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Abstract
Stem cell (SC) therapy is a promising approach to improve post-myocardial infarction (MI) cardiac remodeling, but the proin-
flammatory microenvironment may lead to SC loss and, therefore, may have a negative impact on therapy. It appears that exercise
training (ET) improves myocardial microenvironment for SC transplantation. Therefore, we tested the effect of ET on post-
infarction retention of adipose-derived SCs (ADSCs) and its combined effects on the inflammatory microenvironment. Fischer-
344 female rats were randomized to one of the following groups: Sham; sedentary coronary occlusion who did not receive
ADSCs (sMI); sedentary coronary occlusion who received ADSCs; exercise coronary occlusion who received ADSCs. Rats
were trained nine weeks prior to MI, followed by ADSCs transplantation. The MI led to left ventricle (LV) dilation and
dysfunction, myocardial hypertrophy and fibrosis, and increased proinflammatory profile compared to Sham rats. Conversely,
ADSCs transplanted rats exhibited, better morphological and functional LV parameters; inhibition of myocardial hypertrophy
and fibrosis; and attenuation of proinflammatory cytokines (interleukins 1β and 10, tumor necrosis factor α, and transforming
growth factor β) in the myocardium compared to sMI rats. Interestingly, ET enhanced the effect of ADSCs on interleukin 10
expression. There was a correlation between cytokine expression and myocardial ADSCs retention. The. ET enhanced the
beneficial effects of ADSCs in infarcted myocardium, which was associated with higher ADSCs retention. These findings
highlight the importance of ET in myocardial retention of ADSCs and attenuation of cardiac remodeling post-infarction.
Cytokine analysis suggests improvement in ET-linked myocardial microenvironment based on its anti-inflammatory action.
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Introduction

Stem cells (SC) therapy holds significant promise to improve
post-myocardial infarction (MI) cardiac remodeling [1]. SC
can be isolated from several sources, including the bone mar-
row, umbilical cord, blood, dental pulp, skeletal muscle, skin,
and adipose tissue [2]. Adipose-derived stem cells (ADSCs)
have become one of the most promising stem cell populations
because they can be easily harvested in large quantities and
adipose tissue is relatively abundant [2, 3]. Furthermore, stud-
ies have shown the ability of ADSCs to engraft and differen-
tiate into several types of cells, and to secrete a wide range of
beneficial factors [4, 5].

Unfortunately, many factors lead to poor SC survival and
retention, including cell death, limited self-renewal in hypoxic
microenvironments, being pushed outwards from injection
sites as a result of compressive mechanical strain in the heart,
and oxidative stress [6–11]. Moreover, there is consensus that
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pro-inflammatory cytokines present at injury sites decrease
SC survival [12–14]. Thus, optimized retention of SC allows
sufficient time to release cell-derived bioactive factors and
may be directly related to long-term beneficial therapeutic
outcomes [15]. A direct association has been shown between
higher myocardial homing of injected cells and improvements
in cardiac performance [16–18].

The limitations stated above emphasize the need for ap-
proaches that improve the host myocardium before SC trans-
plantation, thereby increasing cellular retention and efficacy in
attenuating cardiac remodeling [19, 20]. Previous studies have
shown that exercise training (ET) may promote a favorable
microenvironment for SC. We recently showed that chronic
ET prior to MI enhanced the beneficial effects of ADSCs on
left ventricular (LV) dilation, myocardial performance, and
capillary density [21]. In a small nontransmural MI model,
Chirico et al. [22] showed that a single treadmill exercise
session prior to transplantation increased GFP+ bone
marrow-derived cells in the infarcted zone in mice. While
the results of this study have not been associated with alter-
ations in LV function, it is possible that an ET program could
increase the retention of exogenously infused ADSCs in the
myocardium, which could partially contribute to our previous
results [21]. Therefore, it should be determined whether ET
prior to MI has any effect on ADSC retention.

The purpose of the present study was to evaluate whether
chronic ET prior to MI may improve retention of ADSCs as
well as post-infarction cardiac remodeling in rats. Considering
that ET is closely associated with an anti-inflammatory effect
[23, 24], we hypothesized that a higher ADSC retention could
be associated with an improvedmyocardial inflammatory pro-
file. This issue is important because the local inflammatory
milieu affects both the survival of ADSCs and the adverse
remodeling of the myocardium [9].

