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Abstract
Background: Poor viability of transplanted mesenchymal stem cells (MSCs)within the ischemic heart has
limited their therapeutic potential for cardiac repair. We have recently demonstrated that adiponectin
(APN) inhibits the apoptosis of MSCs under hypoxia and serum-deprivation conditionsin vitro. This study
investigated whether APN could promote the survival of MSCs in vivoand further contribute to cardiac
repair after acute myocardial infarction (AMI), via the adenosine monophosphate-activated protein
kinase(AMPK)pathway.  Methods: Rats were randomized into six groups: the Sham, AMI control, and 4
other groups that were subjected to AMI followed by treatment with MSCs, APN, APN + MSCs and APN +
MSCs + AMPK inhibitor. MSCs labeled with CM-Dil were injected through the jugular vein in 24 hours post
AMI. At 4-week after AMI, engraftment of MSCs to the peri-infarct myocardium was evaluated. Cardiac
function was assessed using echocardiography and left heart catheterization. Apoptosis and �brosis
were measured with TUNEL and Masson’s trichrome staining. H&E staining and immunohistochemistry
against CD 68 and CD 206 were performed to assess the in�ltration of in�ammatory cells. Expressions of
in�ammatory cytokines were determined with ELISA. Immunostaining against smooth muscle cell marker
α-smooth-muscle actin (α-SMA) and endothelial cell marker CD31 antibodies were performed to assess
arteriogenesis and angiogenesis. Results: APN treatment signi�cantly enhanced the engraftment and
survival rate of transplanted MSCs accompanied by markedly improved cardiac function and decreased
infarct size at 4-week after AMI. Combined administration of APN and MSCs markedly suppressed
in�ammatory response, speci�cally promoted shift of in�ltrated macrophages to anti-in�ammatory
phenotype.Combined administration of APN and MSCs also signi�cantly inhibited cardiomyocytes
apoptosis, while increased arteriogenesis and angiogenesis in the peri-infarct myocardium when
compared with MSCs transplantation alone. These protective effects of APN were associated with AMPK
phosphorylation, which were almost completely reversed by AMPK pathway inhibitor. Conclusions:  Our
results demonstrated that APN could improve the survival and therapeutic e�cacy of transplanted MSCs
after AMI through AMPK activation.Our study suggests the potential application of APN for improvement
of stem cell-based heart repair and regeneration.

Introduction
Stem cells therapy has been recognized as an attractive therapeutic option to treat cardiovascular
diseases during the past decades [1–3]. Among them, mesenchymal stem cells (MSCs) were among the
most promising cell types due to their ability to help repair the injured heart via multiple mechanisms [4,
5]. However, data indicated that there appeared to be slight improvement of left ventricular ejection
fraction (LVEF) after stem cells transplantation for acute myocardial infarction (AMI) [6, 7]. This was
probably attributed to the limited engraftment and poor survival of transplanted MSCs after being
exposed to the hostile environment including in�ammation [8], various pro-apoptotic factors and low
vascularization [9, 10]. Hence, developing strategies to attenuate the hostile environment and promote
MSCs engraftment and survival are paramount to enhance the effectiveness of cell therapy for
myocardial infarction [11].
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Adiponectin (APN) is an adipokine with pleiotropic cardioprotective effects [12, 13], which indicates great
potential of improving the myocardial environment after AMI. Moreover, it has recently been proposed to
participate in tissue regeneration and promote the survival of several stem cells [14–16], including the
proliferation and migration of MSCs [17]. Most importantly, our recent study has veri�ed that APN inhibits
the apoptosis of MSCs induced by hypoxia and serum deprivation, which mimics the ischemic conditions
in vitro, via the adenosine monophosphate-activated protein kinase (AMPK) pathway [18]. So, in the
present study, we further investigated the effect of APN on the survival and therapeutic e�cacy of MSCs
in vivo in a rat model of AMI, and the role AMPK played in the process.

Material And Methods
Ethics statement

This study was performed in strict accordance with the Chinese guidelines for the care and use of
laboratory animals. All animals received humane care and the experimental protocol was approved by the
Care of Experimental Animals Committee of Beijing Anzhen Hospital.

Animals and grouping

A total of 85 Sprague-Dawley rats were randomized into six groups: Sham operation (Sham) (n=10), the
AMI control (AMI) (n=15), the APN injection only group (APN) (n=15), the MSCs transplantation only
group (MSCs) (n=15), the APN combined with MSCs group (APN + MSCs) (n=15) and the additional use
of AMPK inhibitor Compound C group (APN + MSCs + AMPK inhibitor) (n=15). MSCs labeled with CM-Dil
were injected through the jugular vein in 24 hours post AMI. Globular APN (1 μg/g/d, Biovision, USA) was
administered daily intraperitoneally from 20 minutes after AMI for a week, as described previously [19].
Compound C (20 μg/g/d, Selleckchem, USA) were injected intraperitoneally once a day from 20 minutes
after AMI until the end of the study.

