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ABSTRACT

The number of patients with ischemic cardiovascular diseases is significantly increasing as populations 
age. Therapeutic angiogenesis has been developed as a new treatment strategy for such patients. In recent 
years, the presence of mesenchymal stem cells in adipose tissues was reported, and regenerative medicine 
using these cells has attracted attention worldwide. In this review, we describe how the transplantation of 
adipose-derived regenerative cells enhances angiogenesis and tissue regeneration because of their multilin-
eage potential and cytokine secretion. Then, the current status of therapeutic angiogenesis using adipose-
derived regenerative cells in the field of cardiovascular medicine was also described. These cells present 
great advantages over bone marrow mononuclear cells, as these need easier, shorter, and less invasive 
preparations as well as less ethical concerns and immunological problems. The efficacy of adipose-derived 
regenerative cell transplantation in the treatment of various diseases was examined in several clinical trials 
with favorable results. Currently, a multicenter study of therapeutic angiogenesis using these cells is being 
conducted in patients with critical limb ischemia. In conclusion, we expect that this method will soon be 
established as a treatment for cardiovascular diseases that have been refractory to conventional treatments.
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INTRODUCTION

The number of patients with ischemic diseases (eg, ischemic heart disease, cerebrovascular 
disease, and peripheral arterial occlusive disease) is significantly increasing as populations age 
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worldwide.1,2 Therapeutic angiogenesis has been developed as a new treatment strategy for such 
patients. Gene therapy research for therapeutic angiogenesis using vascular endothelial growth 
factor (VEGF) started in the 1990s.3 Then, the knowledge on vascular endothelial progenitor cells 
was reported.4,5 Vascular endothelial progenitor cells were shown to be mobilized from the bone 
marrow. Based on this, the transplantation of autologous bone marrow mononuclear cells was 
attempted, and it led to the induction of angiogenesis in ischemic tissues.6,7 Vascular regeneration 
therapy using bone marrow mononuclear cell transplantation was developed for patients with 
critical limb ischemia who do not respond to conventional treatment and require amputation of 
the affected limb (no-option critical limb ischemia). Although its efficacy and safety were reported 
(Therapeutic Angiogenesis by Cell Transplantation [TACT] trial),6 some patients were refractory 
to the therapy, such as those with diabetes, renal failure, and smoking.6,7 Therefore, new methods 
to improve the treatment efficacy and new sources of transplant cells for therapeutic angiogenesis 
are urgently needed. Among the candidates, adipose-derived regenerative cells (ADRCs) have 
drawn attention as a new source of transplant cells.8-10 Therapeutic validation and clinical trials 
in Japan and overseas evaluated the efficacy of ADRCs in the treatment of various diseases (eg, 
Crohn’s disease-associated fistulas, breast reconstruction after partial mastectomy, osteogenesis for 
bone defects, and stress urinary incontinence).11-13 In this review, we showed our recent findings 
and the current status of therapeutic angiogenesis using ADRCs in the field of cardiovascular 
medicine. Specifically, the characteristics of ADRCs that make them a suitable therapeutic agent 
were described. Then, their angiogenesis-inducing capabilities were described. We also focused on 
the paracrine effects that the factors released by ADRCs have on angiogenesis and the capacity 
of these cells to differentiate into cardiovascular cells. Lastly, we reviewed the clinical trials on 
ADRC treatment for cardiovascular diseases.

DEFINITIONS OF ADRCs

Pittenger et al demonstrated the presence of bone marrow-derived mesenchymal stem cells 
(BM-MSCs) in human bone marrow.14 BM-MSCs can differentiate into mesoderm-derived cells 
(eg, osteoblast cells, adipose cells, and chondrocytes).14 Zuk et al reported the presence of stem 
cells in human subcutaneous adipose tissue with characteristics similar to those of BM-MSCs.15,16 
These cells have attracted attention as a new source of cell therapy.

Adipose tissue mainly comprises two classes of cells—mature adipocytes and stromal cells. 
The latter constitute the stromal vascular fraction, which is obtained by enzymatic treatment and 
centrifugation of adipose tissue.15,16 It includes blood components derived from peripheral blood, 
adipose stromal cells, vascular endothelial cells, and vascular wall cells.15

Regarding the definitions of stem cells in adipose tissue or cell population, including the stem 
cells, there are several terms that overlap in meaning.
1) � Processed lipoaspirate (PLA): This is a concept proposed by Zuk et al, as noted above. PLA 

refers to a cell population, including stem cells, in adipose tissue. PLA cells are adherent 
in culture and are considered to be a cell population similar to adipose-derived stromal/
stem cells (ASC).

