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ORIGINAL INVESTIGATION
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effect of adipose‑derived regenerative 
cells against ischemic cardiomyopathy 
through enhanced expression of adiponectin 
and modulation of macrophage phenotype
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Abstract 

Background:  The efficacy of cell transplantation in heart failure is reportedly modest, but adjuvant drugs combined 
with cell therapy may improve this efficacy. Peroxisome proliferator-activated receptor (PPAR)γ, one of the hypoglyce-
mic medicine for diabetes mellitus, reportedly enhances cytokine production in adipose tissue-derived regenerative 
cells (ADRCs). We hypothesized that combined administration of PPARγ agonists and ADRCs may enhance the parac-
rine effects of adiponectin (APN), leading to functional recovery in a chronic myocardial infarction (MI) model.

Methods:  ADRCs were isolated from adipose tissues of adult rats by gradient centrifugation and embedded in bio-
compatible fibrin-glue to produce ADRCs grafts. In the in vitro study, the ADRCs grafts released APN, which was sig-
nificantly enhanced by the PPARγ agonist (PGZ, pioglitazone). Transplantation of ADRCs grafts (group A), ADRCs mixed 
with PGZ (group AP), APN knockdown-ADRCs (group Si) or PGZ (group P) onto the epicardium or a sham operation 
(group C) was performed (n = 10–20 per group).

Results:  The AP group showed significant improvement in ejection fraction compared to that in the other groups. In 
the AP group, a significantly larger number of M2-polarized macrophages was detected and existed for a significantly 
longer duration in the infarct area. Furthermore, comparing Si group and P group, western blotting of T-cadherin 
revealed that exogenous APN and local expression of T-cadherin were essential to this histological change and recov-
ery of cardiac function.

Conclusions:  Combined administration of PPARγ agonist and ADRSCs activated M2-polarized macrophages with 
enhancement of APN paracrine effects and lead to better cardiac function in a rat infarction model.
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Introduction
Ischemic cardiomyopathy is a major cause of death and 
is an independent predictor of mortality in all cardio-
myopathy types [1, 2]. Treatment strategies, such as heart 
transplantation or ventricular assist device implantation, 
have been used to treat patients with severe heart failure; 
however, problems such as scarcity of donors and serious 
complications have hindered the success of these treat-
ment strategies [3]. Recently, several studies of regen-
erative medicine and clinical trials of cell transplantation 
have been conducted worldwide [4].

Although myoblasts, mesenchymal system stem cells, 
and bone-marrow stem cells have been reported as can-
didates for cell therapy in ischemic cardiomyopathy, they 
are clinically ineffective in treating severe heart failure 
[5].

The enhancement of cytokine secretion and prolonga-
tion of cell survival have been targeted to improve the 
effectiveness of cell therapy. Several studies have reported 
that transfection of genes into cells, preconditioning of 
cells with drugs, or combination of cells and drugs might 
enhance the potential of cell therapy [6, 7].

PPARγ agonists, which is one of the hypoglycemic 
agent for diabetic patients, have been shown to act on 
adipocytes, promote adipokine secretion, and induce adi-
pocyte differentiation of progenitor cells [8–10]. The pro-
tective effect of adipokines on the myocardium has been 
reported [11, 12]. In particular, adipokines have been 
shown to have direct anti-apoptosis and anti-inflamma-
tory effects on cardiomyocytes in ischemic reperfusion 
injury and may thus play an adjuvant role during cell 
therapy via cytokine-paracrine effects.

In addition, adipose-derived regenerative cells 
(ADRCs), including mesenchymal stem cells, vascular 
smooth muscle cells, and endothelial and blood cells iso-
lated from subcutaneous fat tissues, have been proposed 
as freshly isolated cells that can be used for cell therapy 
without culture and with clinical evidence of their effec-
tiveness in treatment of acute myocardial infarction [13, 
14].

In this study, we investigated whether PPARγ agonists 
act as adjuvants to ADRCs therapy in a rat ischemic car-
diomyopathy model via enhanced cytokine secretion.

