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Summary
A major translational barrier to the use of stem cell (SC)-based therapy in patients 
with myocardial infarction (MI) is the lack of a clear understanding of the 
mechanism(s) underlying the cardioprotective effect of SCs. Numerous paracrine 
factors from SCs may account for reduction in infarct size, but myocardial salvage 
associated with transdifferentiation of SCs into vascular cells as well as cardiomyocyte-
like cells may be involved too. In this study, bone marrow-derived rat mesenchymal 
SC (MSCs) were microencapsulated in alginate preventing viable cell release while 
supporting their secretory phenotype. The hypothesis on the key role of paracrine 
factors from MSCs in their cardioprotective activity was tested by comparison of the 
effect of encapsulated vs free MSCs in the rat model of MI. Intramyocardial admin-
istration of both free and encapsulated MSCs after MI caused reduction in scar size 
(12.1 ± 6.83 and 14.7 ± 4.26%, respectively, vs 21.7 ± 6.88% in controls, P = 0.015 
and P = 0.03 respectively). Scar size was not different in animals treated with free 
and encapsulated MSC (P = 0.637). These data provide evidence that MSC-derived 
growth factors and cytokines are crucial for cardioprotection elicited by MSC. 
Administration of either free or encapsulated MSCs was not arrhythmogenic in non-
infarcted rats. The consistency of our data with the results of other studies on the 
major role of MSC secretome components in cardiac protection further support the 
theory that the use of live, though encapsulated, cells for MI therapy may be replaced 
with heart-targeted-sustained delivery of growth factors/cytokines.

K E Y W O R D S
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1  |   INTRODUCTION

Despite relevant progress in diagnosis and treatment, myo-
cardial infarction (MI) and postinfarction chronic heart fail-
ure (CHF) are still the leading causes of death worldwide.1 

Cell-based therapy of MI is considered a promising strat-
egy for regeneration of functional myocardial tissue, result-
ing in prevention of postinfarction CHF.2,3 Because of their 
ease of isolation, rapid in vitro expansion, multipotency and 
immunoprivileged state, mesenchymal stem cells (MSCs) 
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are commonly used in both experimental and clinical trials 
for cell therapy of MI.4-6 However, recent meta-analyses 
demonstrated only a mild clinical improvement in MI pa-
tients receiving MSC transplantation, ranging from 3% to 
10% increase in systolic left ventricular (LV) function in 
the treatment group.7,8 Extremely low cell retention and en-
graftment in peri-infarct area have been widely recognized 
as the major factors limiting the effectiveness of cell-based 
MI therapy.2 Animal and human studies have convincingly 
demonstrated that <10% of injected cells was identified in 
the heart 24 hours post-transplantation.9-11 Moreover, tran-
sendocardial delivery of MSCs in a porcine model of MI re-
sulted in retention of only approximately 3% of cells at day 
14 post-treatment.12 There are two principal mechanisms of 
cell loss from the target tissue: (a) biological cell loss caused 
by massive cell death induced by hypoxia, inflammatory 
mediators and immune attack and (b) mechanical cell loss 
caused by rapid cardiac contraction-enhanced washout of the 
cells from the myocardium through the injured microvessels 
and/or injection channel.13 The problem of cell loss cannot 
be solved by simply elevating the dose of transplanted cells, 
as the dose-effect curve reaches a plateau at a relatively low 
dose.14 Alternatively, the transplanted cells can be genetically 
modified or conditioned with certain physical and chemical 
factors in order to increase their survival, engraftment, inte-
gration, proliferation and differentiation in the recipient heart 
(for review, see 15 and references therein). The introduction 
of cell-seeded hydrogel scaffolds or cell-containing patches 
apposed on to the infarcted area of the heart represents a 
technological advance in the prevention of cell loss.16,17 
Micro-encapsulation of stem cells is another approach to 
prevent cell loss. The cells are embedded in semi-permeable 
biodegradable matrix, which is freely permeable to oxygen, 
nutrients and signalling molecules, and helps maintain cell 
survival and function.13,14 Encapsulation effectively attenu-
ates cell injury by physically separating the cells from anti-
bodies and phagocytes, and decreasing biological losses of 
cells, especially after allo- or xenogeneic transplantation.18 
In addition, encapsulation decreases early vascular washout 
of the encased cells, because the capsule diameter typically 
lies in the range of 150-300 μm and exceeds the diameter of 
microvessels.14 It is not surprising that the administration 
of encapsulated stem cells results in improved LV function 
and reduced postinfarct scar size compared to bare cells.19,20 
As shown in these studies, the enhanced cardioreparative 
effect of encapsulated stem cells could be attributed to the 
decreased mechanical cell loss associated with increased cell 
survival during the early postinjection period, with subse-
quent release, migration and integration of viable cells in the 
host myocardium.

