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Abstract
The identification of an ideal cell source for tissue regeneration remains a challenge in the stem cell field. The ability of progeny cells to differentiate into other cell types is important for the processes of tissue reconstruction and tissue engineering and has clinical, biochemical or molecular implications. The adaptation of stem cells from adipose tissue for use in regenerative medicine has created a new role for adipocytes. Mature adipocytes can easily be isolated from adipose cell suspensions and allowed to dedifferentiate into lipid-free multipotent cells, referred to as dedifferentiated fat (DFAT) cells. Compared to other adult stem cells, the DFAT cells have unique advantages in their abundance, ease of isolation and homogeneity. Under proper condition in vitro and in vivo, the DFAT cells have exhibited adipogenic, osteogenic, chondrogenic, cardiomyogenc, angiogenic, myogenic, and neurogenic potentials. In this review, we first discuss the phenomena of dedifferentiation and transdifferentiation of cells, and then dedifferentiation of adipocytes in particular. Understanding the dedifferentiation process itself may contribute to our knowledge of normal growth processes, as well as mechanisms of disease. Second, we highlight new developments in DFAT cell culture and summarize the current understanding of DFAT cell properties. The unique features of DFAT cells are promising for clinical applications such as tissue regeneration.
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Core tip: Multipotent dedifferentiated fat (DFAT) cells provide evidence of plasticity in adipocytes. The newly established DFAT cells exhibit vigorous proliferation and multipotent abilities with advantages over other adult stem cells. Modified culture methods reduce the risk of contamination by cells from the stromal vascular fraction to a minimum. In in vitro and/or in vivo experiments have revealed adipogenic, osteogenic, chondrogenic, myogenic, angiogenic and neourogenic potentials in DFAT cells. Moreover, the DFAT cells express embryonic stem cell markers and are similar to induced pluripotent stem cells in certain physiological aspects. Based on the abundance, ease of preparation, homogeneity, and multi-lineage potential, the DFAT cells are uniquely suited for regenerative medicine.
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INTRODUCTION
Adipose tissue is well known to house the largest energy reserve in the body. However, adipose tissue is more than just a simple storage depot. Adipocytes secrete hormones, growth factors and cytokines, such as leptin and tumor necrosis factor-alpha, as well as proteins related to immunological and vascular functions[1-3]. Through this network of endocrine, paracrine, and autocrine signals, adipose tissue participate in energy homeostasis and is a global regulator of energy metabolism. Normal adipocyte function is also important for host defense and reproduction, and dysfunction may contribute to the development of pathological states such as insulin resistance[4,5]. Interestingly, recent research indicates that mature adipocytes can be eliminated by dedifferentiation[6-9]. With the advancement of tissue culture techniques it has been shown that mature adipocytes are able to dedifferentiate into progenitor cells, referred to as dedifferentiated fat (DFAT) cells. The DFAT cells are multipotent, and are able to redifferentiate into a variety of cell lineages[10,11]. The DFAT cells may serve as an alternative source of adult multipotent cells, with significant potential for use in tissue engineering and regenerative medicine. In this review, we focus on the recent literature addressing dedifferentiation of mature adipocytes as well as the isolation, characterization, and multipotency of DFAT cells.

DEDIFFERENTIATION, TRANSDIFFERENTIATION, AND STEM CELLS
The ultimate goal of regenerative medicine is to restore structure and function of damaged tissues and organs. To successfully support new tissue development, three regenerative processes are essential: dedifferentiation, transdifferentiation, and reprogramming of cells. These are all involved in the transition of adipocytes to DFAT cells, which may be an appropriate model for enhancing our understanding of these phenomena.
Cellular dedifferentiation is considered a regression of a cell from a highly specialized state to a simpler state that confers pluripotency, giving rise to undifferentiated progenitor cells. Transdifferentiation implies a process where one mature somatic cell transitions to another mature somatic cell. The induction of pluripotency in somatic cells is referred to as reprogramming. Stem cells are by definition able to self-renew, remain in an undifferentiated state, and differentiate along multiple cell lineages. Progenitor cells, on the other hand, exhibit less capacity for self-renewal and differentiate along one or a few lineages.