Methods
Study protocol, generation of MI model, 
and transplantation
An MI model was generated by permanent ligation of 
the left anterior descending artery (LAD) in 7–8-week-
old male Crl/Crlj LEW rats. The rats were anesthetized 
by isoflurane inhalation (Mylan, Inc., Canonsburg, PA, 
USA). Two weeks after LAD ligation, ADRCs (A group, 
n = 20), ADRCs combined with pioglitazone (final 

concentration of PGZ: 10  μm; AP group, n = 20), APN 
knockdown ADRCs (Si group, n = 10), or PGZ were 
grafted onto the surface of the anterior left ventricular 
(LV) wall covering the infarct area, or a sham operation 
was performed (C group, n = 22). Rats were anesthetized 
excessively with isoflurane inhalation and euthanized 3, 
7, 14, and 56 days after transplantation (Figs. 1a, 2).

For clinical application, xenogeneic transplantation 
of human-derived ADRCS into nude rat and intracoro-
nary and intramyocardial syngeneic administration of 
ADRCs derived from LEW rats were performed to evalu-
ate the therapeutic effects of human-derived ADRCs and 
to compare the transplantation methods, respectively 
(Additional file 1: Method 1; Additional file 1: Figure S6).

Generation of adipocyte‑derived regenerative cell fibrin 
grafts
Inguinal adipose tissues were harvested from 9-week-old 
male LEW rats (WT; male Crl/Crlj), minced aseptically, 
and incubated in Hank’s balanced buffered saline con-
taining 0.1% collagenase type I at 37 °C for 1 h. The cell 
extracts were passed through 100 μm and 70 μm filters, 
and then centrifuged to obtain ADRC pellets. Freshly iso-
lated ADRCs were examined for surface molecule expres-
sion using flow cytometry (Additional file 1: Method 2), 
followed by APN knockdown using siRNA (Additional 
file  1: Method 3). Fibrinogen and thrombin solutions 
were prepared using a Beriplast P Combi-Set Tissue 
adhesion kit (CLS Behring. Co., Ltd., King of Prussia, 
PA, USA) according to the manufacturer’s instructions. 
Briefly, solution A, containing 4.8  mg of fibrinogen and 
5 × 106 cells, and solution B, containing 9  IU thrombin, 
were diluted with D-MEM to a final volume of 200  μL 
(Table  1). Solutions A and B with or without ADRCs 
and/or pioglitazone (final concentration 10  μM, Sigma-
Aldrich, St. Louis, MO, USA) were mixed by pipetting 
onto the culture dish to form round-shaped grafts. The 
grafts were incubated at 37  °C to enforce fibrinogen 
polymerization, yielding culture–free cell-sheets, which 
we referred to as ADRC/fibrin grafts (Fig.  1b, c, Addi-
tional file 2).

The secretion of HGF, VEGF, APN, IL-6 and IL-10 into 
the ADRCs grafts culture supernatant was assessed by 
ELISA. Fibrin grafts were harvested 24, 48, and 72 h after 
culture and were analyzed histologically.

Assessment of cardiac function and survival
Cardiac function was assessed using an echocardiog-
raphy system equipped with a 12  MHz transducer (GE 
Healthcare, Little Chalfont, UK) every week. The LV 
dimensions were measured, and LV ejection fraction 
was calculated as (LVDd3 − LVDs3)/LVDd3 × 100, where 
LVDd and LVDs are the LV end-diastolic and end-systolic 
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dimensions, respectively. The rats were housed in a tem-
perature-controlled incubator for 56 days after treatment 
to determine survival.

Histological analysis of hearts
Fixed heart sections were stained with pico-Sirius red. The 
red-stained infarct area and interstitial fibrosis in areas 
remote to the infarctions were quantified by computer-
ized planimetry using MetaMorph Software (Molecular 
Devices, San Jose, CA, USA). To assess cardiomyocyte 
diameter, heart sections were stained with periodic acid-
Schiff. A BZ-900 Analyzer (Keyence, Osaka, Japan) was 
used for quantitative morphometric analysis. To analyze 