Apart from low cell retention, the lack of a clear under-
standing of the mechanism(s) underlying the cardioprotective 
effect of MSCs is another translational barrier for their routine 

clinical use. Paracrine mechanisms of MSC-mediated cardiac 
protection are considered responsible for the cardioreparative 
properties and reduction in the myocardial damage of MSC.21 
However, myocardial salvage associated with transdifferentia-
tion of MSCs into vascular cells as well as cardiomyocyte-like 
cells plays a role too.22-24 New experimental data unequivo-
cally demonstrating that paracrine signalling is a principal 
mechanism of cardiac protection after MSC transplantation 
may have important practical applications, providing a ratio-
nale for heart-targeted-sustained delivery of specific MSC 
secretome components instead of using living cells. Cell en-
capsulation technique represents a valuable but underused tool 
for dissection of the mechanisms of MSC-mediated cardiac 
protection. In particular, mechanical isolation of encapsulated 
cells from the host myocardium during the entire period of 
postinfarct scar formation would nullify putative protective 
effects related to cell migration and differentiation, maintain-
ing the secretion of paracrine factors by the encased cells. To 
achieve this goal, the cells with limited lifespan should be en-
capsulated in poorly biodegradable material and transplanted 
in the peri-infarct area to ensure minimal, if any, viable cell 
release upon capsule dissolution. In this study, bone marrow-
derived rat MSCs were encapsulated in alginate capsules to 
compare the cardioprotective effects of encapsulated and free 
MSCs in the rat model of MI. Both functional and histolog-
ical criteria were used to evaluate the effect of encapsulated/
free MSCs on postinfarct LV remodelling. In addition, we 
specifically addressed the issue of arrhythmia incidence in 
non-infarcted animals treated with either encapsulated or bare 
MSCs. The data obtained indicate that secretion of soluble 
molecules is the only mechanism involved in the protective 
effect exerted by MSCs in the setting of MI.

2  |   MATERIALS AND METHODS

2.1  |  Animals
Male Wistar rats (Pushchino, Russia) weighing 200-250 g 
were used for the experiments. The animals were fed regular 
chow, and water was available to them ad libitum. All experi-
ments were performed in accordance with the Guide for the 
Care and Use of Laboratory Animals.

2.2  |  Ethical approval
This study was approved by the local Ethics Committee of 
Almazov National Medical Research Centre.

2.3  |  Isolation and culture of rat MSC
Mesenchymal stem cells were isolated from the bone mar-
row of male Wistar rats. The bone marrow was extruded 
from tibia, humerus and femur bones by flushing the cavity 
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of the bones with phosphate-buffered saline. The bone mar-
row was dissociated in cell culture media consisting of α 
Eagle's minimal essential medium (α-MEM) (PanEco, St. 
Petersburg, Russia) supplemented with 10% foetal bovine 
serum (HyClone, Waltham, MA), L-glutamine and antibiot-
ics, and cultured in T75 flasks in CO2 incubator in standard 
conditions. Non-adherent haemopoietic cells were removed. 
Culture medium was changed every 5 days.

2.4  |  Characterization of MSCs
The immunophenotype of rat MSCs was evaluated by flow cy-
tometry analysis performed on CytoFlex (Beckman Coulter). 
Cells were resuspended in 100 μL of PBS containing 1% of 
bovine serum albumin (Sigma-Aldrich, Saint Luis, MO), incu-
bated for 20 minutes at 20°C in the darkness with the follow-
ing monoclonal antibodies: anti-CD90, anti-CD44, anti-CD31, 
anti-CD34, anti-CD45 and anti-vimentin (Bioss). Unstained 
cells of corresponding control isotype antibodies were used as 
a negative control. A threshold was set to a forward-scatter 
(FSC) parameter to exclude cell debris. The SSC (side-scatter) 
and FSC settings were done with logarithmic amplification 
scale as well as fluorescence channels and dot plot analy-
sis. 10 000 of target events were analysed. For data analysis, 
Kaluza 2.0 software (Beckman Coulter) was used.