Dedifferentiation 
Dedifferentiation is the basis of tissue regeneration. The first evidence of dedifferentiation during regeneration was found in plants[12,13], where it is a common process during secondary growth and wound healing. However, in mammals, the capacity to regenerate subsequent to dedifferentiation is limited. For example, myotubes in newts are able to dedifferentiate and proliferate in vivo[14], but this has not been shown for mouse myotubes. The MYOD and MYOG (myogenin) genes have been shown to be essential for myotube dedifferentiation. When mouse myotubes were treated with extracts from regenerating limbs of newts, MYOD and MYOG were downregulated, which allowed the myotubes to dedifferentiate and proliferate[15]. Fortunately, recent studies have demonstrated that dedifferentiation can also occur in defined situations in many cell types in human tissue[16,17].
Dedifferentiation and cell division are important intermediate processes in the process of switching phenotype, although they do not appear to be obligatory in all cases. Studies on the role of retinoblastoma protein (RB) and RB-like 2 showed that dedifferentiation of mature cardiomyocytes facilitated cardiomyocyte proliferation in cardiac hypertrophy[18]. Furthermore, inhibition of the p38 mitogen-activated protein kinase induced mammalian cardiomyocytes to dedifferentiate, which may be essential for cardiomyocyte regeneration[19,20]. However, other experimental data suggest that dedifferentiation may not be required for cardiomyocyte proliferation[21]. It has also been observed that proliferation promoted by neuregulin, an essential extracellular ligand of the epidermal growth factor (ErbB) receptor during cardiomyocyte development, causes cardiomyocytes to reenter the cell cycle[22,23]. Alternatively, dedifferentiation may cause cellular plasticity to emerge and allow rerouting of cells into different cell lineages. This could lead to intermediary transdifferentiation of the cell, and result in a progressive conversion into another terminally differentiated cell. Furthermore, dedifferentiation occurs during rare pathological events, which have been found in osteosarcoma, chondrosarcoma, and epithelial-myoepithelial carcinoma in humans[24-26]. A population-based study and a 20-year survey on soft tissue sarcoma also included cases of dedifferentiated liposarcoma[27]. 
During normal cellular development, cellular dedifferentiation has been shown to relate to the regenerating cells entering the cell cycle[28]. Prolonged stress, injury, or activation of oncogenic pathways may trigger conversion of a “dedifferentiated” cell into a diseased cell, thereby opening the door for pathological changes. Hypoxia is believed to be the main factor driving the emergence of DFAT cells from adipocytes, as well as dedifferentiation of chondrocytes and smooth muscle cells[29,30]. However, more studies are needed to fully evaluate the connection between hypoxia and dedifferentiation.
Specific injuries or manipulations stimulate cellular dedifferentiation[31]. Cells lose their maturity and become susceptible to lineage modification. Dedifferentiation might occur, resulting in loss of cell function while the cells remain as undefined or resting cells as long as the insult persists. Thus, dedifferentiation would be a transition step prior to adopting a new identity, which would be distinguished by the reemergence of factors that redirect cell fate. Alternatively, dedifferentiation may be seen as an adaption to stressful stimuli, causing the cell to cease normal activity, thereby prohibiting progression toward cellular dysfunction, which in extreme cases could end in cell death. Thus, it is possible that specific changes in the intrinsic, environmental, or hormonal milieu might stimulate cells such as adipocytes to withdraw from the cell cycle, undergo dedifferentiation and acquire stem cell characteristics. Understanding the details of the dedifferentiation process would enhance our knowledge of normal regeneration.

Reprogramming
Mature cells acquire stem cell features by undergoing dedifferentiation prior to the acquisition of a new cell fate. The newly undifferentiated stem cells are primed to respond to specific cues and differentiate into a variety of cell lineages. Reprogramming can be attained through cell fusion with embryonic stem cells, somatic cell nuclear transfer, exposure to stem cell extracts, or induction of pluripotency by defined factors generating what are referred to as induced pluripotent stem cells (iPSCs). During the reprogramming, an erasure and remodeling of epigenetic marks occur including DNA methylation and modification of histone and chromatin structures[32]. The major challenge in the field of iPSCs is to convert mature cells into pluripotent cells resembling embryonic stem cell (ESC) for use in transplantation therapies. The reprogramming of the somatic cells is induced by the transfer of pluripotent factors, many of which are oncogenes. It has also been suggested that iPSCs might be the product of dedifferentiation of somatic cells following oncogenic insult[33,34]. To address the fear of tumorgenecity in iPSCs, a study recently showed that overexpression of core transcription factor genes or its activators support the maintenance of the cell type-specific transcriptional profile, thus inhibiting alterations in the expression of genes required for iPSC induction[35]. The stable nature of gene signatures limits dedifferentiation and promotes the cell type-specific transcriptional profiles.