Materials and Methods

Animal Care

Experiments were performed according to the Guide for the
Care and Use of Laboratory Animals’ prepared by the Institute
of Laboratory Animal Resources and published by the
National Institutes of Health (NIH Publication No. 86 − 23,
revised 1996). Animal ethics protocol was approved by the
Institutional Research Ethics Committee of the Federal
University of São Paulo (number: 2130010214) and investi-
gation was performed in agreement with the ARRIVE guide-
lines. In vivo and ex vivo experiments were performed under
ketamine (50 mg/kg) and xylazine (10 mg/kg) mixture (KX)
or isoflurane (3%, at 2 L/min O2 flow) anesthesia, and efforts
were made to minimize discomfort to animals. Animal`s
hearts were removed following rapid decapitation.

Animal Experiments

Fisher-344 female rats (140–180 g) were assigned to one of
the following experimental groups: Sham (n = 28); sMI, non-
trained rats subjected to MI (n = 31); sADSC, non-trained rats
subjected to MI and ADSC (n = 34); tADSC, trained rats sub-
jected to MI and ADSC (n = 32). Experimental design is illus-
trated in the Fig. 1 (see electronic supplementary material).

ET Protocol

The 9-week ET protocol included a 90-minute swimming ses-
sion a day, five days a week. The rats were preconditioned to
swim six consecutive days before initiating the protocol. The
duration of swimming was progressively increased by 15 min
each session, to achieve a period of 90 min on the sixth day.
This ET protocol has been shown to induce significant im-
provement in cardiorespiratory fitness and potentiate ADSC
action in the infarcted myocardium [21]. Moreover, insulted
ischemia/reperfusion rats that performed prior swimming
training (90 min/day) for four weeks had lower concentrations
of proinflammatory cytokines in their serum [25]. At the end
of training/no training period, rats were subjected to infarction
or simulated surgery (Sham group), and 48 h after MI, ADSC
were transplanted. Sham and sMI groups received culture me-
dium without ADSC.

MI Induction

Following the ET protocol, the surgical procedure to induce
chronic MI was performed in both trained and non-trained rats
according to a well-established technique [21]. Briefly, under
anesthesia (KX, intraperitoneal) and artificial ventilation
(Harvard Rodent Ventilator, Model 863; Harvard Apparatus,
Holliston, MA), a left thoracotomy was performed. After the
heart was exteriorized, the coronary artery was ligated with 6
− 0 polypropylene suture and the heart was placed back and
the thorax immediately closed. Sham rats were submitted to a
similar procedure, with the exception of coronary occlusion.

Echocardiography

Two and thirty days following the surgical procedure, rats
were anesthetized (KX, intraperitoneal) and the transthoracic
echocardiogram was performed using a 12 MHz transducer
(Sonos-5500, Hewlett-Packard, MA, USA). The MI size was
evaluated on transverse 2-dimensional view of the LVand rats
with MI size < 37% were excluded from the study [26, 27].
Measurements of end-diastolic (LVAd) and end-systolic
(LVAs) LV transverse areas were performed in the three trans-
verse planes (basal, medium, and apical) and LV systolic func-
tion was estimated by the fractional area change (FAC: LVAd-
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LVAs/LVAd x 100). Diastolic function was not evaluated ow-
ing to the fusion of the A and E waves.

LV Hemodynamic

The hemodynamic LVevaluation was carried out 30 days after
MI to analyze the following (Acknowledge Software, Biopac
Systems, Santa Barbara, ca., USA): systolic (LVSP) and end-
diastolic pressures (LVDP), rate of change in the pressure (dP/
dt), heart rate (HR), cardiac output (CO), and stroke work
(SW). Full protocol was described earlier by our laboratory
[26, 27]. After baseline evaluation, the hemodynamic study
was performed under afterload LV stress. Sudden afterload
stress was promoted by pressure overload using a single va-
soconstrictive phenylephrine injection (l-phenylephrine hy-
drochloride; Sigma–Aldrich), with the dose (15–25 mg/kg,
i.v.) adjusted for each animal to produce comparable blood
pressure increases of 50–70% over the baseline.