2.5  |  Microencapsulation of MSCs
Mesenchymal stem cells were encapsulated in ultrapure so-
dium alginate (Sigma-Aldrich, St. Louis, MO), using com-
mercially available electrostatic encapsulator (B-390; Buchi 
Labortechnik AG, Flawil, Switzerland). The suspension con-
taining 2 × 106 MSCs in 1 mL of 1% sodium alginate solution 
was loaded in the encapsulator cuvette. Encapsulation was 
performed using the following parameters: frequency of vi-
bration—3000 Hz, voltage—2 kV, pressure—450-500 mBar 
and nozzle diameter—120 μm. Microencapsulated cells 
were sprayed in a solution containing 50 mmol/L CaCl2 and 
50 mmol/L BaCl2 under continuous stirring. Encapsulated 
MSCs were incubated in the solution for 10 min, followed by 
washing in 0.9% saline. Prior to encapsulation, MSCs were 
stained with 4’, 6-diamidino-2-phenylindole (Sigma-Aldrich, 
St. Louis, MO). The number of MSC per capsule was cal-
culated by confocal fluorescence microscopy (Leica TCS 
SP5; Leica Microsystems, Wetzlar, Germany) at λ = 405 nm. 
Leica Application Suite Advanced Fluorescence (LAS AF; 
Leica Microsystems) software was used to analyse images.

2.6  |  Assessment of MSC viability
Viability of encapsulated MSCs was measured using LIVE/
DEAD Cell Imaging Kit (Thermo Fisher Scientific, Waltham, 
MA) according to manufacturer's instruction. The numbers 

of calcein-AM-stained viable cells and ethidium homodimer-
stained dead cells were calculated 30 minutes, 5 and 21 days 
after encapsulation using serial z-stacked images obtained 
by confocal fluorescent microscopy (Leica TCS SP5, Leica 
Microsystems, Germany) at 25-μm intervals.

2.7  |  In vitro capsule degradation testing
Degradation of alginate microcapsules was assessed on days 
5, 15 and 21 of their incubation in phosphate-buffered saline. 
Their diameter and density, and sharpness of the margins, 
were determined under a light microscope (Axiostar Plus; 
Carl Zeiss, Oberkochen, Germany) at 40× and 100× magni-
fication. Twenty capsules were analysed per time point.

2.8  |  Analysis of transforming 
growth factor-β1 (TGF-β1) secretion by 
encapsulated MSC
To ascertain that the encapsulation procedure did not inter-
fere with the secretory ability of MSCs, the concentration of 
TGF-β1 was determined using the TGF-β1 ELISA kit (Life 
Technologies), in the media collected from encapsulated and free 
MSC. Optical density readings were recorded using a microplate 
reader (Model 680; Bio-Rad Laboratories, Hercules, CA).

2.9  |  Arrhythmia registration and 
quantification in the animals treated with 
encapsulated or free MSCs
Male Wistar rats were used for evaluation of arrhythmic risk 
occurring after intramyocardial injection of encapsulated 
or free MSCs. The animals were anesthetized with sodium 
pentobarbital (60 mg/kg), followed by implantation of ra-
diotelemetry probe (ADInstruments Ltd., Australia) in the 
abdominal cavity, with one electrode fixed to the abdomi-
nal muscles and another one to the subcutaneous fascia of 
the right side of the thorax. The animals were allowed to re-
cover for 7 days, re-anesthetized, mechanically ventilated and 
randomly allocated into one of the following three groups: 
(i) sham-operated (Sham, n = 3): after left thoracotomy, a 
total 0.1 mL of 0.9% saline was injected into three sites of 
anterior LV wall; (ii) MSC (n = 3): free MSCs at a dose of 
2 × 106 and a volume of 0.1 mL were administered at three 
sites of anterior LV wall; (iii) encapsulated MSC (eMSC, 
n = 3): encapsulated MSCs at a dose of 2 × 106 and a vol-
ume of 0.1 mL were administered in the same way as in the 
previous group. The wound was closed in layers, and the ani-
mals were allowed to recover. Electrocardiogram (ECG) was 
regularly registered for 1 hours on the 1st, 7th and 21st post-
operative day, using the LabChart software (ADInstruments 
Ltd.). Arrhythmias were quantified according to the Lambeth 
Conventions guidelines.25
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2.10  |  Rat model of MI
Male Wistar rats (n = 39) were anesthetized with sodium 
pentobarbital (60 mg/kg intraperitoneally), intubated and ven-
tilated (SAR-830P; CWE, Inc., Ardmore, PA), using room 
air, with a tidal volume of 2 mL/100 g and a rate of 60 breaths 
per minutes. The core body temperature was maintained at 
37.0 ± 0.5°C by a feedback-controlled heating pad (TCAT-
2LV controller; Physitemp Instruments Inc., Clifton, NJ). ECG 
was monitored for the registration of heart rate (HR) and ar-
rhythmias. After 10 minutes of stabilization, a left thoracotomy 
was performed. A 6-0 polypropylene thread was placed around 
a prominent branch of the left coronary artery and ligated. 
Myocardial ischaemia was verified by visual inspection of the 
anterior surface of the heart and ST-segment elevation on ECG.

