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Myocardial infarction (MI) is a leading cause of heart failure, disability and mortality worldwide. In 
this study, the effects of intramyocardial injection of human platelet lysate (HPL), bone marrow 
mesenchymal stem cells pretreated with HPL (PMSCs), and PMSC lysate (lys), alone and in 
combination were investigated on MI-induced by LAD ligation in male Wistar rats. The experiment 
was carried out on sham, vehicle (Veh), HPL, PMSCs, PMSC lysate (PMSC lys), HPL + PMSCs, and 
HPL + PMSC lys groups. SBP, DBP, and ± dp/dt max were monitored by the PowerLab physiograph. 
The MSC characteristics and CD31, NKX2.5, and cardiac troponin I (cTnI) contents were determined by 
flow cytometry, immunohistochemistry, and immunofluorescence, respectively. SBP, DBP, and ± dp/
dt max that decreased in the MI group were recovered by HPL, PMSC, PMSC lys, HPL + PMSC, and 
HPL + PMSC lys treatments. CD31 density was higher in all treated groups compared to the Veh group. 
CD31 density in the HPL + PMSCs and HPL + PMSC lys groups was higher than in the PMSCs group. 
The number of Dil+/NKX2.5 + and Dil+/cTnI + cells was higher in the HPL + PMSCs group compared to 
the PMSCs group. The HPL and PMSCs mitigates heart injuries and cardiac dysfunction after MI. HPL 
provides an appropriate environment for cardiomyocyte differentiation from PMSCs.
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Cardiovascular diseases (CVDs) are among the most important causes of disability and mortality worldwide. 
It is estimated that 17.9 million people pass away from CVDs each year, which accounts for approximately 32% 
of all deaths. More than four out of five CVD deaths are due to heart attacks and strokes1,2. Heart failure occurs 
as a result of heart attack, congenital heart disease, coronary artery disease, and extracellular matrix disorders 
that cause replacement of cardiomyocytes with fibrotic tissue, heart remodeling, and irreversible impairment of 
cardiomyocytes3.

Despite various pharmacological and other therapeutic interventions, the long-term prognosis of CVDs is 
poor, with a 30-day mortality rate of approximately 35–50%4. One of the best choices for the treatment of heart 
failure in the final stages is heart transplantation. Nevertheless, the practicality of this method is low, considering 
the small number of donors, the side effects of immunosuppression, and the impossibility of transplantation in 
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some cases. Therefore, based on these findings, scientists and clinicians have tried to achieve more efficient ways 
to stimulate the healing processes of heart injuries and replace lost myocytes5.

After myocardial infarction, approximately one billion cardiomyocytes are lost. Since the intrinsic regenerative 
capacity of the heart is low (less than 1% per year), using exogenous stem cells and/or stimulating proliferation 
and differentiation of endogenous cardiac progenitor cells are emerging treatments for producing new functional 
myocardial tissue6. Furthermore, reprogramming strategies have been suggested for cardiomyocyte production 
from somatic cells7.

Mesenchymal stem cells (MSCs) of various origins have been used in the treatment of heart disease and 
cardiomyocyte regeneration. Experimental and clinical findings have suggested MSCs are safe and they can be 
used for treating cardiovascular disorders8. MSCs induce anti-inflammatory and immunosuppressive effects by 
interacting with immune cells and releasing paracrine factors such as cytokines, chemokines, and extracellular 
vesicles9. Therefore, MSCs from young healthy persons can be applied to aged patients undergoing allogenic 
transplant10.

The beneficial effects of MSCs on myocardial function have been demonstrated in several experimental and 
clinical studies11. Studies have reported an improvement in cardiac function following bone marrow-derived 
mesenchymal stem cell (BMSC) injection after six months. Nevertheless, there was no difference in the results of 
long-term follow-up between treated and untreated patients12,13. Tracing stem cells in the heart has proved that 
their viability is low. However, MSCs improve heart function by releasing growth factors including cytokines, 
miRNAs, and angiogenic factors. Consequently, MSCs ameliorate ischemic injuries by increasing angiogenesis 
and reducing fibrosis, apoptosis, and infarct size14–16. The injection of stem cell extract, which contains the above-
mentioned factors, into the border zone of the infarct area has shown the same improving effects, suggesting that 
the effects of stem cells are related to their paracrine properties17,18.