the vessels in the peri-infarct area, heart sections were 
stained with anti-von Willebrand factor. Capillary den-
sity was calculated in the peri-infarct area. To stain mac-
rophages, paraffinized sections (4  μm) of hearts were 
stained with antibodies against CD 68 (ab125047, rabbit 
polyclonal; Abcam, Cambridge, UK), CD206 (ab646933, 
rabbit polyclonal; Abcam) or CD11c (ab11029, mouse 
monoclonal; Abcam). The secondary antibodies were Alexa 
488 goat anti-rabbit and 555 goat anti-mouse antibodies 
(Life Technologies, Carlsbad, CA, USA). Counterstain-
ing was performed with 6-diamidino-2-phenylindole (Life 
Technologies).
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Fig. 1  Study protocol and scenery graft preparation. a Study protocol and groups of the in vivo experiment. UCG​ Ultrasonocardiography, PCR 
polymerase chain reaction, ELISA enzyme-linked immunosorbent assay, ADRCs adipose-derived regenerative cells, PGZ pioglitazone. b Formation 
of round-shaped grafts with cells suspended in fibrinogen and thrombin solution on culture dishes immediately after cell isolation and just before 
implantation. c Intraoperative photograph showing the grafts being placed onto the surfaces of the hearts
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Quantitative real‑time PCR
The expression of myocardial genes related to angio-
genesis, vessel maturation, and inflammation 3, 7, 
14  days, and 8  weeks after treatment was assessed by 
quantitative reverse transcription PCR. Total RNA was 
extracted from the peri-infarct area and areas remote 
to the infarcted myocardium using an RNeasy mini kit 
(Qiagen GmbH, Hilden, Germany), according to the 
manufacturer’s instructions. For each sample, 1  µg of 
total RNA was converted to cDNA with Omniscript 
RT (Qiagen) and analyzed with Taqman Gene Expres-
sion Assay primers for each gene (Applied Biosystems, 
Foster City, CA, USA) and a ViiA 7 real-time PCR sys-
tem (Thermo Fisher Scientific, Waltham, MA, USA). 
Data were normalized to glyceraldehyde-3-phosphate 

dehydrogenase (GPDH) expression levels and the cor-
responding mRNA level of normal LEW rat hearts. Rel-
ative gene expression was determined using the ΔΔCT 
method.

Western blotting
Frozen heart specimens were minced and resuspended in 
RIPA lysis and extraction buffer (Thermo Fisher, Tokyo, 
Japan) supplemented with complete EDTA-free protease 
inhibitor cocktail tablets (Roche, Basel, Switzerland). 
Lysates were homogenized with Tissue Lyser II (Qiagen) 
and sonicated to shear genomic DNA, and protein was 
then quantified by the bicinchoninic acid (BCA) assay 
(Thermo Fisher Scientific). Protein lysates were boiled 
with Laemmli sample buffer (Bio-Rad, Hercules, CA, 
USA) at 95 °C for 5 min.

Protein samples were run on 8–16% MINI PROTEAN 
TGX gel (Bio-Rad), transferred to nitrocellulose mem-
branes, and probed with the following polyclonal anti-
bodies in Starting Block (TBS) Blocking Buffer (Thermo 
Fisher Scientific): anti-human cadherin-13 antibody 
(1:2000, R&D Systems, Minneapolis, MN, USA) and rat 
anti-beta-actin antibody (Abcam), followed by incuba-
tion with horseradish peroxidase-conjugated secondary 
antibodies at 1:5000 dilution. Signals were detected with 
an ECL system (Bio-Rad), visualized with ChemiDoc 
XRS and quantitated with ChemiDoc software (Bio-Rad).

Fig. 2  Relationship between implanted graft and ischemic heart. The ADRCs and PGZ in graft was implanted on the surface of the heart. PGZ is 
thought to act on the cells in graft, pericardial adipocyte and residual cardiomyocytes, and enhance the APN production in these cells. Furthermore 
factors that affect the phenotypical change of macrophage and characteristics of these macrophage are shown

Table 1  Final concentrations of  ADRCs, fibrinogen, 
thrombin, and  pioglitazone solutions used to  prepare 
the grafts

Composition Concentration Total (μL)

Solution A Fibrinogen 60 μL (4.8 mg) 200

ADRCs/D-
MEM ± 50 μM PGZ

5.0 × 106/140 μL

Solution B Thrombin 30 μL (9 unit) 200

D-MEM 170 μL
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Statistical analysis
Data are given as mean ± SEM. All analyses were per-
formed using JMP 13 (SAS Institute Inc., Cary, NC, 
USA). Differences were considered statistically signifi-
cant at P < 0.05.

The data distributions were checked for normality 
with the Shapiro–Wilk test and for equality of variances 
with the Bartlett test. Paired t-tests were performed to 
compare data before and after treatment. Comparisons 
between 2 groups were made using the unpaired t test 
or the Wilcoxon–Mann–Whitney U-test. For com-
parisons among 3 or more groups, parametric multiple 
comparisons were performed using one-way ANOVA, 
followed by Tukey’s test. Non-parametric multiple 
comparisons were performed using the Kruskal–Wal-
lis test, followed by the post hoc pairwise Wilcoxon–
Mann–Whitney U-test.