2.11  |  Experimental protocol
The animals were randomized into the following five groups 
(Figure 1):

1.	 Sham-operated animals (Sham, n = 8): thoracotomy was 
performed without coronary ligation. Phosphate-buffered 
saline was injected in the myocardium. The inner di-
ameter of injection needle was 0.3 mm (30G). The 
needle was inserted at an acute angle to the myocardial 
surface, which prevented microcapsules from entering 
the LV cavity. The total volume of injection was 
0.1 mL for each animal regardless of the group.

2.	 Control MI (n = 11): phosphate-buffered saline was injected 
in the myocardium 30 minutes after coronary ligation;

3.	 Empty capsule (Capsule, n = 10): alginate capsule with-
out cells suspended in phosphate-buffered saline were ad-
ministered 30 minutes postischaemia;

4.	 Mesenchymal stem cells (n = 11): free 2 × 106 MCSs in 
buffer were administered in the peri-infarct area 30 min-
utes after coronary ligation;

5.	 Encapsulated MSC (eMSC, n = 7): 2 × 106 of encapsu-
lated MCSs suspended in phosphate-buffered saline were 
administered in the peri-infarct area 30 minutes after coro-
nary ligation.

F I G U R E   1   Experimental protocol of the main experimental series aimed at comparison of the cardioreparative effect of encapsulated and 
free mesenchymal stem cells in the rat model of myocardial infarction. See text for details. Sham, sham-operated animals; MI, myocardial infarction; 
MSC, mesenchymal stem cells; eMSC, encapsulated mesenchymal stem cells; TTE, transthoracic echocardiography; PBS, phosphate-buffered saline 
[Colour figure can be viewed at wileyonlinelibrary.com]

www.wileyonlinelibrary.com
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After intramyocardial injections, the wound was closed, and 
the animals were allowed to recover for 28 days.

2.12  |  Assessment of LV function by 
transthoracic echocardiography (TTE)
Transthoracic echocardiography was performed in all ani-
mals immediately after intramyocardial injections, 14 and 
28 days after surgery. The procedure was performed by an 
experienced person who was blinded to the experimental 
groups. Echocardiograms were obtained with a commer-
cially available system (Vevo 2100; Fujifilm VisualSonics, 
Toronto, Canada). After sedating the animals, LV end-
diastolic (LVEDD) and end-systolic (LVESD) diameters 
were measured with M-mode tracings between the anterior 
and posterior walls from the short-axis view. Fractional 
shortening (FS) was calculated as [LVEDD − LVESD/
LVEDD] × 100 (%).

2.13  |  Histological analysis
On day 28 after surgery, the animals were euthanized by as-
phyxiation in a CO2 chamber, and heart samples were col-
lected for histological examination. Briefly, the hearts were 
fixed in 10% buffered formaldehyde solution. Subsequently, 
the hearts were embedded in paraffin, cut into three transverse 
slices from apex to base and stained with haematoxylin and 
eosin and Picro-Sirius red. The slides were analysed under a 
light microscope (Axiostar Plus) by a pathologist blinded to 
the treatments used in the groups, and the following parame-
ters were calculated using a commercially available software 
(VideoTest Morphology; VideoTest, St. Petersburg, Russia): 
scar size expressed as a percentage of scar area to the total 
LV wall area (%); scar thickness (mm); scar area (mm2); total 
LV wall area (mm2); interventricular septum thickness (mm); 
LV hypertrophy index expressed as a ratio of interventricular 
septum thickness to scar thickness; and index of dilatation 
expressed as a ratio of LV cavity area to the total LV wall 
area (%). In sham-operated animals, the thickness of LV an-
terior wall was measured instead of scar thickness.