In addition to their conventional functions (coagulation and thrombosis), platelets have multiple physiological 
and therapeutic functions because they contain growth factors and active molecules, e.g. basal fibroblast-derived 
growth factor (bFGF), epidermal growth factor (EGF), vascular endothelial growth factor (VEGF), insulin-like 
growth factor-1 (IGF-1), platelet-derived growth factor (PDGF), and C-X-X chemokines19. Among different 
derivatives of platelets, platelet-rich plasma (PRP), and platelet lysate (PL) are more suitable for therapeutic 
aims owing to the absence of platelet membranes and white blood cells20. There is evidence that PL therapy has 
positive outcomes in the treatment of osteoarthritis, bone regeneration, ocular disease, infertility, and wound 
and ulcer healing21–24. Also PL has been suggested as an alternative inducer of the growth and proliferation of 
MSCs ex vivo25,26; and an increase in BMSC and adipose-MSC proliferation and growth has been found after 
treatment with PL14,26. Moreover, adipose-derived MSCs acquire cardiac phenotypes in the presence of PL and 
5-azacytidine27,28.

Various studies have demonstrated the therapeutic effects of MSCs mediated by secreting different factors 
with paracrine mechanisms10,29. The cell lysate has been suggested as a cell-free therapeutic strategy for treating 
multiple diseases30,31. However, so far, the role of PL, BMSC pretreated with PL (PMSCs), and MSC lysate 
extracted from PL-pretreated BMSCs have not been tested in the treatment of myocardial infarction. Therefore, 
to answer the question that which of the above strategies is more appropriate for treatment of MI, this study 
aimed to investigate the effects of intra-myocardial injection of human platelet lysate (HPL), PMSCs, MSC lysate 
extracted from HPL-pretreated BMSCs (PMSC lys), and their combination on cardiac function, cardiomyocyte 
damage and inflammation, fibrosis, angiogenesis, and myogenesis in the hearts of rats with myocardial infarction.

Results
Identification of PMSCs
The flow cytometry results indicated that CD73, CD90, and CD105 (MSC markers) were highly expressed on the 
surface of the PMSCs in passage 4, but they were negative for expression of CD11b and CD45 (hematopoietic 
markers) (Fig. 1).

Expression of cardiomyogenic microRNAs and cardiac-related genes in PMSCs
The expression of four cardiomyogenic microRNAs including miR-1, miR-133a, miR-499, and miR-208a32 
was assessed in PMSCs prior to injection to investigate whether the treatment of MSCs with HPL affects their 
differentiation towards cardiomyocytes (Fig. 2). Among the four microRNAs, miR-1 (P < 0.001) and miR-133a 
(P < 0.001) showed a decrease while miR-499 (P < 0.05) and miR-208a (P < 0.001) exhibited a significant increase 
in expression. In addition, the expression of two pluripotency factors, Oct-4 (P < 0.05) and Nanog (P < 0.001)33, 
and two cardiac-related genes, GATA-4 (P < 0.001) and Nkx2.5 (P < 0.001), showed an increase. Furthermore, 
morphologically the PMSCs appeared elongated and spindle-shaped. Based on these results, it seems that HPL 
promotes the differentiation of MSCs towards cardiomyocytes.

Histopathological findings
Induction of MI and intramyocardial injection of agents caused one-third of the animals to die due to severe 
arrhythmia in pilot experiments. To reduce the mortality, lidocaine 2% (2 mg/kg) was administered 5–6 min 
before MI induction34. This reduced the mortality rate to less than 10%. The mortality rate did not differ among 
the groups. In the case of mortality, new animals were replaced so that the final sample size reached 7 rats in each 
group. The body weight, left ventricular weight/body weight ratio, and lungs weight/body weight ratio were not 
different among the groups (Table 1).

According to the TTC staining results, the average infarct size of the heart was 40.1% of the total LV area 
in the Veh group. Treatment with HPL (P < 0.01), PMSCs (P < 0.001), PMSC lys (P < 0.001), HPL + PMSCs 
(P < 0.01), and HPL + PMSC lys (P < 0.01) significantly reduced the size of infarct area (Fig. 3). Moreover, the 
results of H&E and Masson’s trichrome staining showed that treatment with HPL, PMSC lys, HPL + PMSCs, 
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HPL + PMSC lys (P < 0.05 to P < 0.01), but not PMSCs, improved degenerative changes, inflammation and 
fibrosis in the hearts with MI (Fig. 4).

Hemodynamic and cardiac function findings
Systolic blood pressure (SBP) and diastolic blood pressure (DBP) were lower in MI animals than in the sham 
group (P  < 0.001). There were recoveries in SBP (P < 0.01) and DBP (P < 0.05) in the HPL and HPL + PMSCs 
groups compared to the Veh group. When HPL was added to PMSCs, the recovery in SBP was more prominent 
(P < 0.05). The combination of PMSC lysate and HPL also increased SBP and DBP (P < 0.05) relative to the Veh 
group (Fig. 5A, B). Heart rates did not differ significantly among the studied groups (Fig. 5C).