Results
Characteristics of ADRCs and its’ grafts
Characteristics of rat ADRCs and FACS gate setting are 
shown in Table 2 and in Fig. 3a–c respectively.

Cross-sectional analysis of the small-scaled ADRC 
grafts by HE staining revealed a regular structure 
approximately 10  mm in diameter and 500–600  µm 
thick (Fig.  3d–f ). Cells in the grafts were mixed well 
with fibrinogen and distributed wholly, and there was 
no apparent macroscopic change in shape but the cell 
in AP group ovalized over time (Fig. 3k). With oil red-O 
staining, adipogenic differentiation of progenitor cells 
was observed in ADRCs. Fatty droplet-positive ADRCs 
were observed in grafts (Fig. 3g, h).

The conditioned media contained various factors, 
such as VEGF, HGF, IL-6, and IL-10. Notably, the con-
centration of adiponectin (APN) increased after addi-
tion of PGZ and decreased with si-RNA treatment over 
time (Fig. 3i, j, Additional file 1: Figure S1).

ADRCs engraftment and changes after transplantation
ADRCs were transplanted to cover infarct areas (Fig. 4a, 
b). Two weeks after implantation, the ADRCs grafts had 
vascular networks to the epicardium, but no apparent 
invasion of transplanted cells into the recipient myocar-
dium was observed (Fig.  4b, c). The ADRCs survived, 
even 4  weeks after transplantation, and contained adi-
pocytes and connective tissues, and APN was expressed 
in the cytoplasm of surviving ADRCs and in the residual 
cells at the anterior LV wall (Fig. 4d, Additional file 1: Fig-
ure S2).

Effects of ADRC grafts on cardiac performance and survival
Cardiac performance was evaluated by 2D echocardiog-
raphy every week after implantation (Fig. 5e, f ). Both the 
diastolic and systolic LV dimensions were similar among 
the A, AP, Si, and P groups. In contrast, LV ejection frac-
tion was significantly greater in the AP group than that 
in the A, C, and Si groups (Fig.  5a–d; Additional file  1: 
Figure S3-A, B, C and D). Mortality was substantial until 
70  days after LAD ligation in the C group. In contrast, 
in the ADRC groups, there was no mortality after trans-
plantation, indicating a significant difference in survival 
(Fig. 5g). Furthermore, cardiac function was maintained 
for 16 weeks after ADRC implantation, and no mortality 
was observed during that period (data not shown).

Histological changes to the myocardium 
after transplantation
Two weeks after implantation, the C group showed typi-
cal MI with a large anterior LV scar, dilatation of the LV 
cavity, and cardiomyocyte hypertrophy. There was no 
difference in fibrotic area among the groups during this 
early period, but a difference was observed 8 weeks after 
transplantation. In addition, semiquantitative assessment 
showed significantly less interstitial fibrosis in the ADRC 
groups than in the C group (Fig. 6a, b, Additional file 1: 
Figure S3-E and F). The diameter of the cardiomyocytes 
was significantly smaller in the ADRC groups (Fig. 6c, d, 
Additional file 1: Figure S3-G, H, and I, S4), and higher 
capillary densities and less collagen accumulation were 
observed in the ADRC groups (Fig. 6e, f, Additional file 1: 
Figure S3-J and K). Sixteen weeks after transplantation, 
autopsy of the brain, lungs, heart, thymus, liver, kidney, 
and spleen was performed, and the safety of the proce-
dure was confirmed when no neoplasia formation was 
detected.

ADRCs‑induced macrophage polarization 
into the anti‑inflammatory subtype
It was observed that macrophages infiltrated the infarc-
tion area in all groups and stayed at the infarct and 

Table 2  Summary of  the  cell populations in  manually 
isolated cells

Three lots of cells were characterized by flow cytometry as described in 
“Methods” section