2.14  |  Statistics
Statistical analysis was performed using the SPSS 11.0 
(SPSS Inc. Software, Chicago, IL). Myocardial scar size 
(%) on day 28 post-MI has been selected as primary end-
point of the study. The sample size per group was deter-
mined using the following parameters: SD value (±2%) on 
the basis of previous similar study,26 desired confidence 
level (95%), statistical power (0.9) and effect size (3.5) cal-
culated according to J. Cohen formula (free hMSC vs en-
capsulated hMSC) (Power & Sample Size Program, version 
3.1.6). According to the results of sample size calculation, 

n = 6 per group has been found to be sufficient for mak-
ing conclusions. The Kruskal-Wallis test was performed to 
determine differences in outcomes, followed by pairwise 
inter-group comparisons by non-parametric Mann-Whitney 
U test. The differences in the number of arrhythmia episodes 
per animal and total duration of arrhythmias were analysed 
non-parametrically by Kruskal-Wallis test. P values ≤ 0.05 
were considered to indicate statistical significance. All data 
are expressed as mean ± standard deviation. FS values are 
presented as box plots with median and quartiles as well as 
whiskers to express minimum and maximum values.

3  |   RESULTS

3.1  |  Characterization of MSCs
Primary cultures of rat MSCs were established and charac-
terized as described in the Materials and Methods section. 
FACS analysis had confirmed a characteristic immunophe-
notype of MSC populations (CD45-/CD31low/Vimentin+/
CD44+/CD90+) (Figure 2).

F I G U R E   2   The immunophenotype of rat mesenchymal stem 
cells (MSC). MSCs used in experiments were screened for the 
expression of the indicated markers by flow cytometry. Histograms 
show expression of the indicated markers within a representative MSC 
population. Red lines indicate isotype controls, and green lines indicate 
labelled MSC [Colour figure can be viewed at wileyonlinelibrary.com]

www.wileyonlinelibrary.com
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F I G U R E   3   Experimental design and characteristics of alginate microcapsules and encapsulated mesenchymal stem cells. A, Schematic 
representation of encapsulation strategy. Rat bone marrow-derived mesenchymal stem cells were encapsulated in alginate microcapsules, freely 
permeable to gases, nutrients, growth factors and cytokines. Encapsulation prevents viable cell release from the matrix, excluding putative protective 
effects related to cell migration, integration in the host tissue and transdifferentiation in myocardial cells. B, Light microscopy images of encapsulated 
cells incubated in phosphate-buffered saline for 5, 10 and 21 days. C, Representative images of LIVE/DEAD cell staining 30 minutes and 5 and 
21 days after encapsulation. Upper and lower panels show light and confocal microscopy images, respectively. D, Quantification of viable cell 
percentage in the corresponding time points. E, Enzyme-linked immunosorbent assay (ELISA) analysis for transforming growth factor-β1 in the media 
obtained from bare and encapsulated mesenchymal stem cells on day 5 postencapsulation [Colour figure can be viewed at wileyonlinelibrary.com]

www.wileyonlinelibrary.com
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3.2  |  Characteristics of alginate 
capsules and encapsulated MSC
Alginate capsules were designed to support MSC vi-
ability and secretory phenotype during the first 5-10 days 
after intramyocardial transplantation (Figure 3A). 
Encapsulated viable cells were mechanically isolated 
from host cells, preventing the migration of MSCs, their 
integration into the recipient tissue and possible differ-
entiation. Mesenchymal stem cells were encapsulated in 
spherical alginate microcapsules with a mean diameter of 
225 ± 25 μm (Figure 3B). Confocal fluorescent micros-
copy showed that each microcapsule contained 35 ± 2 
MSC. Stability analysis showed that microcapsules in 
phosphate-buffered saline became slightly swollen on day 
10, partially degraded on day 15 and completely degraded 
on day 21 (Figure 3B). In vitro viability testing using the 
LIVE/DEAD Cell Imaging Kit revealed that 76 ± 6% and 
68 ± 9% of MSCs were viable 30 minutes and 5 days pos-
tencapsulation respectively (Figure 3C,D). Only 3 ± 2% 
of MSC remained viable on day 21 after encapsulation 
(Figure 3C,D).

The levels of TGF-β1 in the media collected from encap-
sulated and intact MSCs on day 5 were 93 ± 7 pg/mL and 
74 ± 9 pg/mL, respectively, indicating that encapsulation 
procedure had no negative impact on the secretory ability of 
MSC (Figure 3E).