Also, left ventricular systolic pressure (LVSP) was lower in Veh group than in the sham (P < 0.001). LVSP 
restored to almost normal value in HPL (P < 0.001), PMSCs (P < 0.01), PMSC lys (P < 0.01), HPL + PMSCs 
(P < 0.01), and HPL + PMSC lys (P < 0.01) groups. An increase in left ventricular end diastolic pressure (LVEDP) 
was observed four weeks after MI induction (P < 0.05). Except for PMSC lys, none of the other interventions 
significantly improved the increase in LVEDP (Fig. 6).

+dp/dt max (maximum rate of increase in left ventricular pressure during systole), which is an index of 
myocardial contractility, decreased in the Veh group compared to the sham group (P < 0.001). There was 
a significant recovery of the + dp/dt max in the HPL (P < 0.001), PMSCs (P < 0.001), PMSC lys (P < 0.01), 
HPL + PMSCs (P < 0.001), and HPL + PMSC lys (P < 0.001) groups (Fig. 7A).

-dp/dt max (maximum rate of decrease in left ventricular pressure during diastole), which is an index of 
myocardial relaxation, decreased in the Veh group (P < 0.05). HPL (P < 0.05), PMSCs (P < 0.05), HPL + PMSCs 
(P < 0.01), and HPL + PMSC lys (P < 0.05) were able to improve this lusitropic index (Fig. 7B).

Angiogenesis
To test this hypothesis that improvement of cardiac function after transplantation of stem cells and other 
treatments may be caused by angiogenesis. we performed anti-CD31 immunohistochemistry to analyze the 
extent of neovascularization in the border zone of the infarct area. The findings revealed that in the Veh group, 
the capillary density significantly decreased at the border zone of the infarct area. CD31 density significantly 
increased in the HPL (P < 0.01), PMSCs (P < 0.05), PMSC lys (P < 0.01), HPL + PMSCs (P < 0.01), HPL + PMSC 
lys (P < 0.001) groups compared to the Veh group. Also, the CD31 density was higher in the HPL + PMSCs 
(P < 0.05) and HPL + PMSC lys (P < 0.01) groups compared to PMSCs alone (Fig. 8).

Fig. 1.  The flow cytometry results indicated that PMSCs express CD105, CD90, and CD73, and are negative 
for CD11b and CD45 expression. n = 106 cells.
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Myogenesis
Immunofluorescence analysis was performed to observe the maintenance and differentiation of PMSCs and 
HPL + PMSCs. There were Dil-positive cells in the heart two and four weeks after stem cell injection (Fig. 9). 
The levels of NKX2.5 and cTnI at the end of week 4 was higher than at the end of week 2 in PMSCs and 

Groups
Variables Sham Veh HPL PMSCs PMSC lys HPL + PMSCs HPL + PMSC lys

BW (gr) 263 ± 6.4 262 ± 16.9 251 ± 11.3 257 ± 5.7 262 ± 7.8 266 ± 15.3 277 ± 12.7

LVW/BW
(mg/g) 2.22 ± 0.05 2.35 ± 0.12 2.07 ± 0.11 2.24 ± 0.13 2.21 ± 0.09 2.10 ± 0.07 2.35 ± 0.08

LW/BW (mg/g) 5.51 ± 0.16 7.03 ± 0.89 5.30 ± 0.26 5.95 ± 0.78 5.33 ± 0.11 5.1 ± 0.15 6.12 ± 0.92

Table 1.  The body weight and left ventricular weight and lung weight to body weight ratios in the study 
groups. LVW/BW, left ventricle + septum weight to body weight ratio; LW/BW, lung weight to body weight 
ratio; HPL, human platelet lysate, PMSCs, bone marrow mesenchymal stem cells pretreated with HPL. Values 
are mean ± SEM. n = 7 in each group.

 

Fig. 2.  The effect of HPL on MSC morphology and gene expression. (A): The MSCs exposed to HPL (8%) 
at passage 4 appear elongated, longer, and spindle-shaped whereas the MSCs not treated with HPL exhibit a 
broader morphology with more prominent and larger nuclei (light microscopy, Optika, 10X magnification). 
(B): Among the four cardiomiRs, miR-499, and miR-208a showed increased expression in the HPL + MSCs 
group. In addition, two stem cell marker genes (Nanog and Oct-4) and two cardiac-related genes (GATA-4 and 
Nkx2.5) exhibited a significant increase in the HPL + MSCs group compared to the MSCs group. HPL: human 
platelet lysate, MSCs: mesenchymal stem cells, PMSCs: bone marrow mesenchymal stem cells pretreated with 
HPL. * P < 0.05, ** P < 0.01, *** P < 0.001 vs. MSCs.
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HPL + PMSCs groups (P < 0.001). In addition, the expression of NKX2.5 and cTnI was higher in the group that 
received HPL + PMSCs than those received PMSCs (P < 0.001). The number of Dil+/NKX2.5+ and Dil+/ cTnI 
+ cells at the end of week 4 was higher than at the end of week 2 after injection in PMSCS and HPL + PMSCs 
groups (P < 0.05 to P < 0.01).