Speculated cells ASC EC/EPC VSMC/pericytes Blood cell

CD45 – – – +
CD90 + + – –

CD73 + + + ±
CD11b – – – ±
CD31 – + – –

% in isolated cells 11.3 ± 2.9 1.9 ± 1.3 3.0 ± 1.2 6.6 ± 1.6



Page 6 of 13Mori et al. Cardiovasc Diabetol           (2019) 18:39 

VEGF

ug
/m

L/
da

y

0

40

80

120

160

A AP Si

HGF
ug

/m
L/

da
y

0

82.5

165

247.5

330

A AP Si

APN

ng
/m

L/
da

y

0

0.75

1.5

2.25

3

A AP Si

A AP Si

**

*

**
*

*

IL-6

ug
/m

L/
da

y

0

3250

6500

9750

13000

A AP

IL-10

ug
/m

L/
da

y

0

7.75

15.5

23.25

31

A AP

i

j
*

*
k

S
ph

er
ic

ity
 In

de
x 

(m
in

or
 r

ad
iu

s/
m

aj
or

 
ra

di
us

)

0

0.25

0.5

0.75

1

A-0h
A-72h

AP-0h

AP-72h

250 m

a

b

c

A
D

R
C

s
A

D
R

C
s+

P
G

Z

0h 72hd

e

g

50   m

P2

P1

P3

f

h

µ

500   mµ

50   mµ

50   mµ

50   mµ

50   mµ
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representative result. d Macroscopic finding of a graft. e Cross-sectional view of hematoxylin and eosin-stained ADRC graft. f Magnified photograph 
of the rectangular area in b. Scale bar = 50 μm. g Oil red-O staining of ADRC grafts showing that mature adipocytes were more common in grafts 
containing PGZ after 72 h culture in vitro. Arrows indicate oil droplets in the adipocyte cytosol. Scale bar = 50 μm. h Whole section of graft showing 
scattered distribution of adipocytes. i ELISA analysis of ADRCs graft culture supernatant. Adiponectin (APN), hepatocyte growth factor (HGF), 
and vascular endothelial growth factor (VEGF) secretion into the culture supernatant, measured by ELISA. j Inflammation-related cytokines from 
ADRCs measured by ELISA. k There was significant difference of cell sphericity index between before and after 72 h incubation of graft in AP group. 
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between AP-0 h and AP-72 h



Page 7 of 13Mori et al. Cardiovasc Diabetol           (2019) 18:39 

border zone 8  weeks after transplantation. The ratio of 
M2Mϕ to M1Mϕ was high and was maintained in the 
ADRCs transplantation groups, and for a particularly 
long time in the PGZ addition group. The ratio was low 
in the Si and P groups and showed a tendency similar to 
that in the C group (Fig.  7a, b, Additional file  1: Figure 
S3-L and M).

Gene expression profiling in the heart
Quantitative RT-PCR showed that IL-6 mRNA lev-
els were lower in the peri-infarct areas of the A and AP 
groups than in those of the C group 3 days after implan-
tation, and this difference was statistically significant. On 
the other hand, mRNA levels of APN, HGF, and IL-10 
were significantly higher in the ADRC groups than in the 
C group. Notably, IL-10 expression was higher in the AP 

than in the A group; however, there was no significant 
difference between APN or HGF levels in the A and AP 
groups (Fig. 8a).

Western blotting for T‑cadherin expression in the heart
APN was shown to be present in the entire vascular 
endothelium by immunostaining (Additional file  1: Fig-
ure S5). Transplantation of ADRCs and ADRCs with PGZ 
resulted in increased expression of T-cadherin (T-cad), 
an APN ligand protein, in the infarct border zone of the 
heart 3  days after implantation. The greatest expression 
of T-cad was observed in the AP group 8  weeks after 
transplantation and was 100% more than that in the 
untreated and siRNA groups. Eight weeks after trans-
plantation, there was also a significant difference.