3.3  |  Arrhythmia incidence after 
intramyocardial injection of encapsulated or 
free MSCs in non-infarcted animals
Life-threatening arrhythmias such as ventricular tachy-
cardia or ventricular fibrillation were not registered 
throughout the experiments. In all groups, the total num-
ber of arrhythmias was considerably higher on day 1 
post-transplantation compared to those on days 7 and 21 
(Figure 4). There were no inter-group differences in ar-
rhythmia incidence.

3.4  |  Post-MI LV function in free MSC-
treated and encapsulated MSC-treated animals
Left coronary artery ligation resulted in significant 
(P < 0.001) FS decrease (Figure 5B) in all groups com-
pared to that in sham-operated animals. In addition, there 
were no differences in FS between the groups subjected to 
MI. Two weeks after MI, FS was significantly higher in the 
MSCs and eMCS groups (24.8 ± 7.95% and 19.4 ± 4.12% 
respectively) than that in the Control MI and Capsule groups 
(14.1 ± 4.67% and 15.7 ± 3.46%, respectively, P < 0.05, 
Figure 5C). On day 28 post-MI, FS remained significantly 

higher in the MSCs and eMCS groups (24.4 ± 4.78% and 
20.8 ± 5.08% respectively) than in the Control MI and 
Capsule groups (13.4 ± 3.06% and 13.2 ± 3.28%, respec-
tively, P < 0.05, Figure 5D). The overall dynamics of FS in 
the experimental groups over the period of 1-28 days after 
MI are shown in Figure 5E. It was evident that transplan-
tation of both free and encapsulated MSC resulted in sig-
nificant amelioration of LV function compared to that in the 
control animals and the animals treated with empty capsule. 
FS values were not different between the MSCs and eMSC 
groups.

3.5  |  Effects of bare and encapsulated MSCs 
on scar size and LV remodelling
Histological parameters describing postinfarct scar and 
LV remodelling are presented in Table 1. Intramyocardial 
transplantation of MSCs and encapsulated MSC resulted 
in significant reduction in both scar size and scar area 
compared to those in the Control MI (Table 1, Figure 6). 
Scar size and scar area were not different between the 
MSCs and eMSC groups. The administration of empty 
alginate microcapsules had no effect on myocardial his-
tological parameters. Parameters such as total LV wall 
area, LV hypertrophy index and index of dilatation in-
creased in all groups compared to those in the sham-
operated group. No other inter-group differences were 
found. On day 28, histopathological examination has not 
revealed any signs of chronic inflammation in the myo-
cardium adjacent to the sites of microcapsule or MSC 
injection.

F I G U R E   4   Arrhythmia incidence in non-infarcted animals 
treated with free or encapsulated mesenchymal stem cells. Total 
number of arrhythmia episodes per 1 hour registered on days 1, 7 and 
21 postoperatively. Arrhythmia incidence was significantly higher on 
day 1 after intramyocardial injection in all groups vs those on days 7 
and 21 [Colour figure can be viewed at wileyonlinelibrary.com]

www.wileyonlinelibrary.com
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F I G U R E   5   Echocardiographic characteristics of left ventricular function. A, Representative two-dimensional echocardiography-guided 
M-mode images in parasternal short-axis (PSAX) position obtained at day 28 postoperatively. B, Fractional shortening (FS, %) as registered 
immediately after intramyocardial injections. A significant decrease in FS was registered in all groups compared to sham-operated animals (Sham). 
C, FS at day 14 after surgery was significantly higher in the mesenchymal stem cells (MSCs) and encapsulated MSC (eMSC) groups compared to 
those in the Control MI and Capsule groups. D, FS on day 28 after surgery remained significantly higher in the MSCs and eMSC groups compared 
to those in the Control MI and Capsule groups. E, Dynamic changes in FS over the period of 28 days after surgery [Colour figure can be viewed at 
wileyonlinelibrary.com]

www.wileyonlinelibrary.com
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4  |   DISCUSSION

The major finding of this study is that intramyocardial adminis-
tration of free MSCs in the rat model of MI had a cardioprotec-
tive effect similar to that of dose-matched MSC encapsulated 

in alginate microcapsules, preventing viable cell release while 
supporting their secretory phenotype during the acute stage of 
MI. These data provided strong evidence that MSC-derived 
growth factors and cytokines are crucial for cardiac protection 
elicited by MSC transplantation in the peri-infarct area.