MSCs isolation, culture and delivery 

Isolation and culture of adult rat bone marrow MSCs were performed as previously described [20]. In brief,
bone marrow was harvested from the tibia and femur of Sprague-Dawley rats (60-80g, male) and plated
into cell culture �asks with complete medium in an incubator set at 37 °C containing 5% CO2 and 95% air.
The complete medium was consisted of Iscove’s Modi�ed Dulbecco’s Medium (IMDM, Gibco, USA), 10%
fetal bovine serum (Gibco, USA) and 1% penicillin-streptomycin (Gibco, USA). The d-glucose (dextrose)
concentration of IMDM is 25mM. All cells used in the experiment were passage 3.

Prior to transplantation, MSCs were labeled with CellTracker CM-Dil (Molecular Probe, Invitrogen, USA).
2.0 × 106 CM-Dil-labeled MSCs in a total volume of 0.5ml phosphate-buffered saline (PBS) were injected
through the tail vein 1-week post AMI as described previously [21]. The control group received the same
volume of cell-free PBS.
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Establishment of acute myocardial infarction model

The AMI model was established as previously described [22]. Brie�y, AMI was induced by permanent
ligation of the proximal left anterior descending coronary artery (LAD) with a 6-0 polyester suture 1-2 mm
from the tip of the left atrial appendage. The sham-operation group received the same procedure without
coronary ligation.

Detection of MSCs engraftment and survival

To explore the role of APN on MSCs survival following intravenous infusion, the hearts were harvested at
4-week after AMI. Hearts were embedded in Tissue-Tek OCT compound (Sakura) and cut into 5 mm-thick
serial sections, and nuclei were stained with DAPI. The sections were analyzed using a laser scanning
confocal microscope (Leica, Germany). The excitation wavelengths were 561 nm and 405 nm for
detection of CM-Dil and DAPI. The numbers of labeled MSCs were quanti�ed by an independent blinded
researcher in 10 randomized high-power �elds (600 ×) per animal.

Assessment of cardiac function by echocardiography and catheterization

Transthoracic echocardiography was performed at 1-week (baseline) and 4-week (endpoint) after AMI
with a 12-MHz phased-array transducer (Sonos 7500, Phillips). After two-dimensional images were
obtained, the hearts were measured in M-mode from the parasternal long axis view at the papillary
muscle level. The left ventricular end-systolic diameter (LVESd) and end-diastolic diameter (LVEDd) were
detected. Left ventricular ejection fraction (LVEF) and left ventricular fractional shortening (LVFS) were
calculated using the follows equations: LVEF (%) = (LVEDd)3 − (LVESd)3]/(LVEDd)3 × 100%, and LVFS (%)
= (LVEDd − LVESd)/ LVEDd × 100%. Variations of LVEF and LVFS were calculated as the number of
endpoint deducting that of baseline.

Left heart catheterization was performed at 4-week after AMI to assess cardiac function. The left
ventricular pressure curve was recorded, and the data of the left ventricular end-diastolic pressure
(LVEDP), as well as the left ventricular pressure maximal rate of rise and fall (±dp/dtmax) were recorded.

Histological assessment of infarct size and in�ammation

At 4-week post AMI, the animals were sacri�ced, and the heart tissues were collected. The hearts were
�xed in 10% formalin for the preparation of para�n sections. The para�n sections were stained with
Masson's trichrome and Hematoxylin-Eosin (H&E). The infarct sizes are expressed as percentages of the
total left ventricular areas (�brotic area/total left ventricular area × 100%). H&E staining was performed to
evaluate the degree of neutrophils in�ltration. The densities of neutrophils in the peri-infarct myocardium
were determined from 10 randomly selected areas in a blinded fashion based on morphology of nuclei
and cell size, as described previously [23]. To further evaluate the level and phenotype of macrophages
in�ltration, immunohistochemistry against CD68 (M1 marker) and CD206 (M2 marker) were performed.
The sections were processed as aforementioned histological procedure and incubated overnight with
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primary rabbit anti-CD68 (Abcam, 1:1,000 dilution) and CD206 (Abcam, 1:1,000 dilution) antibodies at
4°C followed by incubation with the goat anti-rabbit IgG (Beyotime, China, 1:200 dilution) secondary
antibody and color reaction with the DAB kit. The stained sections were examined under microscope in 5
high-power �elds (HPF) randomly chosen �elds. The results of in�ammatory cells in�ltration were
described as follows: the number of neutrophils / mm2, CD68+ cells / HPF and CD206+ cells / HPF.