Transdifferentiation
A normal, fully differentiated normal cell can either change its identity to a new cell type, referred to as transdifferentiation, or lose its functionality and revert to an immature state referred to as dedifferentiattion. The transition to a new phenotype may occur directly or through dedifferentiation triggered by genetic factors or environmental cues. Intermediary transdifferentiation has been shown to occur when acinar cells undergo dedifferentiation into duct-like cells with exocrine as well as endocrine potentials[36]. Another type of scenario is the conversion of phenotype without a detectable intermediate step, which is referred to as direct reprogramming. It is possible that dedifferentiated cells retrace normal development toward a different, sometimes closely related, cell lineage after reaching the progenitor state.
Different interventions, including naturally occurring events and experimental manipulations, might result in transdifferentiation of cells in unfamiliar compartments. Dedifferentiation is described as the entrance to such transdifferentiation. A recent study demonstrated that cultures of purified hepatic oval stem cells are capable of transdifferentiation into functional endocrine cells through dedifferentiation methylation[37]. It has also been reported that increased expression of CAAT/enhancer-binding protein (C/EBP)α and C/EBPβ in differentiated islet β cells leads to reprogramming into macrophages without DNA methylation[38]. Another example is fibroblasts that have transdifferentiated into cardiomyocytes after transfer of the transcription factors GATA4, MEF2C, and TBX5[39]. 
The concept that terminally differentiated cells retain intrinsic plasticity increases the number of targets that could be used for tissue regeneration in cases of injury or disease. The generation of DFAT cells is an example of reemergence of plasticity in adipocytes, resulting in the ability to transdifferentiate into alternate cell types and to serve as a model for dedifferentiation and transdifferentiation.

DFAT cells and mesenchymal stem cells
The goal of tissue engineering is to repair and regenerate damaged organs with the help of stem cells, biomaterials, and cytokines. However, the limited availability of human stem cells that are able to differentiate along multiple lineages has hampered the progress and slowed the development of these treatments. While ESCs inherently exhibit nearly unlimited differentiation potential in vitro and in vivo, their use is constrained by scientific concerns regarding safety and efficacy, as well as by ethical, legal, and political concerns. An alternative approach is to use stem cells derived from adult tissues, which would circumvent most of these concerns. 
Multipotent stem cells have been defined as a special kind of cells with a unique capacity to self-renew indefinitely, which implies that the stem cells can be extensively expanded ex vivo. Human mesenchymal stem cells (MSCs) were initially derived from bone marrow, but have now been isolated from most types of tissue[40], including the brain, dermis, periosteum, skeletal muscle, synovium, trabecular bone, vasculature, and adipose tissue, which is the most abundant and accessible source of adult stem cells[41-43]. MSCs express cell surface markers like cluster of differentiation (CD)10, CD29, CD44, CD73, CD90, CD105, CD117 and STRO-1, but are negative for the hematopoietic lineage markers CD14, CD34, CD45 and HLA-DR. Identification of adipose-derived stem cells (ASCs) suggests that a pool of stem cells exists within the adult adipose tissue. The ASCs are derived from the adipose stroma vascular fraction (SVF), which includes all cells in adipose tissue except the white adipocytes. The ASCs are similar to MSCs in their expression of mesenchymal stem cell markers, but lack expression of hematopoietic lineage markers and the endothelial markers CD31 and von Willebrand factor (vWF)[43,44]. Studies have also identified a periendothelial pericyte-like subpopulation of ASCs, possibly due to the inclusion of vascular elements in the SVF. These cells express CD34, as well as mesenchymal, pericytic, and smooth muscle markers, including chondroitin sulfate proteoglycan (NG2), CD140a, and CD140b[45], but are negative for CD31, CD45 and CD144. However CD34 and CD104b did not co-localize in these cells, suggesting that CD34+/CD31- cells in the adipose vasculature are not pericytes[46]. 
The DFAT cells initially lack expression of CD34, CD31, CD146, CD45, and pericyte markers, distinguishing them from ASCs derived from the SVF[6-9] (see below for further characterization of DFAT cells). Interestingly, lineage tracing in mice suggest that part of the stromal cells may be derived from adipocytes in vivo[47], suggesting that ASCs and DFAT cells in part have the same precursor cells. The DFAT cells, however, constitute a more homogeneous cell population than the ASCs, further supporting a role of the mature adipocyte fraction as a source of stem cells[48-50].

