. H., and Verfaillie, C. M. (2002). Origin of endothelial progenitors in human postnatal bone marrow. J. Clin. Invest. 109, 337–346. doi: 10.1172/JCI0214327

Roth, G. A., Johnson, C., Abajobir, A., Abd-Allah, F., Abera, S. F., Abyu, G., et al. (2017). Global, regional, and national burden of cardiovascular diseases for 10 causes, 1990 to 2015. J. Am. Coll. Cardiol. 70, 1–25. doi: 10.1016/j.jacc.2017.04.052

Sanganalmath, S. K., and Bolli, R. (2013). Cell therapy for heart failure: a comprehensive overview of experimental and clinical studies, current challenges, and future directions. Circ. Res. 113, 810–834. doi: 10.1161/CIRCRESAHA.113.300219

Segers, V. F., and Lee, R. T. (2008). Stem-cell therapy for cardiac disease. Nature 451, 937–942. doi: 10.1038/nature06800

Shao, H., Tan, Y., Eton, D., Yang, Z., Uberti, M. G., Li, S., et al. (2008). Statin and stromal cell-derived factor-1 additively promote angiogenesis by enhancement of progenitor cells incorporation into new vessels. Stem Cells 26, 1376–1384. doi: 10.1634/stemcells.2007-0785

Song, M., Jang, H., Lee, J., Kim, J. H., Kim, S. H., Sun, K., et al. (2014). Regeneration of chronic myocardial infarction by injectable hydrogels containing stem cell homing factor SDF-1 and angiogenic peptide Ac-SDKP. Biomaterials 35, 2436–2445. doi: 10.1016/j.biomaterials.2013.12.011

Squillaro, T., Peluso, G., and Galderisi, U. (2016). Clinical trials with mesenchymal stem cells: an update. Cell Transplant. 25, 829–848. doi: 10.3727/096368915X689622

Stehlik, J., Edwards, L. B., Kucheryavaya, A. Y., Benden, C., Christie, J. D., Dobbels, F., et al. (2011). The registry of the international society for heart and lung transplantation: twenty-eighth adult heart transplant report–2011. J. Heart Lung Transplant. 30, 1078–1094. doi: 10.1016/j.healun.2011.08.003

Tang, J. M., Wang, J. N., Zhang, L., Zheng, F., Yang, J. Y., Kong, X., et al. (2011). VEGF/SDF-1 promotes cardiac stem cell mobilization and myocardial repair in the infarcted heart. Cardiovasc. Res. 91, 402–411. doi: 10.1093/cvr/cvr053

Toma, C., Pittenger, M. F., Cahill, K. S., Byrne, B. J., and Kessler, P. D. (2002). Human mesenchymal stem cells differentiate to a cardiomyocyte phenotype in the adult murine heart. Circulation 105, 93–98. doi: 10.1161/hc0102.101442

Usunier, B., Benderitter, M., Tamarat, R., and Chapel, A. (2014). Management of fibrosis: the mesenchymal stromal cells breakthrough. Stem Cells Int. 2014:340257. doi: 10.1155/2014/340257

Wang, A., Shen, F., Liang, Y., and Wang, J. (2011). Marrow-derived MSCs and atorvastatin improve cardiac function in rat model of AMI. Int. J. Cardiol. 150, 28–32. doi: 10.1016/j.ijcard.2010.02.023

Wu, J., Zeng, F. Q., Huang, X. P., Chung, J. C. Y., Konecny, F., Weisel, R. D., et al. (2011). Infarct stabilization and cardiac repair with a VEGF-conjugated, injectable hydrogel. Biomaterials 32, 579–586. doi: 10.1016/j.biomaterials.2010.08.098

Yao, X. P., Liu, Y., Gao, J., Yang, L., Mao, D., Stefanitsch, C., et al. (2015). Nitric oxide releasing hydrogel enhances the therapeutic efficacy of mesenchymal stem cells for myocardial infarction. Biomaterials 60, 130–140. doi: 10.1016/j.biomaterials.2015.04.046

Zhang, S. J., Song, X. Y., He, M., and Yu, S. B. (2016). Effect of TGF-beta1/SDF-1/CXCR4 signal on BM-MSCs homing in rat heart of ischemia/perfusion injury. Eur. Rev. Med. Pharmacol. Sci. 20, 899–905.