Assessment of cardiomyocytes and MSCs’ apoptosis with TUNEL assay

For apoptosis analysis, TdT-mediated dUTP nick-end labeling (TUNEL) In Situ Cell Death Detection
(Roche, Mannheim, Germany, 11772465001) was performed according to the manufacture’s instruction.
The samples were �xed in OCT medium. TUNEL-positive cells were examined under �uorescence
microscope at 200 × magni�cation in 5 randomly chosen �elds. Nuclei were stained with DAPI and
presented as blue color while apoptotic nuclei were green. The results were presented as the percentage
of apoptotic cells / total cells.

Determination of pro- and anti-in�ammatory cytokines in heart tissues with ELISA

Quantitative immunoassay was used for evaluating expressions of interleukin-6 (IL-6), tumor necrosis
factor-α (TNF-α) and interleukin-10 (IL-10) in peri-infarct area at the endpoint according to manufacturer’s
protocol (R&D Systems, USA). Tissues from the peri-infarct regions of myocardium were homogenized.
IL-6, TNF-α and IL-10 supplied by the kit were used to plot standard curve. Optical density of each sample
was detected by Enzyme-labeling measuring instrument at the wavelength of 450nm, and the
concentration was determined on the standard curve. All the measurements were repeated for 3 times to
obtain arithmetic average.

Evaluation of arteriogenesis and angiogenesis using immunohistochemistry and immuno�uorescence
staining

Immunohistochemistry and immuno�uorescence staining were performed to evaluate vessel density in
peri-infarct areas. Sections were �xed in 4% paraformaldehyde, rinsed with PBS, and blocked with 0.1%
PBS-T containing 1% BSA. The sections were processed as aforementioned histological procedure and
incubated overnight with primary rabbit anti-α-smooth muscle actin (α-SMA, Abcam, 1:1,000 dilution)
antibodies at 4°C followed by incubation with the goat anti-rabbit IgG (Beyotime, China, 1:200 dilution)
secondary antibody and color reaction with the DAB kit. After co-incubated with rabbit anti-CD31 (1:300,
Abcam, Cambridge, MA) at 4°C overnight, sections were washed with PBS, and co-incubated with goat
anti-rabbit Alexa Fluor 488 (Cell Signaling Technology, Danvers, MA, #4412, 1:500) secondary antibody
(R&D systems, Minneapolis, MN, NL007, 1:100). After washing, the nuclei were counterstained with DAPI
(Invitrogen). The sections were analyzed under a laser scanning confocal microscope FV1000 (Olympus)
and 5 random high-power �elds were chosen per animal.

Detection of AMPK phosphorylation with Western blot analysis
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Tissues were extracted from peri-infarct regions of the myocardium. Protein concentrations were
measured with a BCA assay. To detect the expression of AMPK and phospho-AMPK (p-AMPK) in the heart
tissue, 50 mg of protein lysate was resolved by SDS-PAGE, transferred to nitrocellulose membranes (Life
Technologies), and blocked with 5% non-fat dry milk. The primary antibodies used were as follows: β-
actin (1:1000, Cell Signaling Technology, Danvers, MA), AMPK (1:1000, Cell Signaling Technology,
Danvers, MA) and p-AMPK (1:1000, Cell Signaling Technology, Danvers, MA). Target protein signals were
normalized to β-actin as a loading control (1:1000 dilution; Zhongshanjinqiao, China). After washing, the
membranes were incubated for 1 h at room temperature in blocking solution containing the peroxidase-
conjugated secondary antibodies. Next, the membranes were washed and processed for analysis using a
Chemiluminescence Detection Kit (Pierce) according to the manufacturer's instructions. Densitometry
analysis was completed using Quantity One software.

Statistics

All the data were described as mean ± SD, and analyses were performed with GraphPad Prism software
(Version 6.0c, GraphPad Software, La Jolla, CA). Statistical signi�cance among groups was evaluated
with One Way ANOVA followed by post hoc LSD-test, and a value of p < 0.05 was considered statistically
signi�cant.

Results
APN treatment facilitated the engraftment and survival of MSCs in peri-infarct myocardium

In accordance with the protective effect of APN on MSCs in vitro observed in our previous study, APN
treatment improves the engraftment and survival of transplanted MSCs in vivo at 4-week after infarction.
As shown in Figure 1, there were few CM-Dil positive cells in the border zone of ischemic myocardium in
rats treated with MSCs-only. In comparison, the combined administration of APN and MSCs markedly
increased CM-Dil positive cells in the peri-infarct myocardium (15.78 ± 2.88% vs. 8.02 ± 2.26%, p < 0.05),
suggesting that APN treatment might increase the engraftment and survival potential of transplanted
MSCs in post-infarct cardiac tissue.