ADSC Extraction, Cultivation and Transplantation

Subcutaneous adipose tissue was extracted from five non-
trained male rats (Fisher-344) aged 12 weeks as described
earlier [21, 28]. ADSCs in 20 µL volume were stained with
trypan blue (0,4%) and viability was greater than 95%.
Approximately 1 × 106 ADSCs were suspended in 100 µL
culture medium (DMEM, Dulbecco’s modified Eagle’s medi-
um), and injected into the myocardium at five points along the
border zone by using a 30-gauge needle (BD Ultrafine, NJ,
USA) after the first echocardiography analysis [21, 28]. Both
Sham and sMI animals received injections of DMEM alone.

ADSC Myocardial Detection

ADSC detection was evaluated one hour and seven days after
transplantation by two methods: [i] cells labeled with
(111In)indium-oxine complex [ii] sex-determining region-Y
(SRY) chromosome of male donor cells [29–32]. Both analy-
ses were performed in sADSC and tADSC animals, according
to the methods described below. Figure 2; Table 1 show
radiolabeling stability and PCR primer sequences, respective-
ly (supplementary material).

111In-ADSC Preparation

111Indium-oxine (111InOx) was prepared in-house by re-
action of 111InCl3 and 8-hydroxyquinoline, following
published protocol and was used in experiments when
the radiochemical yield was more than 95% [29, 30].
ADSC labeling was done by adopting the protocol pub-
lished for leukocyte labelling [31]. ADSC suspension
was centrifuged, supernatant removed, and the pellet
suspended in 2 mL of phosphate buffered saline. Then,

1 mL solution containing 111InOx was added and the vial
was incubated at 37 °C for 20 min. After which, 3 mL of
DMEM supplemented with 10% fetal bovine serum and
1% penicillin-streptomycin, was added and centrifuged
for 5 min at 150 g. The labeling efficiency was evaluated
and determined as the ratio of the radioactivity contained
in the pellet to the total radioactivity (sum of radioactiv-
ity in the cells plus the discarded supernatant). The pellet
was suspended in a volume of 100 µl DMEM/1 × 106

cells for subsequent transplantation in the myocardium.
To analyze the radiolabeling stability, 1 × 106 labeled
111In-ADSC were incubated for 24 h and centrifuged
(Fig. 2). Radioactivity was measured in the pellet and
the supernatant, and values compared with the baseline
measurements. The washout rate determined by the ra-
dioactivity that exited the cells during 48 h is a measure
of the stability of labeling. To examine the possible del-
eterious effect of radiolabeling, the viability of 111In-
ADSC was determined by trypan blue assay.

In vivo 111In -ADSC Imaging Distribution

Two days after the MI induction, the radiolabeled 111In-
ADSCs were transplanted (12.2 ± 5.2 MBq/106 cells) and
monitored (one hour and seven days after transplantation) by
single-photon emission computed tomography (SPECT) im-
aging. One group of sMI animals received an injection of
111InCl3 (without ADSCs) to identify the radioisotope
biodistribution. Animals were anesthetized with 3%
isoflurane in O2 and placed in dorsal decubitus to obtain the
images. Computed tomography (CT) images were acquired
(plane detector, 45 kVp, and 390 µA) immediately before
the SPECT images for correct positioning of the cardiac area
in the center of the field of view (FOV) and to obtain anatom-
ical information for later fusion of the two imaging modalities.
Both SPECT and CT images were acquired using equipment
dedicated to small animals (Triumph Trimodality, Gamma
Medica Ideas Inc., ca., USA). SPECT images were acquired
using a two-detector camera (CZT detectors) with 5-pinhole
collimators of 1.0 mm-hole each. We obtained 64 projections
of 60 s each.