Fig. 3.  Effects of different treatments on infarct size in the heart four weeks after LAD occlusion. (A): The 
heart and its transverse sections (from tip to the base) in one animal from each group, after TTC staining. (B): 
Quantification of infarct size in study groups. HPL: human platelet lysate, PMSCs: bone marrow-mesenchymal 
stem cells pretreated with HPL, PMSC lys: PMSC lysate: ##P < 0.01, ### P < 0.001 vs. Veh. n = 7 in each group.
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Discussion
The findings of the present study showed that HPL, PMSCs, PMSC lysate, and the combination of these 
treatments improved the cardiac function in the MI rats. The hemodynamic parameters, contractility indices, 
and angiogenesis improved, and infarct size, cardiomyocyte damage, inflammation, and fibrosis decreased in the 
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treatment groups. In the rats treated with HPL + PMSC, improvement in cardiac function and infarct size was 
associated with the viability and differentiation of PMSCs.

The therapeutic benefits of the different derivatives of platelets including PL and platelet-rich plasma (PRP) 
have been illustrated in other diseases including osteoarthritis and in the repair of injured tissues, such as 
spinal cord injuries, and on maintenance of the integrity of blood vessels20,35. The observed positive outcomes 
of intramyocardial injection of HPL on cardiac function and left ventricular contractility in this study can be 
attributed to angiogenic growth factors of PL, such as VEGF, TGF-ß, and neuropeptide Y19,36. The increase in 
CD31 density verified angiogenesis in HPL treated rats with MI. This is probably due to the effect of angiogenic 
factors existing in the HPL. Other studies have also reported the angiogenic properties of PL37–39.

Fig. 4.  Effects of different treatments on histopathological scores including myocyte damage, inflammation 
and fibrosis (%) in hearts four weeks after LAD occlusion. (A): The histopathological changes (myocyte 
damage and inflammation) in one animal of each group with H&E staining. (B, C): Micrograph showing 
the fibrosis (Masson’s trichrome) in one animal of each group. (D): Quantification of histological scores 
in study groups. (E): Quantification of fibrosis in study groups. HPL: human platelet lysate, PMSCs: bone 
marrow-mesenchymal stem cells pretreated with HPL, PMSC lys: PMSC lysate: # P < 0.05, ##P < 0.01, vs. Veh. 
Magnification = 100x and 400x, n = 7 in each group.

◂

Fig. 5.  Effects of different treatments on A: SBP (systolic blood pressure), B: DBP (diastolic blood pressure), 
and C: HR (heart rate) in rats four weeks after LAD occlusion. * P < 0.05, **P < 0.01, *** P < 0.001 vs. sham; ## 
P < 0.01 # P < 0.05 vs. Veh; && P < 0.01 vs. PMSCs. n = 7 in each group.
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After MI, the inflammatory responses initiate and last 3–4 days (in mice) to remove damaged cells. The 
platelets also participate in the inflammatory responses due to their membranes’ adhesion factors. However, 
the released microparticles and exosomes from platelets decrease inflammatory responses by suppressing the 
leukocytes, neutrophils, monocytes, and macrophages and by potentiation of M2-macrophage activity necessary 
for repair in the myocardium19. In line with other reports, our findings revealed that fibrosis, cardiomyocyte 
damage and inflammation decreased after treatment with PL. The cardioprotective effects of released factors 

Fig. 7.  Effects of different treatments on (A): +dp/dt max (maximum rate of increase in left ventricular 
pressure during systole), (B): -dp/dt max (maximum rate of decrease in left ventricular pressure during 
diastole) in rats four weeks after LAD occlusion. **P < 0.01, *** P < 0.001 vs. sham; # P < 0.05, ## P < 0.01 ### 
P < 0.001 vs. Veh. n = 7 in each group.