APN adjuvant with MSCs treatment improved cardiac function and attenuated adverse remodeling

According to the cardiac dimensions and function results assessed with echocardiography, the AMI rats
did not exhibit any differences at the baseline in different groups, validating the reliability and
consistency of the established AMI models (Table S1). At 4-week post AMI, the rats in MSCs-only group
demonstrated signi�cantly enhanced value of change in LVEF (ΔLVEF) and LVFS (ΔLVFS), compared
with those in the AMI control group. Compared with MSC-only treated group, APN combined with MSCs
(APN + MSCs) treatment induced a more signi�cant improvement in LVEF (8.77 ± 2.32% vs. 5.32 ± 2.99%
by MSCs treatment, p < 0.05) and LVFS (5.10 ± 1.45% vs. 2.97 ± 1.68% by MSCs treatment, p < 0.05)
(Figure 2A and 2B). Moreover, rats in APN + MSCs group also exhibited signi�cantly reduced values of
change in LVEDd (ΔLVEDd) and LVESd (ΔLVESd) (Figure 2C and 2D), indicating the attenuation of
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ventricular structural remodeling. In addition, the left heart catheterization results revealed that
combination regimen of APN and MSCs resulted in a signi�cantly reduced LVEDP and increase in
+dp/dtmax and -dp/dtmaxin comparison with MSCs-only treatment (Figure 2E-2G, Table S2).

APN adjuvant with MSCs treatment reduced myocardial infarct size

We performed Masson’s trichrome staining of the heart tissue at 4-week after infarction. As shown in
Figure 3, transmural infarction existed in all groups of rats developed with AMI model. There were
thinning anterior wall, dilated LV chamber, severe �brosis and large infarct size in the hearts of AMI
control rats. Compared with AMI control group, there were smaller infarct size in the hearts of both APN
(25.79 ± 2.42% vs. 37.95 ± 5.12%, p < 0.05) and MSCs-treated rats (27.87 ± 1.88% vs. 37.95 ± 5.12%, p <
0.05). The combined delivery of APN and MSCs reduced the infarct size to a larger extent compared with
MSCs transplantation alone (21.38 ± 3.57% vs. 27.87 ± 1.88%, p < 0.05).

APN adjuvant with MSCs treatment inhibited in�ammation in peri-infarct myocardium

We performed histological analysis at 4-week after infarction to assess the in�ltration of in�ammatory
cells (Figure 4, Table S3). As shown in Figure 4A, H&E staining and immunohistochemistry (IHC)
demonstrated massive in�ltration of neutrophils and CD68+ macrophages in peri-infarct region in the AMI
group, which was inhibited by MSCs- or APN- alone treatment (p < 0.05). The combined therapy of APN +
MSCs further signi�cantly reduced neutrophils (13.57 ± 4.60 vs. 24.10 ± 2.55, p < 0.05) and CD68+

macrophages in�ltration (16.00 ± 6.22 vs. 34.71 ± 7.09, p < 0.05) compared with MSCs treatment alone
(Figure 4B, 4C). In comparison, IHC staining with CD206 showed that MSCs signi�cantly increased the
number of CD 206+ macrophages in the peri-infarct region compared with AMI group (p < 0.05), while
combined regimen of APN + MSCs further increased the CD206+ macrophages compared with MSCs-only
group (117.70 ± 27.99 vs. 85.55 ± 13.48, p < 0.05) (Figure 4A, 4D). To further quantitatively assess the
in�ammatory response, we measured the levels of in�ammatory cytokines in the myocardial tissues by
ELISA. As shown in Figure 4E to 4G, compared with AMI group, the administration of MSCs effectively
reduced the levels of pro-in�ammatory cytokines IL-6 and TNF-α, while increased the level of anti-
in�ammatory cytokine IL-10 in peri-infarct myocardium (p < 0.05). Combined administration of APN and
MSCs further signi�cantly decreased the expression of IL-6 (8.90 ± 1.51 pg/mg vs. 4.31 ± 3.82 pg/mg, p <
0.05) and TNF-α (5.29 ± 1.26 pg/mg vs. 9.39 ± 0.63 pg/mg, p < 0.05), and increased the level of IL-10
(12.29 ± 2.20 pg/mg vs. 9.40 ± 0.65 pg/mg, p < 0.05) in comparison with MSCs treatment alone.