Ex vivo 111In-ADSC Distribution

At 1 h and 7 days post 111In-ADSCs injection, under
isoflurane anesthesia, animals were euthanized by heart extir-
pation. Interest organs, such as: heart, spleen, liver and kid-
neys were removed, weighted, and radioactivity was mea-
sured in a gamma counter. A standard radioactive sample
was used allowing to express uptake as percentage of injected
dose per gram of organ (% ID/g organ).
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Positron Emission Tomography (PET)

Considering the radiological safety, the rats could not be sub-
mitted to echocardiogram for determination of MI size, thus,
infarcted area size was evaluated by PET-CT analysis. Briefly,
seven days after ADSCs transplantation, 18–35 MBq of
(18F)FDG was administered in the caudal vein of the rats for
the acquisition of PET images. For suitable biodistribution,
images were acquired after 40 min of (18F)FDG injection.
Images were acquired for 5 min with the animal’s heart posi-
tioned in the center of FOV. This analysis was to identify
viable myocardial regions capable of metabolizing glucose
and to estimate necrotic areas.

SPECT, PET, and CT Image Processing

PET images were reconstructed by three-dimensional ordered
subset expectation maximization (3D-OSEM) algorithm
using 20 iterations and 4 subsets. SPECT images were recon-
structed by OSEM using five iterations and eight subsets and
using point spread function modeling. CT was reconstructed
by filtered back projection method using a general-purpose
filter. Images were analyzed by the cardiac module of the
PMOD™ software (PMOD Technologies Ltd., Zurich,
Switzerland).

mRNA Quantification Analysis

The mRNA expression analysis was conducted to: [i] quantify
donor male ADSC in the sADSC and tADSC groups as eval-
uated by SRY expression; [ii] to verify the inflammatory pro-
file as a consequence of MI, in the sham, sMI, sADSC, and
tADSC groups. The remote MI site (septum) was collected
from each animal, and mRNA assay was conducted as de-
scribed earlier [32]. Primers used are shown in Table 1 (sup-
plemental data).

Histology

Thirty days after MI, LV samples were collected and stained
with hematoxylin and eosin for nuclear volume measurement
and Picrosirius red for fibrosis evaluation, as described before
[26, 33].

Statistical Analysis

Shapiro-Wilk’s test was used to verify normality data and
Levene’s test was applied to assess the equality of variances.
Results were presented as a mean ± standard error of the
mean. The comparisons between the groups were made by
unpaired Student’s t-test, one-way ANOVA (post hoc:
Newman–Keuls) or two-way ANOVA (post hoc :
Bonferroni). Pearson’s correlation was used in the

correlations. Kaplan-Meier curves were used to define mortal-
ity. A p-value ≤ 0.05 was regarded as statistically significant.

Results

LV Morphology and Performance

The infarct size two days post-coronary occlusion was not
different between the experimental groups. There was an in-
crease in infarct size in the sMI group after a 30-day follow-
up, while infarcts were proportionally smaller in all ADSCs-
treated groups (Fig. 1a). LVareas were significantly increased
over 30 days, and ADSCs therapy attenuated cavity dilation
without the additive effect of ET (Fig. 1b-c). Decreased FAC
was seen after two days of coronary occlusion, in which sig-
nificant improvements in FAC were noted only in the tADSC
group over 30 days (Fig. 1d). Infarcted rats had overt LV
dysfunction as indicated by an increased LVEDP and de-
creased LVSP, +dP/dt and CO (Fig. 1e-i). The animals treated
with ADSCs injections (sADSC group) presented a higher +
dP/dt than the sMI group. There was an additional effect of ET
on ADSCs therapy as it restored LVSP, +dP/dt, -dP/dt, and
LVEDP as well as improved CO. On afterload stress (Fig. 1j),
all infarcted groups showed lower LVSP and higher LVEDP
values than the Sham group. CO and SW were reduced in the
sMI group compared to those in Sham rats, and there was no
beneficial effect from isolated ADSCs treatment.
Nevertheless, there was a positive effect from the combination
of ET with ADSCs as it restored CO and improved SW.

LV mass (Fig. 2a), the nuclear volume of the
cardiomyocytes (Fig. 2b/f), and collagen content (Fig. 2c/g)
were increased by MI at 30 days after MI. ADSC therapy
abolished myocardial hypertrophy and fibrosis without any
additive effect from ET. Figure 2d-e shows the expression of
the myosin heavy chain β (β-MHC) gene associated with
cardiac hypertrophy at one hour and seven days after trans-
plantation, respectively. sMI group shows marked activation
of the fetal gene. Attenuation ofβ-MHC values comparable to
levels seen in the Sham group is seen in the ADSC treated rats,
especially the tADSC group.