DFAT cells and iPSCs
Three major types of pluripotent stem cells have so far been identified, ESCs, iPSCs from reprogrammed adult somatic cells[51], and multilineage-differentiating stress-enduring cells, referred to as Muse cells, isolated from mesenchymal human tissues[52]. The Muse cells are considered mesenchymal stem cells, capable of forming cell clusters and expressing a set of genes associated with pluripotency. 
All three cell types have factors that limit their use. Ethical concerns make the ESCs controversial, and heterologous transplantation of ESCs may produce immune rejection in the recipient. Transplantation of both ESCs and iPSCs run the risk of producing teratomas in the recipient because of their uncontrolled capacity of proliferation and differentiation. The paucity of Muse cells has so far been a limitation for their widespread use. Other limitations to the use of iPSCs are derived from the fact that reprogramming genes have been introduced and remain with low efficiency expression in the host cells. One of the ways to overcome this problem is to achieve efficient transgene-free reprogramming using Sendai virus[53]. Sendai virus remain in the cytoplasm and do not have the ability to integrate into the host genome. Most commonly, virus clearance is achieved by clonal propagation of primary colonies leading to isolation of sub-clones free of the viral genome. However, about 10% of the cells still have the virus after 10 passages[54]. Although human is not the natural host for Sendai virus, and the virus is non-pathogenic to humans, the potential mucosal exposure to the virus remains a concern. Therefore, identification and development of new sources of pluripotent adult stem cells remain important. 
DFAT cells have been shown to express embryonic stem cell markers including the POU homeodomain protein Oct4, sex determining region Y-box 2 (SOX2), myelocytomatosis oncogene (c-Myc), and the homeobox protein Nanog, which are key factors in maintaining pluripotency[55]. In addition, high alkaline phosphatase and telomerase activity further support similarities between DFAT cells and undifferentiated pluripotent stem cells. However, the expression of pluripotency markers decrease significantly in DFAT cells that have been cultured for longer than 2 wk. It is possible that the early expression of pluripotency markers in DFAT cells was missed in previous investigations where specific lineages were studied, causing the pluripotency in DFAT cells to be overlooked. Several investigators have also reported low levels of expression of pluripotency markers in human ASCs[56-58], and other studies have revealed similar degrees of pluripotency in DFAT cells and iPSCs[59,60]. 
The DFAT cells are unlike the iPSCs, in which simultaneous overexpression of the transcription factors Oct4, SOX2, c-Myc, and the Kruppel-like factor 4 leads to the generation of a pluripotent, ESC-like state in fibroblasts. After derivation from adipocytes, pluripotency emerged transiently in DFAT cells with expression of the same transcription factors as in iPSCs, as well as low levels of Nanog, stage-specific embryonic antigen (SSEA)-3, and CD105[59]. The DFAT cells were able to differentiate into cells representative of the three germ layers, with no evidence of teratoma after injection of human DFAT cells in immunodeficient mice[59]. It was recently shown that mature porcine adipocytes, in response to dedifferentiation, downregulate many genes important for lipid metabolism and upregulate genes involved in cell proliferation, cell morphology and regulation of cell differentiation[53]. By this process, the dedifferentiated adipocytes achieved the appropriate DNA methylation status, underwent gene-reprogramming, and gained stem cell properties. Thus, the available data support that dedifferentiated adipocytes have the molecular signature of a reprogrammed cell similar to pluripotent stem cells. 