APN adjuvant with MSCs treatment inhibited cardiomyocytes and MSCs’ apoptosis in peri-infarct region

We performed TUNEL staining to evaluate the apoptosis of cardiomyocytes and transplanted MSCs. As
shown in Figure 5A and 5B, AMI-induced cardiomyocytes apoptosis at the border zone of infarct
myocardium was signi�cantly reduced with the transplantation of MSCs (p < 0.05). Administration of
APN alone was also associated with a decline of apoptotic cardiomyocytes in the peri-infarct
myocardium (p < 0.05). Combined therapy with APN and MSCs, with greatly improved engraftment of
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MSCs, induced a more signi�cant reduction in the number of apoptotic cardiomyocytes compared with
MSC-only group (13.57 ± 4.60% vs. 24.10 ± 2.55%, p < 0.05). Notably, in line with the anti-apoptotic effect
of APN on MSCs in vitro, TUNEL results also showed a signi�cant reduction of apoptosis of transplanted
MSCs in APN + MSCs group compared with MSCs-only group in vivo (27.57 ± 3.95% vs. 38.30 ± 4.98%, p
< 0.05) (Figure 5C).

APN adjuvant with MSCs treatment enhanced arteriogenesis and angiogenesis in peri-infarct
myocardium

Immunostaining against smooth muscle cell marker α-smooth-muscle actin (α-SMA) and endothelial cell
marker CD31 antibodies were performed at 4-week after AMI to assess arteriogenesis and angiogenesis
in peri-infarct myocardium, respectively. As shown in Figure 6, the number of both α-SMA and CD 31
positive vessels in MSCs transplantation group were markedly enhanced compared with AMI group (p <
0.05). Moreover, combined administration of APN and MSCs further improved α-SMA (13.80 ± 3.11 vs.
7.60 ± 1.52, p < 0.05) and CD 31 positive vessels (23.20 ± 6.06 vs. 12.80 ± 1.48, p < 0.05) compared with
MSCs transplantation alone.

APN enhanced the therapeutic effect of MSCs transplantation through the AMPK pathway

As shown in Figure 7, APN signi�cantly increased the phosphorylation of AMPK in the peri-infarct
myocardium. The combined therapy with APN and MSCs further activated AMPK phosphorylation, which
could be markedly reversed by AMPK inhibitor, compound C. Further, we found that the improved survival
of MSCs brought by APN was attenuated with the administration of compound C (p < 0.05), which
implied the potential role of AMPK played in this process. More importantly, the bene�cial effects of APN
+ MSCs on cardiac function recovery, infarct size reduction, anti-in�ammatory and anti-apoptotic effects,
and enhancement of arteriogenesis and angiogenesis were all markedly diminished with the
administration of the AMPK-inhibitor (Figure 1 – 6, Table S4), indicating that these abovementioned
bene�cial effects of APN + MSCs treatment were mainly attributed to AMPK pathway activation.

Discussion
Our present study provides novel laboratory evidence extending the previous report by showing that APN
adjuvant with MSCs transplantation provides a promising strategy for cardiac repair and regeneration
after AMI. It has been shown that limited engraftment and poor survival rate of transplanted MSCs in peri-
infarct myocardium are the primary barriers that limit the effectiveness of cell therapy [8–10]. On the
basis of our recent in vitro study showing APN inhibits the apoptosis of MSCs induced by hypoxia and
serum deprivation [18], in this study, we further proved that APN signi�cantly enhanced the survival of
transplanted MSCs in the peri-infarct myocardium in vivo, with resultant improved cardiac function,
attenuated ventricular remodeling and reduced infarct size. At the cellular level, the underlying
mechanisms may involve the inhibition of in�ammation, especially the promotion of macrophages
change into anti-in�ammatory phenotype, the reduction of cardiomyocytes apoptosis, and the increment
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of arteriogenesis and angiogenesis in the peri-infarct myocardium. Further, at the molecular level, the
above-mentioned bene�cial effects were associated with the AMPK pathway activation (Fig. 8).

Besides the well-established metabolic-regulatory and cardioprotective effects, APN was recently found to
be a tissue regenerating hormone [14] and participate in promoting the survival of hematopoietic stem
cells [15], bone marrow mononuclear cells [24], mesoangioblasts [25] and endothelial progenitor cells
[26]. Speci�cally, APN also has some bene�cial effects in terms of MSCs, including facilitating MSCs
osteogenesis under osteogenic induction [27, 28], enhancing MSCs resistance to �ow shear stress [29]
and regulating the mobilization and recruitment of MSCs to participate in tissue repair and regeneration
[17, 30]. Most importantly, our recent in vitro experiment has shown that APN promotes the survival of
MSCs under the hypoxic and serum deprivation condition, which mimics the ischemic environment [18].
In the �eld of cardiac repair, recent study has found another adipokine, leptin, also confers anti-apoptotic
effect and enhances therapeutic effects of MSCs after myocardial infarction [31]. However, the effects of
APN on the survival of MSCs under the hostile microenvironment after infarction and the e�cacy of
cardiac repair and regeneration have never been investigated so far.