Stem Cell Detection

Rats received 111In-ADSC transplantation with mean radioac-
tivity of 11.7 ± 5MBq (Fig. 3a-b). At one hour post-transplan-
tation, higher ADSCs content was reported in the tADSC
group than in the sADSC group (Fig. 3d). Seven-day post-
transplantation analysis results show a significant decrease in
ADSCs, without a beneficial effect from ET. Results of SRY
expression show that the tADSC group had significantly
higher values of ADSCs at both time points when compared
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to the sADSC group (Fig. 3e). Other sites (i.e., spleen, liver,
and kidney) show no differences in radioactivity between the
sADSC and tADSC groups (Fig. 3f).

Myocardial Inflammation

Rats with infarction had higher levels of pro-inflammatory
cytokines as well as interleukin 10 (IL-10) compared to
Sham rats (Fig. 4a/h). ADSCs therapy resulted in lower inter-
leukin 1β (IL-1β), interleukin 6 (IL-6), and tumor necrosis
factor α (TNF-α) levels, and increased IL-10 expression was

noted only after seven days of cell transplantation. All proin-
flammatory cytokines (i.e. IL-1β, IL-6, TNF-α, and
transforming growth factor β (TGF-β)) were lower in the
tADSC group compared to those in sMI rats. It is noteworthy
that tADSC group had significantly higher IL-10 levels than
other experimental groups at one hour and seven days post-
transplantation. An analysis of the ratio of anti/pro-
inflammatory cytokines confirms enhanced activity of the
combination therapy (ET +ADSC) in an improvement of the
anti-inflammatory profile (Fig. 4b/I). The increases in IL-1β,
TNF-α, and TGF-β were negatively correlated with the re-
duced ADSC content at one hour (Fig. 4c-f) and seven days

Fig. 1 Morphologic and functional data. Panel A: MI size; Panel B: left
ventricle diastolic area (LVAd); Panel C: left ventricle systolic area
(LVAs); Panel D: fractional area change (FAC); Panel E: left ventricular
systolic pressure (LVSP); Panel F: maximal rate of pressure rise (+ dP/
dtmax); Panel G: maximal rate of pressure decline (–dP/dtmax); Panel H:
left ventricular end-diastolic pressure (LVEDP); Panel I: cardiac output
(CO); Panel J: changes in the hemodynamic parameters induced by

sudden afterload stress, expressed as percent change from baseline. SW,
stroke work. Positive or negative values result from an increase or de-
crease in the related parameter, respectively. Two-way repeated ANOVA
and Bonferroni were applied in CO comparisons. One-way ANOVA and
Newman-Keuls were applied for comparisons in the hemodynamic eval-
uation (n = 10/group). *p < 0.05 vs.. Sham; †p < 0.05 vs.. sMI; ‡p < 0.05
vs.. sADSC
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(Fig. 4j-m) post-transplantation, respectively. On the other
hand, increased IL-10 expression was positively correlated
with larger amounts of ADSCs (Fig. 4g/n).

Survival

Thirty-day follow-up showed lower survival of sMI and
sADSC rats compared to sham rats (Fig. 5). However, the
survival in the tADSC group was higher compared to rats in
the sMI group but similar to the Sham group.

Discussion

The present study evaluated the combined effect of prior ET
and ADSCs transplantation in post-infarction cardiac remod-
eling. It appears that ET enhanced the effects of ADSCs ther-
apy. Our data also illustrate that cardiac ADSC retention can
be further improved by ET, and these findings were associated
with a lower pro-inflammatory profile.