1000 m

*

1000 m

Graft

Heart

a b

c

d
Capillary

Fibrotic area
50  m

Graft

Heart

µ 50  mµ

100  mµ

50  mµ

50  mµ

Fig. 4  Engraftment of ADRC grafts on the cardiac surface and local APN production. a Macroscopically, the grafts covered the anterior walls of 
the heart. b Hematoxylin and eosin staining of the grafts showed connective tissue between the graft and the heart. Asterisk indicates implanted 
ADRCs. c ADRCs derived from GFP rats were implanted in the same manner. IHC showed that the connective tissue contained a vascular network 
in its stalk. c-2 Magnified photograph of the rectangular area in c-1. Arrow head shows GFP-positive cells in the graft that survived, indicating that 
the implanted ADRCs survived 14 days after transplantation. Scale bar = 50 μm. c-1 Magnified photograph of the rectangular area in c-2. Arrows 
show connective tissue between the graft and the heart. Scale bar = 100 μm. Green, GFP-positive cells; red, SMA; and blue, nuclei. d Representative 
pictures of APN positive cells in myocardium 3 weeks after implantation. Some cells in infarct areas and infarct border zones showed strong 
labelling for APN. The APN distribution was not only observed in the intravascular lumen, but also in suspected residual cardiomyocytes. Red, APN; 
Green, SMA; blue, nuclei. Scale bar = 50 μm
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Discussion
Summary of results and proof of the effectiveness 
of the combination
In this study, we transplanted ADRCs along with an adju-
vant drug into an ischemic cardiomyopathy model and 
observed an increase in the curative effect of the cell 
therapies.

The addition of the drug led to the differentiation of 
stem cells in the grafts to adipocyte-like cells, which sig-
nificantly secreted an adipocyte-specific cytokine, APN. 
On the other hand, we found that the curative effect of 
the cells was attenuated by knockdown of APN.

Regarding graft survival, the cells persisted for more 
than 4 weeks, and cardiac function was maintained for at 
least 16 weeks despite cell elimination.

Histologically, vascularization and suppression of 
hypertrophy as well as infiltration into the infarct area 
and polarization to an anti-inflammatory phenotype of 

macrophages were observed. Therefore, we suspected 
that enhanced secretion of APN and local expression of 
T-cad, a receptor of APN, played a pivotal role in cardiac 
function improvement.

Immunoreaction after myocardial infarction and ADRCs 
transplantation
In cell therapy for ischemic heart disease, neo-vascu-
larization is known to be the main therapeutic mech-
anism [14]. In addition, suppression of hypertrophy 
and apoptosis of cardiomyocytes, anti-inflammation, 
and antioxidative stress are important in suppress-
ing ischemic damage to the heart [15–17]. Generally, 
after myocardial infarction, an innate immune reaction 
is activated by danger-associated molecular patterns 
(DAMPs) released from necrotic cardiomyocytes. This 
reaction begins with the infiltration of neutrophils 
and phagocytosis of the necrotic myocardium and 
debris by macrophages, followed by re-organization 
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and tissue repair [18, 19]. On the other hand, for the 
acquired immune system, lymphocyte reaction is acti-
vated; however, it has clearly been established that 
innate immunity and macrophages play an important 
role. In other words, a suitable degree and timing of 
inflammation response as well as a serial change in 
anti-inflammation after myocardial infarction are 
important [20].

Role of macrophages and APN in healing myocardial 
infarction
In this study, we observed the infiltration of macrophages 
to the myocardial infarction zone and polar changes 
from the inflammatory to the anti-inflammatory pheno-
type. The pattern of this polarization is similar to that of 
the polarization that occurs after myocardial infarction; 
however, ADRC implantation induced this polarization 

a

b d f

c e

Fig. 6  Histological evaluation of left ventricular at 3 days and 8 weeks after implantation. a, b Representative whole microscopic images of 
Sirius red staining in each group. Quantification of percent fibrosis and fibrotic area. Fibrosis at areas remote to the infarct zone was significantly 
suppressed in the A, AP, and Si groups compared to that in the C group 8 weeks after transplantation. Scale bar = 50 μm. Evaluation of hypertrophy 
of cardiomyocytes. c, d Representative periodic acid-Schiff staining of tissue infarct border site. Quantification of cardiomyocyte diameter. 
Cardiomyocyte diameters in the borders of the infarct sites were significantly smaller in the A and AP groups than in the C group. Especially at 
8 weeks diameters in AP group was significantly smaller than the other three groups. e, f Capillary density in the area bordering the infarct zone 
and areas remote to infarction. Capillaries stained by immunostaining with an anti-von Willebrand factor antibody were significantly denser in the A 
and AP groups than C and Si groups at 3 days. At 8 weeks the density in AP group was significantly larger than the other three groups. n = 8–10 per 
group; *P < 0.05 versus C group, **P < 0.05 versus A group, †P < 0.05 versus Si group. Scale bar = 50 μm

Fig. 7  Evaluation of macrophage phenotype in infarct and border zone. a Representative immuno-histochemical staining of CD11c (M1 
macrophage marker) and/or CD206 (M2 macrophage marker). b The ratio of the number of CD206- to CD11c-positive cells was significantly 
higher in the A and AP groups than in the C and Si groups at two points of observation. The highest ratio was maintained in the AP group. Green, 
CD11c-positive cell; red, CD206; and blue, nuclei. N = 8–10; *P < 0.05 versus C group, **P < 0.05 versus A group, †P < 0.05 versus P group. Scale 
bar = 50 μm

(See figure on next page.)
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earlier and maintained it for a longer period. Further-
more, this change was reinforced with enhanced APN 
secretion by the addition of PGZ [21].