Our present study showed that the engraftment and survival of MSCs in the peri-infarct myocardium were
signi�cantly increased with the APN treatment, accompanied with markedly improved cardiac function
and decreased infarct size at 4-week after AMI. Compared with the genetic [32–34] and nongenetic
modi�cations [35, 36] employed to enhance stem cell engraftment and survival, we have previously
proved that the interventions aimed at improving the quality of local microenvironments to facilitate
survival and biological behavior of transplanted cells are similarly effective and clinically practicable
[20–23, 37–40].

In addition, the present study revealed that the remarkable bene�cial effects of APN on MSCs survival
and the following cardiac repairs were mediated by the activation of AMPK, which correlates well with our
in vitro study that AMPK mediated the inhibitory effects of APN on the apoptosis of MSCs [18]. The
activation of AMPK by APN is critical in cellular responses to metabolic stress involving energy
generation and consumption [19, 41–43], thus mediating the protective effects of APN on the survival of
MSCs [18, 29]. Our data revealed that APN induced sustained phosphorylation of AMPK in myocardium
at 4-week post AMI, and the application of inhibitors of AMPK signi�cantly inhibited the protective effect
offered by APN. Taken together, these �ndings strongly indicate that AMPK pathway is critically required
in the protective actions of APN on MSCs survival and cardiac repair. This is the �rst attempt to elucidate
the signals involved in APN-mediated protective properties in MSCs under infarcted myocardial
microenvironment.

Furthermore, the present study has found that the cellular mechanisms underlying the striking therapeutic
effects are mainly associated with anti-in�ammation, anti-apoptosis activity, and enhancement of
arteriogenesis and angiogenesis by synergism of APN and MSC transplantation.

Post-myocardial wound healing consists of a number of complex in�ammatory events that are both time-
and cell-type-dependent. Neutrophils and macrophages in�ltrate injured tissue in large numbers early
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after ischemia and participate in tissue repair. In particular, polarization of macrophages (a proper shift
toward M2 macrophages) would help to prevent excessive scar formation and remodeling, and may have
signi�cant clinical implications attenuating in�ammatory cytokines [44, 45]. In recent years, it has
become clear that the therapeutic properties of stem cells are related to their capacity to modulate the
in�ammatory and immune response [5, 46–48]. A previous study has demonstrated that MSCs switch
macrophages into a regulatory phenotype characterized by increased expression levels of IL-10 and
reduced levels of TNF-α in vitro [49]. A recent in vivo study also showed that MSCs might promote the
phenotype of the in�ltrated macrophages shift to anti-in�ammatory M2 and modulate the immunologic
environment after myocardial infarction [50]. In line with these studies, our present study also
demonstrated that MSCs transplantation increased the number of M2 (CD206+) macrophages, while
combined administration of APN and MSCs further improved the macrophages shift to M2 phenotype.
These results were con�rmed by the decrease of in�ammatory cytokines IL-6 and TNF-α, and an elevation
of anti-in�ammatory cytokine IL-10. It is reasonable to believe that the modi�cation of the cytokine-rich
unfavorable environment by regulation of the balance between M1 and M2 macrophages may result in a
promoted survival of therapeutic MSCs.

Besides, both MSCs and APN were shown to protect cardiomyocyte from apoptosis [41, 51], which is the
main contributor of the massive cardiomyocytes death in the infarcted heart. Consistent with these
�ndings, we demonstrated in this study that both MSCs and APN treatment decreased the number of
apoptotic cardiomyocytes in peri-infarct myocardium, while APN adjuvant with MSC could further
profoundly suppress apoptosis. Of particular note, our results also showed a signi�cant reduction of
apoptosis of transplanted MSCs in APN combined with MSCs group compared with MSCs-only group,
which is in consistency with our previous study demonstrated that APN inhibited the apoptosis of MSCs
under hypoxia and serum-deprivation conditions in vitro. In addition, the maintenance of vessel density
led to the preservation of cardiac function and protection against the ventricular remodeling in AMI
model. Pro-angiogenesis is a well-known paracrine mechanism through which MSCs exert
cardioprotective effect [52]. APN also has pro-angiogenesis effect, which might be attributable to
enhanced migration and function of endothelial progenitor cells [26, 53]. In this study, we also found that
APN adjuvant with MSCs treatment promoted arteriogenesis and angiogenesis in peri-infarct regions,
which could further help to repair the damaged heart.