We undertook this study to know and overcome one of the
main limitations for successful SCs therapy, a high inflamma-
tory response post-infarction promoting an unfavourable mi-
croenvironment [34, 35] leading to low ADSCs retention and
survival [35]. Thus, developing approaches to increase cell
viability and retention seem to improve SCs therapy [6, 36].
Zhang et al. reported that application of photobiomodulation
to myocardium prior to SC transplantation enhances cell sur-
vival rate by 2-fold and increase the number of newly formed
capillaries [20]. Recently, we showed preconditioning by ET
potentiates the cardioprotective effects of ADSCs after MI by
inducing an angiogenic milieu that stimulates survival factors
such as Akt signalling [21]. In this study, ET was used to
create a propitious microenvironment for ADSCs, and this
premise was based on the evidence that ET may promote
significant anti-inflammatory profile in animals [37, 38]. In
this regard, we have previously shown that prior ET decreased
cytokine expression after MI [24], and other authors have
reported lower plasma levels of TNF-α and IL-6 and higher
blood levels of IL-10 in rats subjected to treadmill running
post-MI [23]. The association between decrease in pro-
inflammatory cytokines and ADSCs with reduction/
inhibition of inflammation may benefit cellular therapy, as

Fig. 2 Biometric data. Panel A: left ventricle mass (LV mass); Panel B:
nuclear volume (arrows); Panel C: collagen (%); Panel D: levels of the
mRNA of myosin heavy chain β (β-MHC) following one hour post-
ADSC transplantation; Panel E: levels of the mRNA of β-MHC follow-
ing seven days post-ADSC transplantation; Panel F: representative pho-
tomicrographs of hematoxylin-eosin stain (magnification x40; arrows

illustrate cardiomyocyte nuclei; scale bar: 50 µm); Panel G: representative
photomicrographs of picrosirius red (magnification x40; Scale bar: 50
µm). One-way ANOVA and Newman-Keuls were applied for compari-
sons in the histologic (n = 06/group) and mRNA (n = 06/group) *p < 0.05
vs.. Sham; †p < 0.05 vs.. sMI; ‡p < 0.05 vs.. sADSC

735Stem Cell Rev and Rep  (2020) 16:730–741



shown in earlier studies of attenuated apoptosis and increased
SC survival in rats receiving cytokine antagonists [12, 14].

Our findings support the hypothesis that aerobic exercise
increases the retention of exogenously infused SC. This was
originally shown by Chirico et al. [22] in exercised mice with
small epicardial MIs subjected to GFP+ bone marrow-derived
cells. Here, ADSCs were detected based on two monitoring
methods. As seen in Fig. 3, there was an inconsistency be-
tween radiolabeling with indium-oxine and the SYR gene
expression findings at seven days. Although we have found
that there is no loss of cellular radioactivity at 48 h post-
indium incubation (Fig. 2, in supplementary data), it is possi-
ble that radionuclides decay with longer incubation (i.e. seven
days). This was found consistently using 111In-oxine incorpo-
ration in human SC, which was an adequate method for mon-
itoring transplanted cells by serial SPECT/CT imaging for at
least two days with the following decline in radioactivity [31].
Together with SPECT/CT analysis, we also used qRT-PCR as
an establishedmethod to evaluate homing of the implanted SC
[29, 39]. Consequently, it can be assumed, at least experimen-
tally, that long-term myocardial ADSCs measurements re-
quire more than one detection method because SYR gene

expression is far more reliable than direct ADSCs
radiolabeling.

In the present study, ETenhanced the benefits of ADSC by
reducing IL-1β at one hour and IL-6 at seven days post-trans-
plantation. Moreover, the combination of ADSC with prior
ET may be the most effective treatment for increasing myo-
cardial IL-10 levels. These results have important implications
because a hostile proinflammatory microenvironment is
linked to reduced retention and functionality of the SCs [8,
40]. For example, using skeletal muscle precursor cells,
Suzuki et al. reported that the number of cells was two-fold
greater in mouse hearts subjected to IL-1β inhibition com-
pared with that of the control group [12]. In fact, a hostile
microenvironment with a burst of inflammatory cytokines
has an inverse relationship with the survival of transplanted
cells [12, 14]. To our knowledge, there are no studies exam-
ining the repercussions of an increased level of IL-10 on the
graft and function of ADSCs in the infarcted myocardium.
However, a study showed that treatment with IL-10 increased
retention of transplanted endothelial progenitor cells in the
myocardium and was associated with minor apoptosis post-
MI [41]. Thus, increased IL-10 levels may have contributed to