ADIPOCYTE AND DFAT CELL ISOLATION, AND CHARACTERIZATION
Isolation and dedifferentiation of mature adipocytes 
Large lipid accumulations make the white adipocytes naturally buoyant and therefore difficult to culture. This technical difficulty has in part made their in vitro characteristics inaccessible for study. Additionally, they have been considered to be in the terminal stages of differentiation and lacking proliferative activity, further decreasing the interest in their in vitro and in vivo behavior on a cellular level. It is more than five decades since Rodbell[61] first succeeded in separating unilocular adipocytes from mature white fat tissue using collagenase treatment. Since then, most biochemical studies of adipocytes have made use of such dispersed cells. However, mature adipocytes do not attach to the bottom of tissue culture plates, but rather float to the surface of any given culture medium. To overcome this issue, Sugihara et al[9,62] proposed to use using ceiling culture as a way of culturing adipocytes. Most adipocytes lose their intracellular lipid and buoyancy with time in vitro. Ultimately, the cells have lost all lipids, appear fibroblastic, and proliferate to confluence. In vivo, tissue expanders were placed within the inguinal fat pad of rats[63]. Expanded fat pads were then autotransplanted to a distant location. Histologic analysis demonstrated that the tissue-expanded fat pads had lost over half their original volume, and the adipocytes had become elongated, fibroblast-like cells. These changes were attributed to the mechanical forces of the expander but may represent adipocyte dedifferentiation. Interestingly, after these same “atrophied” fat pads were transplanted as autografts, they regained their previous volume, suggesting adipocyte redifferentiation. This supports the concept of an adipocyte equilibrium in which dedifferentiated adipocytes may withstand ischemic insult better than differentiated adipocytes. 
In the last decade, several studies have explored the plasticity of mature adipocytes and introduced to them to the stem cell field. Adipocyte dedifferentiation is readily seen in vitro. Matsumoto et al[6] showed that adipocytes containing two nuclei were occasionally detected in adipocytes before they were placed in ceiling culture, but were frequently seen after 3 d of culture. Such bi-nuclear adipocytes were always positive for BrdU in both nuclei, suggesting that the cells had entered S-phase and the nuclei had divided. The authors also performed time-lapse fluorescence microscopy, which revealed that fibroblast-like cells were indeed generated from lipid-filled adipocytes with single nuclei through asymmetric division[6,64]. Another similar study demonstrated isolation of stem cells with characteristics of immature neural crest cells through asymmetric cell division in cultured human hair follicles in vitro[65]. Asymmetric cell division permits a single mother cell to generate daughter cells that are distinct in size, shape, function and fate. The generation of two progeny with different fates requires a highly regulated molecular program. In general, disruption of asymmetric cell division leads to the creation of two progeny that retain stem cell characteristics, but with reduced ability to achieve full differentiation[66-69]. As far as we have observed, the emergence of DFAT cells from mature adipocytes occurs via two phenomena; mature adipocytes lose their lipid content and become fibroblast-like shape, and asymmetric cell division of mature adipocytes into one lipid-filled adipocyte and another small daughter cells without lipid (Figure 1). Subsequently, the cells undergo dedifferentiation without the use of inducing agents, resulting in proliferative DFAT cells. 
Recent studies exploring DFAT cells describe specific purification steps to ensure, to the extent possible, the purity of the initial preparation of mature adipocytes. Indeed, the purity of the primary adipocytes is essential in the preparation of DFAT cells, as to avoid the possibility of floating adipocytes “dragging” contaminating cells with them[70]. Recently, we proposed a new method to prepare DFAT cells, using insert culture (Figure 2)[59]. In this method, DFAT cells are generated from lipid-filled mature adipocytes isolated from small pieces of subcutaneous adipose tissue or human fresh lipoaspirate, washed repeatedly with phosphate-buffered saline until the washes are clear[6,59,62]. Approximately 1 g of adipose tissue is minced and digested in 0.1% (w/v) collagenase solution (Collagenase type I) at 37°C for 1 h with gentle agitation. After filtration through nylon filters (core size 100 µm) and centrifugation at 135 g for 3 min, the floating top layer of adipocytes is collected. The adipocytes are then washed repeatedly (usually three times) in Dulbecco’s Modified Eagle Medium supplemented with 20% fetal bovine serum before further use. Adipocytes intended for DFAT cell generation are floated on top of medium in culture dishes or plastic tubes to let remaining non-adipocytes detach and sink to the bottom and be discarded after centrifugation. Adipocytes from the top creamy layer (30-50 µL) are subsequently transferred to 6-well plates fitted with 70 µm-filters and incubated for 5 d in culture medium. DFAT cells derived from the adipocytes sink through the filters and attach to the bottom of the dishes. The filters with remains of the adipocytes are removed after 5 d (Figure 2). This method of preparing DFAT cells does not include attachment of the adipocytes to plastic surfaces or ceiling culture, as previously described[6-8,62,71]. In addition, this method allows the separation of the DFAT cells from the adipocytes as soon as they sink through the filter and attach to the bottom of the dish. This reduces the influence of adipocyte remnants on the surface of the medium on the characteristics of the nascent DFAT cells. We regularly collect up to 10000 DFAT cells during 5 d of collection. The inclusion of these additional steps not only enhances the purity of DFAT cells, but significantly increases the early expression of pluripotency markers previously described[59]. 

Characterization of DFAT cells
Most studies on the DFAT cells have concluded that they are a largely homogeneous cell population with an immunophenotype similar to those of ASCs and other MSCs[72,73]. Human ASCs are relatively heterogeneous and carry hematopoietic-associated markers such as CD11a, CD14, CD45, CD86 and HLA-DR, and low levels of the MSCs-associated markers CD13, CD29, CD34, CD44, CD63, CD73, CD90 and CD166[73,74]. On the other hand, the DFAT cells are positive for CD13, CD29, CD44, CD90, CD105, CD9, CD166 and CD54, and negative for CD14, CD31, CD34, CD45, CD66b, CD106, CD117, CD133, CD146, CD271, CD309, HLA-DR and alpha-smooth muscle cell actin[1,50,75]. Both ASCS and DFAT cells express HLA-A, -B and -C, which suggests that both cell types have allogenic transplantation potential. In addition, we detected that 7.1% of the human DFAT cells expressed SSEA-3, and that most of the human DFAT cells expressed CD105, whereas mouse DFAT cells expressed Sca-1[59]. This expression was maintained for multiple passages. However, the expression of stem cell markers in human DFAT cells varies with the donor’s age, culture conditions, and the degree of differentiation. 