F I G U R E   6   Scar size in different 
experimental groups. A, Representative 
Picro-Sirius red-stained cross-sections of the 
heart from different groups. B, Quantitative 
values of scar size defined as a percentage 
of scar area to the total left ventricular 
wall area. The data are expressed as dot 
plots with median values. Scar size was 
significantly smaller in the mesenchymal 
stem cells (MSCs) and encapsulated MSC 
(eMSC) groups compared to those in the 
Control MI and Capsule groups [Colour 
figure can be viewed at wileyonlinelibrary.
com]

T A B L E   1   Histological parameters of postinfarct scar and cardiac remodelling

Parameter Sham Control MI Capsule MSC eMSC

Scar size (%) - 21.7 ± 6.88 21,9 ± 6,12 12.1 ± 6.83* 14.7 ± 4.26*

Scar area (mm2) - 20.2 ± 6.39 21.5 ± 5.87 12.2 ± 6.63* 15.3 ± 5.42*

Total LV wall area (mm2) 79.1 ± 5.36 93.7 ± 10.71§ 91.9 ± 9.66§ 103.9 ± 11.97§ 102.6 ± 12.23§

Scar thickness/LV anterior 
wall thickness (mm)

1.7 ± 0.12 1.2 ± 0.29§ 1.2 ± 0.23§ 1.4 ± 0.37§ 1.2 ± 0.36§

Interventricular septum 
thickness (mm)

1.8 ± 0.04 1.7 ± 0.37 1.8 ± 0.29 1.9 ± 0.24 1.9 ± 0.39

LV hypertrophy index 1.0 ± 0.05 1.5 ± 0.44§ 1.5 ± 0.47§ 1.5 ± 0.42§ 1.8 ± 0.93§

Index of dilatation (%) 15.6 ± 1.34 31.5 ± 11.09§ 29.1 ± 7.82§ 25.1 ± 4.58§ 24.0 ± 2.04§

MI, myocardial infarction; LV, left ventricular; MSC, mesenchymal stem cells; eMSC, encapsulated mesenchymal stem cells.
*P < 0.05 vs Control MI. 
§P < 0.05 vs Sham. 
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Notably, a greater cardioprotective effect of encapsulated 
stem cells compared to that of free cells was documented in 
several studies using different types and sources of stem cells, 
animal species and experimental endpoints.19,20,26 In particu-
lar, Levit et al embedded either free or alginate-encapsulated 
human bone marrow-derived MSCs in a hydrogel patch, which 
was attached to the rat heart surface after permanent coronary 
ligation.26 Increased LV function and reduced scar size were 
noted only in the animals treated with encapsulated MSCs, 
which were associated with better retention and survival of 
transplanted cells. Blocki et al showed that intramyocardial 
transplantation of MSC encapsulated in agarose supplemented 
with collagen type I, fibrin and dextran sulphate resulted in in-
creased myocardial cell retention compared to bare MSCs.18 In 
another study, human adipose tissue MSCs were encapsulated 
in genipin-cross-linked alginate-chitosan microcapsules and 
transplanted to the infarcted rats.27 Administration of microen-
capsulated cells resulted in improved cell retention, decreased 
scar size and augmented LV function compared to free cells. 
In all of the above-mentioned studies, stem cells have been en-
capsulated in semi-permeable material in order to protect them 
from various injurious factors present in the recipient heart 
during the early postimplantation period. The characteristics 
of hydrogels and cross-linking agents have been selected to en-
sure gradual release of viable cells from the eroding capsule, 
followed by their migration and integration in the host tissue. 
In contrast with this approach, the present study used encapsu-
lation resulting in death of practically all embedded cells prior 
to capsule degradation. Using this protocol, we intended to es-
timate the relative contribution of two major mechanisms: (a) 
paracrine signalling through secreted growth factors/cytokines 
and (b) integration of stem cells in the host myocardium with 
transdifferentiation into cardiac cells for MSC-mediated car-
diac protection. Assuming that MSC differentiation contributes 
to the overall cardioprotective effect of MSCs, the encapsu-
lated cells would be less efficacious in terms of scar reduction 
and functional improvement. However, our results showed no 
difference in efficacy between non-encapsulated and encapsu-
lated cells, suggesting that differentiation of MSCs in cardiac 
cells had minimal, if any, contribution to MSC-mediated anti-
remodelling effect. This finding is in line with the results of 
Meier et al's study on the mechanisms of anti-fibrotic effect 
of MSCs in murine models of liver fibrosis.28 To address the 
problem, MSC encapsulation into alginate-polyethylene gly-
col microspheres was used to avoid direct contact between 
transplanted and recipient cells, allowing the analysis of solely 
the effects of soluble factors released by MSCs. With this ap-
proach, it was concluded that secreted factors play a key role 
in both anti-fibrotic and anti-inflammatory effects of MSCs.