 

Fig. 6.  Effects of different treatments on A: LVSP (left ventricular systolic pressure), B: LVEDP (left ventricular 
end-diastolic pressure) in rats four weeks after LAD occlusion. * P < 0.05, *** P < 0.001 vs. sham, ## P < 0.01 
### P < 0.001 vs. Veh, & P < 0.05 vs. PMSCs. n = 7 in each group.
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Fig. 8.  (A): Sample micrograph of the left ventricle of one animal from each group showing the effect of 
different treatments on the CD31 + expression area (brown color, marked by the red arrow) assessed by 
immunohistochemistry (IHC) in hearts four weeks after LAD occlusion. (B): Quantification of the CD31+ 
expression area (%) in study groups. *** P < 0.001 vs. sham; # P < 0.05 ## P < 0.01 ### P < 0.001 vs. Veh; && 
P < 0.01 vs. PMSCs; $$ P < 0.01 vs. PMSC lysate. Magnification = 400x. n = 7 in each group.
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Fig. 9.  Immunofluorescent analysis indicates the expression of NKX2.5 and cTnI (green) in the hearts of 
rats with MI two and four weeks after PMSCs and HPL + PMSCs injection: (A, B): Sample micrographs of 
NKX2.5 and cTnI in an animal of each group. Quantification of the levels of NKX2.5 + and cTnI+ (C and E) 
and the number of Dil+/NKX2.5 + and Dil+/ cTnI+ (D and F) in the study groups. Stem cells stained with 
Dil dye (red) and nuclei with DAPI (blue). *** P < 0.001 vs. PMSCs 2 weeks; # < P < 0.05, ### P < 0.001 vs. 
HPL + PMSCs 2 weeks; &&& P < 0.01 vs. PMSCs; $$ P < 0.001, $$$ P < 0.001 vs. HPL + PMSCs. n = 3 in each 
group.
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from platelet α-granules, including SDF-1α and TGF-β1, have been demonstrated in ischemia-reperfusion 
lesions19. Cardiomyocytes are responsive to platelet contents, and possibly platelet factors increase the inotropic 
activity of the heart19.

Studies have suggested that the pretreatment of stem cells with various agents, such as growth factors, 
chemical substances, microRNAs, and cytokines, improves their quality and differentiation capability40,41. 
Current evidence suggests that using HPL instead of FBS in the culture medium possess the positive features 
of FBS, which include the induction of mesenchymal proliferation and differentiation, in addition to the 
elimination of their undesirable effects of FBS14. Based on the results of this study, it seems that HPL enhances 
partial cardiomyocyte reprogramming of BMSCs through induction of Oct4 expression as it has been 
suggested that Oct4 expression mediates partial cardiomyocyte reprogramming of MSCs33. Oct-4 promotes the 
pluripotency process by inducing the expression of other factors, such as Nanog42. Our finding showed that HPL 
increased the expression of two cardiomiRs, miR-499 and miR-208a. MicroRNAs − 499, -208a, -1, and − 133a 
are cardiomiRs involved in cardiac development32, which have been referred to as combo microRNAs that 

Figure 9.  (continued)
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enhance differentiation of fibroblasts to cardiomyocytes43. Furthermore, the expression of cardiac marker genes 
Nkx2.5 and GATA4, confirm the partial acquisition of cardiomyocyte characteristics in PMSCs. These genes 
improve the engraftment of PMSCs in cardiac tissue and strengthen their improving effects on cardiac function 
following myocardial infarction42. This study indicated that PMSCs have beneficial effects on cardiac function, 
as the ± dp/dt max (indicators of heart contractility and lusitropy), and LVEDP, as an index of heart diastolic 
function, improved in the MI rats. The IHC results revealed PMSCs also improved angiogenesis in the infarct 
area, evidenced by increase in CD31, a transmembrane glycoprotein that is highly expressed in endothelium44.

One of the mechanisms by which stem cell therapy induces cardiac repair is the differentiation of stem cells 
into cardiomyocytes6. The expression of cardiomyocyte indicators, NKX2.5 and cTnI, confirmed differentiating 
of cardiomyocytes from stem cells. It is noticeable that concomitant injection of HPL and PMSCs increased 
the capability of angiogenesis and cardiomyogenesis, probably due to providing a rich environment containing 
growth factors, such as VEGF, miRNAs, and stem cell-derived factor 1 alpha (SDF-1α), which are stored in 
platelets6,19,20. These factors promote the differentiation of cardiac progenitor cells (CPCs) into cardiomyocytes45.