Fig. 3 In vivo and ex vivo distribution of radiolabeled compounds. Panel
A: control experiment. The activity of 111Indium-oxine (111InOx)
complex without ADSC binding. White arrows indicate the distribution
of 111InOx. Panel B: representative images of the activity of 111In-ADSC.
White arrows indicate the distribution of 111In-ADSC. Panel C: cardiac
tissue metabolism after (18F)FDG injection. (18F)FDG rich regions are
marked in red, according to scale. White arrows indicate MI area. Panel

D: amount of 111In-ADSC in the heart after one hour and seven days of
transplantation. Values are expressed as mean percentage of radioactivity
immediately post-transplantation (sADSC, n = 03 and tADSC, n = 05).
Panel E: levels of SRY gene, one hour and seven days after transplanta-
tion (n = 05/group). Panel F: 111In-ADSC in spleen, liver and kidney, 7
days after transplantation (n = 05/group). Unpaired Student’s t/group -test
was applied for the comparisons
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greater myocardial ADSCs in exercised rats. However, it is
necessary to clarify how the mode of cell death, whether by
necrosis or apoptosis, could be influenced by lower IL-1β and
IL-6 expression as well as by higher IL-10 expression in
tADSC rats. We also may not be able to determine if the
phenotypic and functional characteristics of ADSCs were
changed in the trained animals compared to sADSC rats.

Although the cause-effect relationship of inflammation and
ADSCs retained in the myocardium cannot be obtained from
our data because correlation analyses indicate the inferential
direction of the variables, a less proinflammatory environment
found in the tADSC group as demonstrated by the IL-10/

proinflammatory cytokine ratio has important implications.
It is likely that various complicating factors are involved in
cytokine-related inflammation as in increased necrosis and
apoptosis [42]. Moreover, there is a body of data showing that
high levels of proinflammatory cytokines and lower levels of
anti-inflammatory IL-10 contribute to cardiac remodeling and
increased morbidity and mortality risk in patients with ische-
mic heart failure [43]. Therefore, it could be that a better in-
flammatory profile in trained rats may have improved the
effect of ADSCs on post-infarct LVremodeling. It is important
to emphasize the most pronounced IL-10 content in tADSC
rats because a key role of IL-10 has been reported to mediate

Fig. 4 Inflammatory profile, one hour and seven days after ADSC
transplantation (n = 10/group). Panel A: mRNA levels of the
inflammatory cytokines, one hour after transplantation. IL-1β:
interleukin 1β; IL-6: interleukin 6; TNF-ɑ: tumor necrosis factor ɑ;
TGF-β: transforming growth factor β1; IL-10, interleukin 10; Panel B:
anti/pro-inflammatory cytokine ratios. Panels C-G: correlation between
the gene expression of inflammatory cytokines and SRY, one hour after

transplantation; Panel H: mRNA levels of the inflammatory cytokines,
seven days after transplantation. Panel I: anti/pro-inflammatory cytokine
ratios. Panels J-N: correlation between the gene expression of inflamma-
tory cytokines and SRY, seven days after transplantation. One-way
ANOVA and Newman-Keuls were applied for the comparisons.
Pearson’s correlation was used for the correlations. *p < 0.05 vs.. Sham;
†p < 0.05 vs.. sMI; ‡p < 0.05 vs.. sADSC
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the beneficial effects of cell therapy [29, 41]. Improved
ADSCs retention in the tADSC group may also be a result
of increased Akt and angiogenic factors in the myocardium. It
has recently been shown that the combination of ADSCs ther-
apy with prior ET was associated with increased Akt activity,
improved VEGF expression and increased capillarity in the
border zone [21]. Therefore, it is assumed that this improved
myocardial capillarity may benefit the survival of transplanted
ADSCs as a result of better oxygen and nutrient intake.