2) � Stromal vascular fraction (SVF): SVF is obtained by the collagenase digestion of adipose 
tissue and centrifugation. SVF is a heterogeneous cell population, consisting of stem cells, 
endothelial cells (ECs), pericytes, and hematopoietic lineage cells. It refers to an uncultured 
cell population.

3) � ASC: ASCs are obtained by culturing SVF. They have cell surface markers similar to bone-
marrow-derived MSCs and have the potential to differentiate into fat, cartilage, and bone.
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4) � ADRC: Although ADRC often refers to an uncultured cell population as SVF does, 
proliferative cells after multiple passages (ie, cultured cells) are also included in its 
definition in some publications.

In this review, we use the term ADRC in a broad sense to include stem cells or cell group 
irrespective of cultures and described their characteristics.

FEATURES OF ADRCs

ADRCs can be cultured without specific liquid media, and large numbers can be obtained 
after several passages.15 Approximately ≥90% of ADRC surface antigens are homologous to those 
of BM-MSCs, and human ADRCs are CD34-positive in early passage cultures.16,17 The most 
advantageous feature of ADRCs is that large counts of autologous cells can be obtained in a 
relatively easy manner. In humans, subcutaneous adipose tissue can be obtained by established 
methods, such as liposuction under local or general anesthesia,15 and the procedure is less invasive 
than the collection of bone marrow mononuclear cells.15 In addition, BM-MSCs constitute only 
approximately 0.01%–0.001% of mononuclear cells obtained from bone marrow aspirates, whereas 
ADRCs constitute relatively large proportions of the stromal vascular fraction obtained from 
liposuction aspirates.14-16 Therefore, sufficient ADRC numbers can be isolated from a small amount 
of tissue and cultured for treatment. Furthermore, a large amount of subcutaneous adipose tissue 
can be harvested, so many cells can be collected. In addition, since autologous cell transplantation 
is available, there are less ethical concerns and immunological problems, such as allergy and 
rejection, which are both great advantages.

ADRCs AND ANGIOGENESIS

Previous studies reported that ADRCs can induce angiogenesis and tissue regeneration.18,19 
A study using a hindlimb ischemia mouse model showed that ADRC transplantation promotes 
angiogenesis after hindlimb ischemia.8,9,20 In addition, the expression and production of stromal 
cell-derived factor-1 and VEGF in ischemic tissue and peripheral blood increased after ADRC 
transplantation.20 Moreover, ADRC transplantation led to the improvement of cardiac function 
and survival after myocardial infarction in mouse and rat models of myocardial infarction.21-23 
Increases in angiogenic factors (eg, VEGF and hepatocyte growth factor) and microvessels in isch-
emic areas were also observed.21,22 Another study using mice reported that the local administration 
of ADRCs did not affect remote tumor growth or metastasis,24 suggesting that this procedure is 
safe. In conclusion, these experimental studies clearly showed that ADRC transplantation has a 
strong angiogenesis-inducing capability and protective effect against cardiovascular diseases, and 
that the procedure is safe.

PARACRINE EFFECT OF ADRCs ON ANGIOGENESIS

The protective effects of ADRCs on cardiovascular diseases and their mechanism of action 
rely, at least in part, on their angiogenesis-inducing capacity. The paracrine factors released by 
ADRCs play a vital role in the improvement of ischemic diseases.

ADRC transplantation into mouse with infarcted hearts revealed that only 9% of the capillaries 
induced by ADRCs consist of ECs differentiated from ADRCs, and the other 91% was assumed 
to originate from the paracrine action of ADRCs.25 In the hindlimb ischemia mouse model of our 
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study, the differentiation of ADRCs into vascular ECs could not be confirmed,20 suggesting that 
ADRCs may rather differentiate into stromal cells, such as perivascular cells. Several researchers 
showed that ADRC-conditioned medium increases the survival, migration, and tube formation of 
ECs in vitro.9,26 These data indicate that the angiogenesis induced by ADRC transplantation is 
mainly due to the paracrine effect of ADRCs.