It has been suggested that the primary improving mechanism of MSCs is paracrine action through the release 
of bioactive factors, including exosomes, growth factors, cytokines, and interleukins. Therefore, PMSC extract 
or lysate is proposed as an alternative cell-free strategy for the treatment of many disorders46. In the present 
study, the effect of cellular lysate prepared from HPL-pretreated MSCs (PMSC lys) was less prominent than 
the improving effect of PMSCs itself. It appears that the settling of MSCs in target tissue by releasing paracrine 
growth factors, differentiation of PMSCs to cardiomyocytes, or connecting to host cells are additional ways to 
cure tissue injuries. Based on the results, HPL potentiates the improving effect of PMSCs and PMSCs lys on 
cardiac contractility, and on angiogenesis, probably directly due to the adaptive effects of HPL or indirectly 
through providing an appropriate milieu condition for PMSCs. It has been demonstrated that the enriched 
milieu condition stimulates the production and release of bioactive materials by stem cells47. The combination 
of HPL with PMSCs showed no additional effects on left ventricular performance compared to the effect of HPL 
alone, probably owing to the maximum effects induced by HPL. Given that HPL promotes the differentiation of 
PMSCs into cardiomyocytes, the beneficial effects of the combination of HPL and PMSCs are expected to appear 
over the long term.

Conclusion
The findings indicated the improving effects of HPL, PMSCs, and PMSC lysate on the cardiac dysfunction and 
heart injuries induced by MI. The combination of HPL with PMSCs and/or with PMSC lysate potentiated the 
ameliorative effects of PMSCs and PMSC lysate, particularly on angiogenesis. HPL also increased cardiomyocyte 
differentiation from PMSCs. It appears that the common pathways for the beneficial effect of adding HPL and 
PMSC lysate are angiogenesis and reduction of fibrosis and inflammation in the injured myocardium.

Materials and methods
The animals were purchased from the animal breeding center of Kerman University of Medical Sciences (Pars 
Research Biocenter) and kept in the Physiology Research Centre’s animal house with free access to water and 
food and under a 12-hour dark/light cycle. All methods were carried out in accordance with relevant guidelines 
and regulations. The study was approved by the Ethics Committee of Kerman University of Medical Sciences and 
Rafsanjan University of Medical Sciences (approval codes: IR.KMU.REC. 1399.259. and IR.RUMS.REC.1399.037 
respectively). All methods are reported in accordance with ARRIVE guidelines.

Materials
The following materials were used in this study: TTC from Sigma, UK; Dulbecco’s Modified Eagle Medium 
(DMEM) and Fetal Bovine Serum (FBS) from Gibco, CD31 polyclonal antibody from Elabscience Biotechnology 
Inc., ab64261 - rabbit specific HRP/DAB (ABC) detection IHC kit from Abcam. Dil dye was obtained from 
Invitrogen. Rabbit polyclonal primary antibody for NKX2 (No: orb540657), rabbit polyclonal antibody for 
cTnI (No: orb304638), and goat anti-rabbit IgG (H + L) antibody (FITC) (No orb688925) were purchased from 
Biorbyt, United Kingdom.

Methods
The hemodynamic parameters, cardiac contractility indices, and angiogenesis were assessed in seven 
experimental groups (7 rats in each group) included sham, myocardial infarction receiving phosphate-buffered 
saline (PBS) (Veh), HPL, MSCs pretreated by HPL (PMSCs), PMSC lysate, HPL + PMSCs, and HPL + PMSC 
lys. The size of the infarcted area was measured in the above-mentioned groups (extra 5 rats in each group). The 
survival and myogenesis of stem cells were traced two and four weeks after PMSCs and HPL + PMSCs injection. 
For this, PMSCs were stained with Dil dye before injection into the border of the infarct zone in two groups of 
PMSCs and HPL + PMSCs groups (extra three rats in each group).

Isolation, culture, and pretreatment of rat bone marrow mesenchymal cells with HPL
Wistar rats 6–8 weeks old (n = 10) were deeply anesthetized by ketamine and xylazine (80/10 mg, IP). The femur 
and tibia were isolated from the skin and muscles and washed with 70% ethanol for 10 s and then transferred 
to a 50 ml conical tube containing sterile DMEM. The end of each bone was cut by sterile scissors under a 
laminar hood. The bone marrow was aspirated using a 22 G syringe, diluted with 5 ml DMEM, and centrifuged 
at 1800 rpm for 5 min. The supernatant was removed and the cell pellets were cultured in DMEM containing 
8% human platelet lysate (HPL) 48 and 2% pen-strep, and incubated at 37 °C in a 5% CO2 incubator. The culture 
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medium was refreshed every 3 days. When the cells reached 70 to 80% confluency, they underwent passages. 
Cells in passage 4 were used for characterization and injection procedures48.

PMSCs characterization by flow cytometry
From the cultured medium 106 cells were harvested and washed with PBS before fixation with 4% 
paraformaldehyde. In order to inactivate the nonspecific antibodies, the cells were incubated with goat serum 
diluted with PBS (1:10) for 15  min at 4  °C. Then the cells were incubated and labeled with CD105, CD90, 
CD73, CD11b, and CD45 antibodies for one hour. The expression of all indicators of MSCs was assessed by flow 
cytometry and analyzed with WinMDI software49.