Improvement of fibrosis, hypertrophy of cardiomyo-
cytes, and capillary density have been reported as his-
tological changes that occur after bone marrow-derived 
MSC implantation in ischemic cardiomyopathy [22, 
23]. Similar histological changes were observed in this 
study, including anti-hypertrophic changes to cardio-
myocytes and immunocytic changes in the myocar-
dium, and were significantly induced by the addition of 
the drug [24].

Hypertrophy of the myocardium results from abnor-
mal protein in the residual cardiomyocytes during the 

ischemic condition. This change is understood in the 
context of compensated enlargement; however, exces-
sive enlargement ultimately leads to poor cardiac func-
tion [25].

Immediately after transplantation, a large amount of 
exogenous APN interacted with both residual cardio-
myocytes and macrophages to exert a direct anti hyper-
trophic effect and induce polarization of macrophages 
into the anti-inflammatory phenotype, thereby contrib-
uting to cardiac function improvement [26, 27].

We speculated that the improved immune reaction 
in the heart helped maintain the cardiac function for a 
longer period.

a b

c

Fig. 8  Gene and protein expression in the heart. a Quantitative RT-PCR results for the expression levels of APN, CDH-13, Adipo-R1, Adipo-R2, SDF-1, 
VEGF, HGF, TNF-α, IL-6 and IL-10 genes in the infarct border area. APN was significantly higher in the ADRC groups than in the C group. ADRCs effect 
on VEGF and HGF expression after myocardial infarction during the early days of implantation. b Representative immunoblot of T-cadherin in total 
protein extracted from the heart 3 days and 8 weeks after implantation. c T-cadherin expression levels were higher in the A and AP groups than in 
the C and Si groups during the early days after implantation. At 8 weeks, T-cadherin levels were higher in the AP group than in the other groups. 
Multiple comparisons were made by one-way ANOVA. n = 8–10; *P < 0.05 versus C group, **P < 0.05 versus A group, †P < 0.05 versus Si group
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The other direct action of adiponectin after MI
It is well known that APN, a cytokine, acts on the vas-
cular endothelium with T-cad and suppresses arterioscle-
rotic change [28–30]. In addition, it has been reported 
that both APN and T-cad suppressed cardiac hypertro-
phy in a hypertensive animal model and reduced enlarge-
ment of the ischemic area in an ischemic reperfusion 
model [31]. In this study, APN replacement from grafts 
promoted T-cad expression in the myocardium in an 
ischemic cardiomyopathy model.

It has been reported that blood APN levels increase in 
the heart failure state, consistent with our finding that 
APN abundantly accumulated along the vessel wall. This 
suggests that the direct action of exogenous APN on car-
diomyocytes may be the trigger point of healing. It has 
been thought that the higher APN secretion, the higher 
the curative effect. So exogenous APN supplementation, 
even temporarily, is necessary along with simultaneous 
upregulation of T-cad in the heart.

The potential of combination with the drugs in cell 
therapies
Generally the treatment of drug alone against chronically 
progressive disease like heart failure has disadvantage, 
for example needs of repetitive administration because of 
short serum half-time.

The combination of Pioglitazone and ADRCs and its’ 
therapeutic potential was summarized in Fig. 2.

Especially pioglitazone has many directional activities 
and is effective in prevention cardiovascular disease, and 
APN has strong cardioprotective activities [32, 33].

In this study, the importance of the combination with 
drugs is proven like previous report of preconditioning of 
the cell [34]. Among the variety of effect, for example ath-
erosclerotic effect through immune modulation, should 
be elucidated to develop the cell therapy in the future [30].

Finding the best combination of drugs and cells, and 
the appropriate point of cell therapy lead to clinically val-
uable regenerative medicine.

Conclusions
In conclusion, the concomitant transplantation of 
ADRCs and PGZ for treating ischemic cardiomyopathy 
increased the local expression of APN and T-cad and 
showed stronger improvement of cardiac function than 
did cell therapy alone.
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