Conflict of Interest Statement: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2018 Chen, Wei, Huang, Ma, Ni, Li, Zhu, Gao and Fan. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.

OPS/images/fphys-09-00991-g001.jpg
A o G120296.005
=1

o G120296.002
e

o G120296.003
s}

o G120296.008
=3

2 2 2 £
: | g Wl &1 ] g i
Q o o Q
o o o o
o =) 5] e o
100 104 100 ot o0 104 10 104
CD11b PE CD19FITC CD34 FITC CD45 PE
Marker % Gated Marker % Gated Marker % Gated Marker % Gated
Al 100.00 Al 100.00 Al 100.00 All - 100.00
M1 0.08 M1 0.72 M1 0.00 M1 0.95

o G120296.006
e

@ 2 2
£ 5 £ M1
5 5 s
Q Q Q
(6] (6] o
o o o
109 104 100 ot 100 104
CD73PE CD90 PE CD105 PE
Marker % Gated Marker % Gated Marker % Gated
Al 100.00 Al 100.00 Al 100.00
M1 99.61 M1 100.00 M1 99.74

o G120296.007
=

o G120296.009
=






OPS/images/fphys-09-00991-g002.jpg
Ed

+dpldt (mmHgls)
~dpiat (mmHgis)
&

DHI+MSC






OPS/images/fphys-09-00991-g003.jpg
Infraction Ration (%)

Model

Heart index (%)

MsC

Lung index (%)

1.2

o

o
3

£od
>

0.4

DHI+MSC






OPS/images/fphys-09-00991-g004.jpg
-

DHI+MSC

A wa o
@853

~

Q
S
o
°
<
X
X
2
o
s
s
O
il

o
Model MSC MSC+DHI Model MSC MSC+DHI

Total Flux (x10°p/s)

MSC DHI+MSC





OPS/images/cross.jpg
3,

i





OPS/images/fphys-09-00991-g005.jpg
>
w

g E
8 a4
34 3
3 83
< <
4 =
© 2
E2 £
N &
& g’
UJO o
0
~e°<\‘
2

SDF-l

CXCRA o ey —

GAPDH ™™= &% som e we

S © &
‘;¢Q®°§é{')

Relative to GAPDH

VEGF mRNA level (2'24¢Y)

3 Sham
El Model
3 msc
EA DHI

E= DHI+MSC





OPS/images/fphys-09-00991-g006.jpg
G12029€.002

CXCR4 expression 8 S SRR
1 g2 &
L @ CON -
= Sa 3s
s 80 &
g i e g Py O RO T E i Ol
b Nouse lgoze P8 cxcRare
- 60 Morker % Gted Marker % Goted
A o000 AT %00
Qo M 012 M e1.52
= < ciaozsesc = oizozsesoo:
S 40 & g
=1 & =
2 oF DSS DSS
a 3e g2
< =
A4 e T T = vl‘ =
0 i S S S SRR T T S
Mouse lgaze cxcr
CON DSs Morer % Gatea Marcer 3% Goted
¢ W oos wi s0s2
D
°o
©
o
T
3
o
2
£
e
o
MSC+DSS+SDF-1 MSC+DSS+AMD3100 g
e ; S g
=
& =

AMD3100 -





OPS/images/cover.jpg
, frontiers
in Physiology

Danhong Injection Enhances the
Therapeutic Efficacy of
Mesenchymal Stem Cells in
Myocardial Infarction by
Promoting Angiogenesis





OPS/images/logo.jpg
, frontiers
in Physiology





OPS/images/fphys-09-00991-t001.jpg
mRNA (mice)

SDF-1

CXCR4

VEGF

GAPDH

Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse

Sequence

5" GCAGCCTTTCTCTTCTTCTGTC 3’
5" ACTCCAAACTGTGCCCTTCA &
5" CTGTCATCCCCCTGACTGAT 3
5" GAAACTGCTGGCTGAAAAGG &
5" CCTTTCCCTTTCCTCGAACT 3

5" CTCACCAAAGCCAGCACATA 3
5" AGGCCGGTGCTGAGTATGTC 3
5 TGCCTGCTTCACCACCTTCT &'