Preparation of lysates from PMSCs
The lysate from 106 MSCs cells pretreated with HPL was prepared for each injection. For this, after harvesting 
and washing the cells with PBS, 200 µl of PBS was added to the pellet. For rupture of the cell membrane, the 
solution was kept at −80 °C overnight and then thawed for 5 min. The freeze-thaw cycle was repeated three 
times, after that the solution was centrifuged for 5 min at 4 °C and 300 g to remove cell debris50.

Preparation of platelet lysate
To prepare human platelet lysate (HPL), 20 ml of human venous blood was mixed with 2.5 ml of dextrose citrate 
solution as an anticoagulant (0.8% citric acid, 0.22% sodium citrate, 0.233% dextrose). After centrifugation at 
300 g for 15 min, PRP was separated and frozen at -80 °C for 60 min to produce PL and was then thawed at 37 °C 
for 15 min. This operation was repeated twice. In order to remove platelet fragments and white blood cells, the 
solution was centrifuged at 4000 g for 20 min and filtered with a 0.22 μm filter. Then, 2 ml of platelet lysate was 
sent to the laboratory to check for microbial contamination25,51.

Induction of myocardial infarction
The left anterior descending (LAD) coronary artery was occluded to induce MI, as previously explained52. 
Concisely, after anesthesia with ketamine and xylazine (80/10 mg/kg), the heart was exposed by an incision in 
the fourth left intercostal space under mechanical ventilation. The pericardium was opened, and the LAD was 
permanently ligated 2 mm below its origin with a 6/0 silk suture. MI was verified by the pale appearance of the 
at-risk area and ST-segment elevation in the ECG (Fig. 10). In the sham group, the complete surgical procedure 
was performed without ligation of the LAD52.

Injection of platelet lysates or stem cells
Thirty minutes after coronary artery ligation, 100 µl of either HPL, PMSC lysate, 106 PMSCs (dissolved in PBS), 
HPL + PMSCs, or HPL + PMSC lysate was injected using a 30-gauge needle in five points (20 µl in each point) of 
the border zone of the infarcted area53. After injection, the chest muscles and skin were closed using 4 − 0 vicryl 
and silk sutures.

Recording of hemodynamic parameters and cardiac indices
Four weeks after injection, the rats were anesthetized with sodium thiopental (50 mg/kg) and blood pressure 
and heart rate were recorded by a physiograph connected to a catheter filled with heparin saline (10 units/ml) 
inserted in the right femoral artery. Another catheter was pushed into the left ventricle (LV) via the right carotid 
artery to measure cardiac function indices52. The animal was ventilated through a tracheal cannula if necessary.

The arterial and ventricular cannulas were connected to pressure transducers and then to an 8-channel 
PowerLab system (ADInstruments, Australia). The hemodynamic parameters recorded were systolic blood 
pressure (SBP), diastolic blood pressure (DBP), and heart rate (HR). The LV function indices were left 
ventricular systolic pressure (LVSP), left ventricular end-diastolic pressure (LVEDP), and cardiac contractility 

Fig. 10.  An electrocardiogram trace indicated MI induction.
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indicators including + dp/dt max (maximum rate of rise in LV pressure i.e. contraction velocity), and -dp/dt max 
(maximum rate of decline in LV pressure i.e. relaxation velocity)52,54.

Measurement of infarct size
After recording hemodynamic and cardiac function parameters, the hearts were removed and rinsed in cold 
saline. The samples were kept at -20 °C for 1 to 2 h. Then, 3-mm slices were made and stained with triphenyl 
tetrazolium chloride 1% (TTC) in PBS for 20 min at 37 °C. Finally, the slices were embedded in formaldehyde 10% 
for 10 min. The proportion of the infarct area (pale) to the total LV area was measured by ImageJ software52,55.

Preparation of heart samples
Four weeks after treatment, the animals were euthanized under deep anesthesia (thiopental sodium, 50 mg/
kg, IP) and the hearts were removed and rinsed with cold saline. The left ventricle (LV) plus the septum were 
gently separated, weighed, and kept in formaldehyde 10% to assess myocyte damage and inflammation, fibrosis, 
angiogenesis, and myogenesis.