The quantitative analysis of cytokine expression in an ADRC-conditioned medium revealed 
that ADRCs secrete multiple angiogenic factors, including VEGF, hepatocyte growth factor, 
transforming growth factor beta, basic fibroblast growth factor, placental growth factor, angio-
poietin 1 and 2, and stromal cell-derived factor 1.22,26,27 These cytokines promote cell viability, 
proliferation, migration, and vascular formation.9,27 Of those, VEGF and hepatocyte growth 
factor seem to largely contribute to the angiogenic effects of ADRCs, as the inhibition of either 
cytokines diminishes the EC viability and migration competency.9 In a murine model of hindlimb 
ischemia, stromal cell-derived factor 1 was found to act as a key regulator of neovascularization 
by recruiting endothelial progenitor cells from the bone marrow to ischemic tissue.20

In addition, other types of secreting agents have drawn attention from researchers. Microves-
icles collected from culture supernatants of ADRCs were found to have angiogenic properties.27 
A conditioned medium from ADRCs has a plenty of microvesicles, which have microRNAs, 
such as miR-31 and miR-126.28,29 Recent research showed that miR-31 is significantly increased 
in microvesicles from ADRCs, and that it is a key substance contributing to vascular-like tube 
formation and migration in human umbilical vein ECs and microvessel outgrowth in mouse aortic 
rings.28 In addition, it showed that factor-inhibiting hypoxia-inducible factor 1 is the target of 
miR-31, indicating its function in mediating the angiogenic effects of miR-31.28 In another study, 
miR-126 was reported to be a key component of extracellular vesicles from ADRCs, promoting 
EC migration and angiogenesis along with VEGF.29 miR-126 stimulates EC mobilization via the 
Erk1/2 MAPK signaling pathway by suppressing Spred1 expression.29 In conclusion, ADRCs 
secrete various paracrine factors that contribute to their strong angiogenic effects observed after 
transplantation.

DIFFERENTIATION TOWARD CARDIOVASCULAR CELLS

The capability of ADRCs to differentiate into ECs and cardiomyocytes remains controversial. 
Several in vivo studies reported that ADRCs engrafted into infarcted myocardium were retained 
after several weeks, but it showed few or no evidence of differentiation toward ECs and 
cardiomyocytes.21,25 In contrast, a certain subset of ADRCs was capable of differentiating into 
ECs when incubated on a medium containing growth factors.8,30-33 CD34-positive/CD31-negative 
ADRCs showed a high expression of EC markers when cultured in an endothelial growth medium 
supplemented with insulin-like growth factor and VEGF.30 Other cell subsets of CD34-negative/
CD31-negative ADRCs can also have similar cell marker characteristics as human umbilical 
vein ECs cultured on a medium with basic fibroblast growth factor and VEGF.32 In addition, 
another study emphasized the promoting effect of basic fibroblast growth factor on the dif-
ferentiation of ADRCs into ECs.33 Furthermore, ADRCs exhibit the capacity to differentiate into 
cardiomyocytes.31,34 Various reagents were applied to ADRCs to promote their differentiation into 
cardiomyocytes: 5-azacytidine (5-Aza), transforming growth factor, and angiotensin II.31 ADRCs 
were transformed into cardiomyocytes by incubating them with 5-Aza-containing medium.35 These 
cells were able to beat spontaneously in a culture and expressed myosin heavy chain, a-actin, 
and troponin-I, as confirmed by immunostaining.35 The directional differentiation of ADRCs 
by angiotensin II during incubation also resulted in the expression of myosin heavy chain and 
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troponin-I in differentiated cells, but the cells did not beat on their own.36 ADRCs cultured with 
transforming growth factor beta 1 also stained positively for cardiac myosin heavy chain and 
α-actin. They showed the mRNA expression of cardiac-specific genes.37 In conclusion, the ability 
of ADRCs to differentiate into cardiovascular cells remains controversial; therefore, further studies 
are needed. Nevertheless, ADRCs may exert protective cardiovascular effects.