The results here obtained may have important clinical 
implications. The use of living cells for treatment of MI is 
a complicated and expensive procedure, which is also asso-
ciated with certain risks of the patients. The consistency of 

our data with the results of other experimental studies on the 
major role of MSC secretome components in cardiac protec-
tion further supports the hypothesis that the use of live, though 
encapsulated, cells for MI therapy may be replaced with heart-
targeted delivery of certain growth factors and cytokines. To 
date, MSC secretome analysis has identified >200 unique pro-
teins.29 Therapeutic use of some growth factors from MSCs 
such as vascular endothelial growth factor (VEGF) and fi-
broblast growth factor 2 (FGF-2) was promising in preclini-
cal models of MI 30,31 but was not associated with sustained 
benefits in randomized clinical trials.32,33 Several reasons ac-
counted for the negative results of clinical trials. First, the in-
stability of systemically administered protein in the circulation 
results in a short-term effect. Second, angiogenic factors may 
cause the formation of capillary-like structures, which lack 
maturity because of the transient nature of the stimulus. Third, 
VEGF and FGF-2 may have serious side effects when used at 
the doses required for infarct size limitation. At least in part, 
these limitations could be circumvented by the use of locally 
released growth factors.34 Hydrogels such as alginate and gel-
atine are successfully used for sustained delivery of several 
growth factors with different release kinetics.35-37 Hao et al 
studied the effects of VEGF- and platelet-derived growth fac-
tor (PDGF)-loaded alginate hydrogel in rats with MI.36 They 
showed that intramyocardial injection of hydrogel incorporat-
ing both growth factors resulted in greater angiogenic effect 
and better LV function than the administration of hydrogels 
selectively loaded with VEGF or PDGF. Ruvinov et al tested 
alginate hydrogel sequentially releasing insulin-like growth 
factor-1 (IGF-1) and hepatocyte growth factor (HGF).37 
Animal experiments demonstrated increased scar thickness, 
decreased apoptosis and enhanced angiogenesis in the animals 
treated with growth factor-loaded hydrogel compared to those 
in animals treated with growth factors in saline. Similar results 
were obtained with albumin-alginate microcapsules that se-
quentially released FGF-2 and HGF.35 Finally, subcutaneous 
implantation of alginate scaffold incorporating three growth 
factors (VEGF, PDGF and TGF-β1) resulted in the maximal 
vascularization in the rat model.38 Despite the positive effects 
observed, further improvement of this approach by optimiza-
tion of parameters such as growth factor immobilization tech-
nique and its release kinetics is required before clinical trials 
can be contemplated.

An additional goal of this study was to evaluate the ar-
rhythmia incidence in the animals treated with intramyocar-
dial injections of free or encapsulated MSCs. It is generally 
known that myocardial transplantation of certain types of 
stem cells (eg skeletal myoblasts) increases the incidence of 
arrhythmias, resulting in increased risk/benefit ratio.39 The 
data on the putative proarrhythmic effects of MSC trans-
plantation are contradictory. Some studies demonstrated 
that MSCs could elicit arrhythmias in vitro 40 and in vivo,41 
while others documented decreased severity of postinfarct 
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ventricular arrhythmias after MSC administration.42 In this 
study, intramyocardial transplantation of either free or en-
capsulated MSCs did not increase the number of cardiac ar-
rhythmias in non-infarcted rats compared to sham operation, 
although the surgery itself caused increased arrhythmia inci-
dence during the first postoperative day.

The present study has several limitations. Cell retention 
in the myocardium was not measured, because we aimed to 
analyse the final effect of free and encapsulated cells admin-
istered at a dose previously shown to elicit maximal possible 
infarct-limiting effect in a similar model.13 The maintenance 
of MSC secretory phenotype was confirmed only by the de-
termination of the levels of TGF-β1, which we considered 
sufficient to prove the fact that encapsulated MSC retained 
the ability to produce key secretome components.

5  |   CONCLUSION

In conclusion, we developed an encapsulation protocol pre-
venting the integration of MSCs in the host myocardium. 
This approach was used as a tool to investigate the mecha-
nisms of MSC-mediated cardiac protection. It was demon-
strated that the secretion of paracrine factors represented the 
only mechanism of cell-based MI therapy with MSCs. These 
data may contribute to a more frequent use of growth fac-
tor combinations proved to be optimal for cardiac protection 
after irreversible ischaemic injury.
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