DIFFERENTIATION POTENTIAL OF DFAT CELLS
DFAT cells have emerged as a potential cell source for regenerative medicine because of their transdifferentiation capability and similarity to ASCs and bone marrow MSCs[75-77]. Multiple studies have demonstrated differentiation of DFAT cells into multiple lineages including adipogenic, osteogenic, chondrogenic, myogenic, angiogenic and neurogenic lineages (Figure 3). To monitor the fate of DFAT cells, investigators have used DFAT cells prepared from the adipose tissue of GFP-transgenic mice for transplantation into wild type mice[64,78], or adipocyte protein 2-Cre+/+; LacZ ROSA (R26R)+/+ double transgenic mice[79]. Human DFAT cells used for injection of immunodeficient mice were traced by anti-human mitochondria staining[59]. However, the potential need to maintain a specific cell identity once the DFAT cells have achieved a desired phenotype, or the methodology to do so, has not been assessed thus far. 

Adipogenesis
Soft tissue reconstruction is an important aspect of tissue engineering, and adipose grafts are needed for minimally invasive injectable therapies in order to restore soft tissue volume. The most important features of adipose tissue as a cell source might be its relative expendability and the ease with which large quantities can be obtained with minimal risk. Correctly prepared adipocytes could therefore be a useful alternative for tissue augmentation, such as breast surgery with allogeneic material or tissue flap surgery. 
Previous studies have confirmed that mature adipocytes easily redifferentiate into adipocytes[6,7,11]. We demonstrated that mouse DFAT cells spontaneously underwent adipogenic differentiation without special treatment, whereas human DFAT cells required adipogenic induction[51]. Another study showed that although DFAT cells expressed lower levels of lipoprotein lipase, leptin, and glucose transporter 4 compared to mature adipocytes, they still expressed important adipogenic markers such as peroxisome proliferator-activated receptor gamma (PPARγ), C/EBPα, C/EBPβ, C/EBPδ, and sterol regulatory element-binding protein-1c[6,80]. In addition, the DFAT cells have been shown to have adipogenic capacity in vivo. Direct injection of DFAT cell into the subcutaneous portion over sternum of mice resulted in fat pad formation after 3 wk without the use of chemical induction[7,81]. Furthermore, it was found that that PPARγ and C/EBPα mRNA levels were higher in DFAT cells derived from intramuscular adipose tissue rather than visceral adipose tissue in pigs, suggesting a more active adipogenesis in intramuscular DFAT cells, as compared to visceral DFAT cells[82]. It implies that DFAT cells from the same donor may differ in rates of redifferentiation and expression of molecular markers depending on the depot of origin.

Osteogenesis and chondrogenesis
DFAT cells can be derived from small amounts of subcutaneous adipose tissue regardless of the age of the donors, and may be useful in cell-based therapies for a variety of diseases commonly affecting elderly subjects, including metabolic bone disorders and osteoporosis. An earlier study found that the transcription factors RUNX2 and SP7, secreted phosphoprotein 1 (SSP1), bone Gla preotein, parathyroid hormone 1 receptor and SOX9 were expressed in DFAT cells, suggesting osteogenic and chondrogenic potentials[6]. Osteogenic differentiation was stimulated by the addition of dexamethasone, β-glycerophosphate and L-ascorbic acid-2-phosphate to the culture medium. It was also stimulated by the addition of retinoic acid, an analogue of retinol that interacts with bone morphogenetic proteins (BMPs) to limit adipogenesis and promote osteogenesis[83]. Chondrogenic induction, however, was facilitated by the addition of L-ascorbic acid-2-phosphate, proline, pyruvate, and transforming growth factor β3. Appropriate mineralization of the cells was confirmed by alkaline phosphate, Alizarin Red S and von Kossa staining, whereas chondrocyte differentiation was confirmed by Alcian Blue staining. An experiment using implantation of DFAT cells in combination with collagen-based scaffolds further showed the ability of the cells to undergo osteochondrogenesis in vivo[84]. Another study proposed DFAT cells as a cell source for periodontal regeneration, after the cells promoted osteogenic differentiation in co-cultures with periodontal ligament stem cells[85]. Furthermore, the ability of human DFAT cells from the buccal fat pad to undergo osteoblastic differentiation appears to be higher than that of ASCs from the same fat depot[86]. Thus, the DFAT cells may be attractive as a cell source for tissue engineering in bone disorders such as nonunion fractures and osteoporosis.