CLINICAL TRIALS ON ADRC TREATMENT FOR CARDIOVASCULAR  
DISEASES

Several clinical trials were conducted in the cardiovascular field.38-40 The APOLLO and 
ADVANCE trials as well as the PRECISE trial were conducted in Europe in patients with acute 
myocardial infarction and chronic myocardial ischemia, respectively. Moreover, the Athena trial 
was conducted in the United States in patients with chronic heart failure.

The APOLLO trial was conducted to evaluate the safety and feasibility of ADRC treatment 
in patients with ST-elevation acute myocardial infarction who underwent successful percutaneous 
coronary intervention.38 It proved that the entire process from the liposuction of adipose tissue to 
the intracoronary injection of ADRCs is safe and feasible, and no severe adverse events related to 
ADRC treatment were reported.38 It also demonstrated that ADRC therapy improves the cardiac 
function and alleviates the perfusion defect and scar formation in the myocardium.38 This study 
was followed by ADVANCE, a phase IIb/III clinical trial initiated in 2011 that was conducted 
in patients with ST-elevation acute myocardial infarction.38 The results of this trial are yet to be 
released. In the PRECISE trial, ADRCs were injected into the myocardium under the guidance 
of the NOGA® XP Cardiac Navigation System in patients with ischemic cardiomyopathy who 
were deemed unsuitable for revascularization.39 The ADRC treatment significantly preserved the 
maximal oxygen consumption and increased the left ventricular total mass.39 Moreover, the ADRC 
treatment increased the global wall motion score index and alleviated the myocardial ischemia.39 
The safety and effectiveness of autologous ADRCs against chronic myocardial ischemia were also 
assessed in the Athena trial, which suggested the symptomatic benefits of ADRC implantation.40

Several clinical studies also showed the safety and efficacy of ADRCs for peripheral artery 
diseases.11-13 Two clinical studies on ADRC therapy reported the safety and efficacy of culture-
expanded ADRC implantation in patients with critical limb ischemia.11,12 Lee et al showed that 
multiple intramuscular injections of culture-expanded ADRC significantly improved the ulcer heal-
ing, pain rating scale, and claudication walking distance of 15 patients.11 Bura et al also injected 
culture-expanded ADRCs into the gastrocnemius and anterior compartment of the ischemic leg 
of seven patients, resulting in critical limb ischemia grade improvement and increased TcPO2.12

In Japan, our group demonstrated the clinical efficacy of the autologous ADRC transplanta-
tion in patients with no-option critical limb ischemia.13 Approximately 300 g of autologous 
subcutaneous adipose tissue was obtained by liposuction under anesthesia. ADRCs were isolated 
from the liposuction aspirate fluid using a centrifugal cell separator; then, these were transplanted 
into ischemic limbs by intramuscular injection. As of this writing, therapeutic angiogenesis was 
performed using ADRCs in five patients.13 Six months after transplantation, all patients showed 
improvement in pain, reduction in size or healing of the ulcer, improvement in 6-min walking 
distance, and avoided the amputation of affected limbs.13 Based on these results, a multicenter 
prospective study involving eight institutions in Japan (Nagoya University holds the secretariat 
role) is being conducted.41 Currently, cell therapy using ADRCs is progressing in various forms 
in the field of cardiovascular medicine.
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CONCLUSION

ADRCs have angiogenesis-inducing and tissue-regenerating abilities due to the action 
of secreted paracrine factors (Figure). However, the ability of ADRCs to differentiate into 
cardiovascular cells remains controversial and requires further investigation. ADRCs can be 
prepared more easily and less invasively than bone marrow mononuclear cells, and these present 
less ethical concerns and immunological problems. Moreover, the procedure takes a relatively 
shorter time, and its safety has been confirmed. Several studies evaluated the efficacy of ADRC 
transplantation in the treatment of various diseases, reporting favorable results. Currently, we are 
conducting a multicenter study on therapeutic angiogenesis using ADRCs in patients with critical 
limb ischemia. In the near future, we expect that therapeutic angiogenesis using ADRCs will be 
established as a treatment for cardiovascular diseases that have been refractory to conventional 
treatments (Figure).
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Figure  Therapeutic angiogenesis using ADRCs
Subcutaneous adipose tissue was isolated from patients. ADRCs were isolated from the adipose tissues and 
directly implanted into the muscles. The implantation of ADRCs released angiogenic cytokines/chemokines and 
extracellular microvesicles containing miRNAs that stimulate local angiogenic responses.
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