Earlier studies are unclear whether ETcould synergize with
SC to improve cardiac performance. Chirico et al. [22] inoc-
ulated mice with bone marrow SC after myocardial cryoinjury
and demonstrated no additive effect of ETon ejection fraction.
Likewise, Lovaroto et al. [44] showed no additional benefit in
LV function in infarcted rats treated with ET combined with
bone marrow SCs. On the other hand, Cosmo et al. [45]
injected bone marrow SC in infarcted rats, and 30 days after
injury subjected the animals to 30 days of swimming. They
found that the LV ejection fraction was improved only in an-
imals with a combined treatment. Such improvement of car-
diac function was recently shown by us, in which ET before
ADSCs transplantation appeared to prevent LV systolic dys-
function and to boost the effects of cellular therapy on myo-
cardial inotropism [21]. We present here an extension to these
findings by showing that ET combined with post-ADSCs
transplantation resulted in superior functional benefits such
as enhanced FAC, +dP/dt, -dP/dt, LVEDP, and CO compared
to isolated ADSCs therapy. These effects persisted even under
LV afterload stress, in which CO and SW was better in the
tADSC group than in the sADSC group. It is important for the
maintenance of cardiac ejection up to certain levels of over-
load, indicating that the heart is able to respond effectively to
increased resistance to LV emptying, even though they have
large infarcts [27]. The best cardiac function results in this
study compared to that of previous investigations may be ex-
plained by differences in the route of administration of SC. In
studies by Chirico et al. [22] and Lavaroto et al. [44], the SCs
were injected into the vein, while we and Cosmo et al. [45]

have adopted an intramyocardial route. It has been previously
demonstrated that intramyocardial injection is the most effi-
cient route in terms of cardiac cell retention [35]. Therefore, a
greater amount of SC in the myocardium could enable a great-
er interaction with ET and result in more pronounced cardiac
functional benefits. Previous studies have started ET after
multiple weeks [45] or near SC transplantation [22, 44].
However, in the present study, the rats were trained for several
weeks prior to cell transplantation and thus, the myocardial
milieu was likely most appropriate for ADSCs therapy. It is
more important to consider translating greater ADSC retention
to potentiate restorative processes in myocardium including
including activation of resident or remote endogenous stem
cells, secretion of immunomodulatory and trophic factors, sta-
bilization of the extracellular matrix, and enhanced vasculari-
zation [46, 47].

Our last finding was the distinction between the survival
curves of tADSC and sMI rats. Although the mechanisms by
which ET prolong survival in advanced cardiopathy of
ADSCs-treated rats have yet to be established, a better systolic
performance can have significant influence. For example, on-
ly tADSC rats exhibited FAC values greater than 40% during
the follow-up study. According to the univariate analysis of
our previous study on female rats with post-infarction heart
failure, FAC values less than or equal to 37% were associated
with a shorter survival time [48]. It should be noted that sur-
vival curves between the sADSC and tADSC groups were
separated early in the follow-up, but no significant differences
were detected. The current study was not designed to primar-
ily examine survival, which requires a more expressive sam-
ple of animals and a longer follow-up period [49, 50]. These
factors limit the interpretation of our survival data because
they may reduce the power of analysis.

Some limitations of the study related to the experimental
design show to be addressed. Although our main aim was to
evaluate the role of prior ET on ADSC retention and cardiac
remodeling in infarcted rats, the effect of the isolated ET on
the LV function, myocardial inflammation and micro-

Fig. 5 Kaplan-Meier survival
curve. Log-rank test with
Bonferroni correction was applied
for the comparisons

738 Stem Cell Rev and Rep  (2020) 16:730–741



environment cannot be clarified because of the lack of trained
rats submitted toMI without ADSC. Additionally, our study is
limited to evaluate the gene profile of inflammatory cytokines
and will require protein level validation at the same myocar-
dial site in which mRNA samples were harvested. Lastly, it is
well established that high levels of physical fitness are asso-
ciated with reduced developing heart failure and mortality in
patients with cardiovascular disease [51–53]. This issue was
not addressed in this study, which would clarify whether the
combination of ADSCs therapy with ETcould result in a more
effective improvement in the functional fitness of infarcted
rats.

In summary, this study highlights the beneficial role of ET
preconditioning in increasing myocardial retention of ADSCs
and attenuating cardiac remodeling post-MI in rats. Analysis
of anti-inflammatory cytokine expression shows an improve-
ment in the ET linked myocardial microenvironment. The
broad and significant impact of increased ADSC retention
and further improvement in cardiac remodeling contributes
to longer survival found only in the tADSC group.
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