Myogenesis
Myocytes are generally divided into three categories: skeletal, cardiac and smooth muscle cells, which differ in their cellular characteristics and behaviors. Myogenesis is a multi-stage process resulting in the formation of muscular cells and tissue. It involves myoblast proliferation, secretion of fibronectin into the extracellular matrix, alignment of the myoblasts into multi-nucleated myotubes, and cell fusion[87]. The two muscle-specific transcription factors Myf5 and MyoD are known to actively regulate these processes. Treatment with 5-azacytidine (Aza-C), a demethylating agent, led to induction of MyoD and Myogenin in DFAT cells and the formation of multinucleated cells with expression of myosin heavy chain, even though Myf5 was not expressed after induction[88]. Another study found that DFAT cells underwent smooth muscle cell differentiation and contributed to the regeneration of bladder smooth muscle[78]. It also was shown that DFAT cell transplantation promoted the recovery of the sphincter muscle and improved the urethral sphincter contractility in a rat vaginal distension model[89]. Our previous study demonstrated that DFAT cells were able to differentiate into cardiomyocytes in vitro, and injection of DFAT cells into ischemic rat hearts induced neovascularization and supported rehabilitation of the cardiac tissue[64]. Although pluripotent stem cells have exhibited spontaneous cardiomyocyte differentiation, both in vitro and in vivo, none of the adult stem cell models studied thus far have spontaneously undergone cardiomyocyte differentiation in vitro, except for the DFAT cells[8,90]. Other adult stem cell models have required either co-culture with isolated cardiomyocytes or treatment with methylation inhibitors and histone deacetylase inhibitors. However, mouse DFAT cells spontaneously differentiated into functional cardiomyocytes without specific induction or genetic treatment[59]. Human DFAT cells, on the other hand, did not undergo spontaneous cardiomyocyte differentiation, although they expressed cardiomyocyte markers after cardiogenic induction[59]. Thus, cardiomyogenic differentiation differs between mice and human DFAT cells, a difference that could be explored to uncover pathways active in spontaneous cardiomyogenesis. 

Angiogenesis
Blood vessels consist of an interior lining of endothelial cells surrounded by perivascular support provided by smooth muscle cells or pericytes. Human DFAT cells without induction have been shown to express low levels of endothelial cell or progenitor markers in culture such as the vWF, CD31 or CD34[6,10,11], and to be stimulated to undergo endothelial differentiation by treatment with BMP4 and BMP9[10]. They also differentiated into endothelial cells in established in vitro and in vivo models of angiogenesis[91-93]. DFAT cells cultured in Matrigel® form tube-like structures that are stable for weeks and stain for endothelial markers, including CD31 and VE-cadherin[10]. Some researchers have proposed the tube-like structures to be a result of the perivascular nature of DFAT cells, as suggested by the expression of the pericyte-related markers CD140b and NG2[74]. Similarly, MSCs within adult mesenchymal tissues may differentiate into pericytes without induction by growth factors[94,95]. In our experiments we initially did not detect pericyte markers in DFAT cells even though they appeared later during culture. Moreover, in Matrigel®, the human DFAT cells differentiated into cells that expressed either endothelial markers or α-smooth muscle actin, which suggests that the cells undergo differentiation into multiple cell types (unpublished observations). It is possible that interactions between endothelial cells and support cells, also derived from the DFAT cells, strengthen the tube structures and promote cell maturity. Thus, the DFAT cells are able to differentiate into endothelial cells in vitro, and participate in neovascularization in vivo.