Conclusion
In conclusion, for the �rst time, this study has documented experimental evidence showing that a
combination of APN and MSCs transplantation may have a synergism in regeneration and repair of
myocardial function and morphology post-infarction. APN treatment could effectively enhance survival of
transplanted MSCs in the infarcted tissue, accompanied by functional bene�ts resulting from cell
transplantation. The data from the present study suggest APN + MSCs combination regimen as a
promising strategy for the further improvement of the clinical therapeutic e�cacy of MSCs in patients
with AMI.
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Abbreviations
MSCs
mesenchymal stem cells
APN
adiponectin
AMI
acute myocardial infarction
AMPK
adenosine monophosphate-activated protein kinase
LVEF
left ventricular ejection fraction
IMDM
Iscove’s Modi�ed Dulbecco’s Medium
PBS
phosphate-buffered saline
LAD
left anterior descending coronary artery
LVESd
left ventricular end-systolic diameter
LVEDd
left ventricular end-diastolic diameter
LVFS
left ventricular fractional shortening
LVEDP
left ventricular end-diastolic pressure
H&E
Hematoxylin-Eosin
TUNEL
TdT-mediated dUTP nick-end labeling
IL
interleukin
TNF-α
tumor necrosis factor-α
α-SMA
α-smooth muscle actin
IHC
immunohistochemistry
NE
neutrophils
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HPF
high power �eld
CM-Dil
1,1’-dioctadecyl-3,3,3’,3’-tetramethylindocarbocyanine perchlorate
DAPI
4’6-diamidino-2-phenylindole dihydrochloride
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Figure 1

Engraftment and survival of transplanted MSCs labeled with CM-Dil. (A): Representative image of CM-Dil-
labeled cells in the peri-infarcted myocardium at the end of 4 weeks post AMI. (B): Quantitation of CM-Dil-
labeled cells in the peri-infarcted myocardium per high power �eld (HPF) in each group. The number of
CM-Dil positive cells in the APN + MSCs group was markedly increased compared with MSCs-only group,
which was signi�cantly decreased with the treatment of AMPK-inhibitor. n = 10 in each group. # p < 0.05
compared with MSCs group; $ p < 0.05 compared with APN+MSCs group. AMI: acute myocardial
infarction; APN: adiponectin; MSCs: mesenchymal stem cells; AMPK: adenosine monophosphate-
activated protein kinase; CM-Dil: 1,1’-dioctadecyl-3,3,3’,3’-tetramethylindocarbocyanine perchlorate; DAPI:
4’6-diamidino-2-phenylindole dihydrochloride. Scale bar = 50 μm.
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Figure 2

Assessments of cardiac function with echocardiography and left heart catheterization. (A-D): The change
values of LVEF, LVFS, LVEDd and LVESd from baseline (1-week post AMI) to endpoint (4-week post AMI).
(E-G): The values of LVEDP, dp/dtmax and −dp/dtmax detected at endpoint, respectively. At the baseline,
the LVEF, LVFS, LVEDd and LVESd did not differ between AMI rats in different groups. At the endpoint, the
combination regimen of APN and MSCs demonstrated a signi�cant improvement in LVEF, LVFS,
dp/dtmax and −dp/dtmax, which was signi�cantly abrogated with the treatment of AMPK inhibitor. The
values of change in LVEDd (ΔLVEDd), LVESd (ΔLVESd) and LVEDP at the endpoint were all dramatically
reduced in APN + MSCs group compared with those in MSCs-only group, which were signi�cantly
increased with the addition administration of AMPK inhibitor. n=10 for each group. * p < 0.05 compared
with AMI group; # p < 0.05 compared with MSCs group; & p < 0.05 compared with APN group; $ p < 0.05
compared with APN + MSCs group. AMI: acute myocardial infarction; APN: adiponectin; MSCs:
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mesenchymal stem cells; AMPK: adenosine monophosphate-activated protein kinase; LVEF: left
ventricular ejection fraction; LVFS: left ventricular fractional shortening; LVEDd: left ventricular end-
diastolic dimension; LVESd: left ventricular end-systolic dimension; LVEDP: left ventricular end-diastolic
dimension; dp/dtmax: left ventricular pressure maximal rate of rise; −dp/dtmax : left ventricular pressure
maximal rate of fall.

Figure 3

Measurement of left ventricular infarct size using Masson’s trichrome staining. (A): Representative
images of Masson’s trichrome staining in each group. (B): Quantitative data for the left ventricular infarct
size. Compared to all other group, the APN + MSCs group had the smallest infarct size, which was
signi�cantly reversed with the treatment of AMPK inhibitor. n = 10 in each group. * p < 0.05 compared
with AMI group; # p < 0.05 compared with MSCs group; & p < 0.05 compared with APN group; $ p < 0.05
compared with APN + MSCs group. AMI: acute myocardial infarction; APN: adiponectin; MSCs:
mesenchymal stem cells; AMPK: adenosine monophosphate-activated protein kinase. Scale bar = 2 mm.
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Figure 4