Morphological examination and measurement of fibrosis, myocyte damage and 
inflammation in heart tissue
Four weeks after intramyocardial injection of different treatments, the heart was removed under deep anesthesia 
(thiopental sodium (50 mg/kg, ip) and fixed in 10% formaldehyde for 24 h. After that from the paraffin blocks 
of the left ventricle, 5-micrometer slices were made and stained with hematoxylin-eosin to examine for myocyte 
damage and degree of inflammation (histopathology score), or with Masson’s trichrome to detect fibrosis. 
The histopathology findings were scored as 0, no changes; 1, mild (focal myocyte damage or small multifocal 
degeneration with a slight degree of inflammatory process); 2, moderate (extensive myofibrillary degeneration 
and/or diffuse inflammatory process); 3, marked (necrosis with a diffuse inflammatory process)56. A pathologist 
who was blinded to the animal groups scored the samples with a light microscope (Olympus CX33, Japan) and 
reported the results. The percentage of fibrosis was measured by ImageJ software in five fields for each slice57.

Immunohistochemistry to evaluate angiogenesis
CD31, as an endothelial and microvasculature (angiogenesis) biomarker, was measured by immunohistochemical 
staining58. After fixing and dehydrating, 5 μm sections were prepared from the paraffin-embedded sample. Then 
the deparaffinized samples were incubated with primary monoclonal antibodies overnight at 4 °C. The samples 
were then washed with PBS three times (each for 5 min) and were incubated with peroxidase-coupled secondary 
antibody for 30 min at room temperature. The cell nuclei were stained with hematoxylin (Abcam) for 1 min and 
the slides were imaged with a light microscope (AXIOM Germany-upright microscope). The CD31-positive area 
was evaluated in five fields using ImageJ software59.

Immunofluorescence staining to evaluate myogenesis
For assessing cardiomyogenesis, the expression of specific myocyte proteins, NKX2.5 and cardiac troponin I 
(cTnI) were examined two and four weeks after treatments. The heart tissues were placed in formaldehyde 10% 
for 24 h. Then 5-µm-thick slices were made from the paraffin-embedded hearts dewaxed in xylene, hydrated in 
a graded series of ethanol, and subjected to Triton 0.3% for 30 min in order to permeabilize the cell membrane. 
Then 10% goat serum was added to the samples for 45 min to prevent secondary antibody reactions. The samples 
were incubated overnight in diluted primary antibody (1:100 with PBS) at 2 to 8 °C followed by goat anti-rabbit 
IgG (H + L) secondary antibody (FITC, green) (1/150) at 37 °C in the incubator (AriaTeb, Iran) for 90 min in 
dark conditions. Then the samples were stained with DAPI (D9542, Sigma), and their fluorescent pictures were 
taken with an Olympus fluorescent microscope.

RNA extraction and real-time PCR
For RNA extraction, cultured cells were first washed with PBS and harvested after trypsinization, resulting in a 
cell pellet obtained through centrifugation. Subsequently, the cells were washed twice with PBS and centrifuged 
again, after which Trizol (Total RNA extraction kit, Pars Tous, Iran) solution was added to the cell pellet for 
extraction. The extraction was performed according to the kit’s protocol. For cDNA synthesis, a Pars Tous kit 
(Easy cDNA synthesis kit) was utilized, and the temperatures used were in accordance with the kit’s instructions, 
with the addition of RT primers. Gene expression analysis was conducted using the Master Mix from Amplicon 
(REALQ PLUS 2X Master Mix Green, Denmark) and the Applied Biosystems instrument (StepOnePlus). 
18SRNA and RNU6 served as internal controls for the genes and miRNAs, respectively. A list of the primers 
used is provided in the Table 2.

Statistical analysis
The data were presented as mean ± SEM and analyzed by SPSS software, version 20. After verifying the 
normal distribution of data using the Shapiro-Wilk test, data were analyzed using Unpaired student t-test or 
one-way ANOVA, and in case of significance, pairwise comparisons were conducted by Tukey’s post hoc test. 
The categorical data (histopathology scores) were analyzed with corresponding nonparametric tests. 2^-∆∆ct 
method was used for analysis of real-time PCR. P-values < 0.05 were considered as statistically significant.
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miR-499a-3p

F: ​G​G​G​A​A​C​A​T​C​A​C​A​G​C​A​A​G​T​C
61R: ​C​A​G​T​G​C​G​T​G​T​C​G​T​G​G​A​G
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GATA4
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63
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Nkx2.5
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64

R: ​C​C​G​A​G​G​C​A​T​C​A​G​G​T​T​A​G​G​T​C

Oct4
F: ​C​A​T​C​T​G​C​C​G​C​T​T​C​G​A​G

65

R: ​C​T​C​A​A​T​G​C​T​A​G​T​C​C​G​C​T​T​T​C

Nanog
F: ​G​C​C​C​T​G​A​T​T​C​T​T​C​T​A​G​C​A​A​T

65

R: ​A​G​A​A​C​A​C​A​G​T​C​C​G​C​A​T​C​T​T

Table 2.  Sequences of primers used for RT-PCR.
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