Neurogenic and other lineages
Treatments of peripheral or central nerve injuries are still suboptimal despite significant advances in neuroscience and microsurgery. The standard treatment of autologous nerve grafting is unsatisfactory because of morbidity and loss of function at the donor site. Neural progenitor cells such as ESCs and neural stem cells derived from the adult central nervous system may provide new prospects although logistical, ethical, and immunological factors are likely to limit potential applications. However, recent studies have revealed differentiation of ASCs into early neural progenitors, which has generated interest in the field of regenerative medicine. Hsueh et al[96] observed that, when seeded on a chitosan-coated surface, human adipose-derived stem cells form spheres containing up to 19.5% Nestin positive cells. Ahmadi et al[97] further reported that, after culture in serum-free medium, 51% Nestin-positive cells could be generated from human adipose-derived stem cells. However, Zuk et al[43] found that Nestin was expressed in multiple cell types, including myogenic, endothelial, and hepatic cells, indicating that Nestin expression alone is not suitable for the identification of neural cells, especially without functional analysis. Some studies suggest that adipose tissue stem cells are able to induce neurite outgrowth in vitro, as well as tissue-specific commitment to neural cell lineages and expression of the tropomyosin receptor kinase A neurotrophin receptor in vivo[98,99]. Most recently, a study demonstrated that adipose-derived stem cells differentiated into astrocytes, oligodendrocytes, and functional neurons, which were able to generate tetrodotoxin-sensitive sodium currents[100]. DFAT cells, prepared in parallel with ASCs, also had neurogenic potential and expressed neurotrophic factors such as brain-derived neurotrophic factor and glial cell line-derived neurotrophic factor. After transplantation, the DFAT cells supported functional recovery from spinal cord injury (SCI)-induced motor dysfunction in rats[101]. Furthermore, the DFAT cells promoted remyelination and inhibited glial scar formation in SCI mice, possibly through cell-autonomous as well as cell-non-autonomous effects[102]. It is possible that the neurotrophic factors secreted from the grafted DFAT cells contribute to the functional recovery. Further characterization of the capacity of DFAT cells to undergo neurogenesis, with particular focus on neurophysiologic and neurochemical signal transduction properties, is needed. 
Even though hematopoietic linage differentiation has not yet been reported in DFAT cells, studies comparing porcine-derive mature adipocytes and DFAT cells suggest that such potential exists[60,103]. Upregulation of genes related to multiple lineages occurred during the dedifferentiation, including those related to hematopoietic cell differentiation. 
Overall, DFAT cells appear to constitute an excellent source of cells for tissue engineering. However, the mechanisms of dedifferentiation, and whether it occurs under physiological or pathological conditions in vivo, need further exploration. In addition, culture conditions for the maintenance of stem cell characteristics, as well as induction of specific linages, need development. DFAT cells can also be prepared to match the individual patient, thus allowing for replacement therapies using autologous transplantation. Although no human trial has ever been reported on DFAT cells, it should not deter us from anticipating their clinical application, with focus on tissue regeneration.

CONCLUSION
Multipotent DFAT cells provide evidence of plasticity in adipocytes. The recently characterized DFAT cell model exhibit robust proliferation and multipotency potential giving them an advantage over other adult stem cell models. Compared to bone marrow derived stem cells, white adipose tissue is mostly located subcutaneously and their abundance is generally guaranteed. Furthermore, access to mature adipocytes is obtained though less invasive methods such as liposuction, which have less physical and psychological effects on the donor. Compared to ASCs, DFAT cells comprise a more homogeneous population of cells. Modified culture methods reduce the risk of contamination by cells from the stromal vascular fraction to a minimum. In vitro and/or in vivo experiments have revealed adipogenic, osteogenic, chondrogenic, myogenic, angiogenic and neourogenic differentiation potentials in DFAT cells. Moreover, the DFAT cells express embryonic stem cell markers and are similar to iPS cells in certain physiological aspects. Based on the abundance, ease of preparation, homogeneity, and multi-lineage potential, the DFAT cells are uniquely suited for regenerative medicine.
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Figure 1 Dedifferentiation of adipocytes. Mature adipocytes lose their lipid content and acquire a fibroblast-like shape. Mature adipocytes also divide asymmetrically into one lipid-filled adipocyte and small daughter cells without lipid. The new lipid-free cells are referred to as DFAT cells. DFAT: Dedifferentiated fat. 


Figure 2 Schematic drawing of dedifferentiated fat cell preparation using preincubation and filters. Isolated adipocytes are incubated for 24 h in culture medium, before transfer to a new dish with filter, where the adipocytes remain for five days before the filter is removed. DFAT cells are allowed to sink through the filter to the bottom of the dish. The adipocytes and filter insert are then removed, and the new DFAT cells are cultured by regular methods. ASCs: Adipose-derived stem cells; DFAT: Dedifferentiated fat.


Figure 3 Schematic drawing of differentiation in dedifferentiated fat cells. The DFAT cells are able to differentiate into multiple lineages, including adipogenic, osteogenic, chondrogenic, myogenic, angiogenic and neourogenic lineages. Potential for differentiation into hepatocytes, lung cells, intestine cells and hematopoietic cells has not been reported. DFAT: Dedifferentiated fat.
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