Assessments of in�ammatory response in each group. (A): Representative images of H&E staining, CD68
and CD206 immunohistochemistry in each group (×200). (B): Quantitative data for the in�ltration of
neutrophils. (C, D): Quantitative data for the number of CD68+ and CD 206+ macrophages. APN + MSCs
signi�cantly reduced in�ltration of neutrophils and CD 68+ macrophages, while increased the number of
CD206+ macrophages. These effects were signi�cantly reversed with the treatment of AMPK inhibitor. (E-
G): Measurement of IL-6, TNF-α and IL-10 expressions in the peri-infarct myocardium with ELISA. APN +
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MSCs signi�cantly reduced pro-in�ammatory cytokines IL-6 and TNF-α, while increased the level of anti-
in�ammatory cytokine IL-10. These effects were signi�cantly reversed with the treatment of AMPK
inhibitor. n=10 in each group. * p < 0.05 compared with AMI group; # p < 0.05 compared with MSCs group;
& p < 0.05 compared with APN group; $ p < 0.05 compared with APN + MSCs group. AMI: acute
myocardial infarction; APN: adiponectin; MSCs: mesenchymal stem cells; AMPK: adenosine
monophosphate-activated protein kinase; IL: interleukin; TNF: tumor necrosis factor. Scale bar = 200 μm
(H&E), 100 μm (CD68, CD206).

Figure 5
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Assessments of cardiomyocytes and MSCs’ apoptosis using TUNEL staining. (A): Representative images
of TUNEL staining in each group (×200). (B): Ratio of apoptotic cardiomyocytes to total cells in each
group. (C): Ratio of apoptotic MSCs to total cells in each group. APN + MSCs group induced a signi�cant
reduction in apoptotic cardiomyocytes and MSCs, both of which were signi�cantly reversed with the
treatment of AMPK inhibitor. * p < 0.05 compared with AMI group; # p < 0.05 compared with MSCs group;
& p < 0.05 compared with APN group; $ p < 0.05 compared with APN + MSCs group. AMI: acute
myocardial infarction; APN: adiponectin; MSCs: mesenchymal stem cells; AMPK: adenosine
monophosphate-activated protein kinase. CM-Dil: 1,1’-dioctadecyl-3,3,3’,3’-tetramethylindocarbocyanine
perchlorate; DAPI: 4’6-diamidino-2-phenylindole dihydrochloride; TUNEL: TdT-mediated dUTP nick-end
labeling. Scale bar = 75 μm.

Figure 6

Arteriogenesis and angiogenesis evaluated by α-SMA and CD31 staining. (A): Representative images of α-
SMA staining in peri-infarct myocardium in each group. Arrow: α-SMA positive vessels. (B): Arteriogenesis



Page 23/24

was evaluated with number of α-SMA positive vessels per HPF. (C): Representative images of CD31
staining in peri-infarct myocardium in each group. (D): Angiogenesis was evaluated with number of CD31
positive vessels per HPF. APN + MSCs signi�cantly increased ateriogenesis and angiogenesis compared
with MSCs alone, which was signi�cantly reversed with the treatment of AMPK inhibitor. * p < 0.05
compared with AMI group; # p < 0.05 compared with MSCs group; & p < 0.05 compared with APN group; $
p < 0.05 compared with APN + MSCs group. AMI: acute myocardial infarction; APN: adiponectin; MSCs:
mesenchymal stem cells; AMPK: adenosine monophosphate-activated protein kinase; DAPI: 4’6-
diamidino-2-phenylindole dihydrochloride; α-SMA, α-smooth muscle actin. Scale bar = 100 μm.

Figure 7

AMPK phosphorylation was assessed with Western blot. (A): Representative images of p-AMPK and
AMPK expressions in each group. (B): Quantitative data for the p-AMPK / AMPK in each group. APN
signi�cantly increased the phosphorylation of AMPK in the myocardium. The combined therapy with APN
and MSCs further activated AMPK phosphorylation, which could be markedly reversed by AMPK inhibitor.
* p < 0.05 compared with AMI group; # p < 0.05 compared with MSCs group; & p < 0.05 compared with
APN group; $ p < 0.05 compared with APN + MSCs group. AMI: acute myocardial infarction; APN:
adiponectin; MSCs: mesenchymal stem cells; AMPK: adenosine monophosphate-activated protein kinase.
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Figure 8

Schematic diagram of APN effects on MSCs survival and therapeutic e�cacy in AMI. Adiponectin (APN)
enhances the survival rate of transplanted mesenchymal stem cells (MSCs) via the activation of AMPK
pathway. This augments the cardioprotective effects of MSCs on suppressing in�ammatory response,
inhibiting cardiomyocytes apoptosis, and enhancing arteriogenesis and angiogenesis in the peri-infarct
myocardium. These bene�cial effects further results in markedly improved cardiac function and
decreased infarct size after acute myocardial infarction.
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