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Abstract 
The discovery that adipose tissue represents an interesting source of multipotent stem cells has led to many studies exploring the clinical potential of these cells in cell-based therapies. Recent advances in understanding the secretory capacity of adipose tissue and the role of adipokines in the development of obesity and associated disorders have added a new dimension to the study of adipose tissue biology in normal and diseased states. Subcutaneous adipose tissue forms the interface between the clinical application of regenerative medicine and the establishment of the pathological condition of obesity.  These two facets of adipose tissue should be understood as potentially related phenomena. Because of the functional characteristics of adipose stem cells, these cells represent a fundamental tool for understanding how these two facets are interconnected and could be important for therapeutic applications. In fact, adipose tissue stem cells have multiple functions in obesity related to adipogenic, angiogenic and secretory capacities. In addition, we have also previously described a predominance of larger blood vessels and an adipogenic memory in the subcutaneous adipose tissue after massive weight loss subsequent to bariatric surgery (ex-obese patients). Understanding the reversibility of the behavior of adipose stem cells in obeses and in weight loss is relevant to both physiological studies and the potential use of these cells in regenerative medicine.
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Core tip: In this mini-review, we summarize recent aspects regarding obese subcutaneous adipose tissue with a focus in adipogenic and secretory capacities of adipose stem cells.  In particular, we discuss how the occurrence of obesity and weight loss could alter the properties of stem cells and the consequences of using adipose-derived stem cells in regenerative medicine. Our previous results reveal that, after massive weight loss subsequent to bariatric surgery, stem cells retain an adipogenic memory besides a predominance of larger blood vessels in subcutaneous adipose tissue. Inflammatory subcutaneous adipose tissue microenvironment found in obese patients and even the massive weight loss could alter adipose tissue-derived stem cells phenotype to a non-healthy state.

Baptista LS, Silva KR, Borojevic R. Obesity and weight loss could alter the properties of adipose stem cells? World J Stem Cells 2014, In press

INTRODUCTION 
The discovery that adipose tissue represents an interesting source of multipotent stem cells has led to many studies exploring their clinical potential in cell-based therapies. Recent advances in understanding the secretory capacity of adipose tissue and the role of adipokines in the development of obesity and associated disorders have added a new dimension to adipose tissue biology under normal and diseased states. In the present mini-review, we summarize different aspects of adipose tissue stem cells and the role of these cells in obese subcutaneous adipose tissue. In addition, we discuss how the occurrence of obesity and weight loss after bariatric surgery could alter the properties adipose-derived stem cells and the consequences of using these cells in regenerative medicine.

OBESE SUBCUTANEOUS ADIPOSE TISSUE 
White adipose tissue is highly complex and is composed of various cell types that interact dynamically with each other through the secretion of adipokines, including hormones, cytokines and chemokines. This tissue is now recognized as being equivalent to an endocrine organ[1].White adipose tissue is mainly divided into two fat depots: internal or visceral and subcutaneous. In humans, a major contribution of visceral adipose tissue to the development of insulin resistance and to the cardio-metabolic complications in obesity was proposed[2]. The differences observed between visceral and subcutaneous adipose tissues are supported by studies showing that visceral and subcutaneous fat depots exhibit differential gene expression profiles[3]. A recent study has suggested a common embryonic origin from mesothelium and mesothelium-derived cells for up to six internal fat depots, but not for the subcutaneous fat depot[4].
Visceral and subcutaneous adipose tissues can significantly alter their mass according to the amount of triglycerides stored in adipocytes, however is more evident in subcutaneous fat tissues. Some authors assume that the visceral fat depot is associated with metabolic syndromes, while subcutaneous fat has a metabolic buffer function, which means that an increase in the subcutaneous fat depot in the presence of a positive caloric balance is protective[3,5]. During the development of obesity, the enormous increase in the subcutaneous fat mass results in a dysfunctional tissue. Tissue homeostasis is disrupted due to adipocyte hypertrophy, decreased adipogenesis and angiogenesis[6].
The cellular content of subcutaneous adipose tissue includes a major population of specialized cells, the adipocytes, and a stromal vascular fraction (SVF) composed of preadipocytes, pericytes or multipotent stem cells, vascular wall and endothelial cells, macrophages[7], lymphocytes[8], eosinophils[9], neutrophils[10], mast cells[11] and hematopoietic progenitor cells[12]. It was initially proposed that adipocyte hypertrophy is the major mechanism by which subcutaneous adipose tissue expands. However, adipocyte hyperplasia also contributes to tissue expansion through the activation of multipotent stem cells, leading to the generation of new cells to sustain the demand for fat storage[13,14].  Therefore, the capacity to dynamically expand or shrink throughout adult life is mediated by adipocytes, preadipocytes and multipotent cells with a regenerative capacity. 	
Lipid accumulation is not the only trigger for the development of obesity. One of the most important discoveries regarding the development of obesity was the description of the establishment of an inflammatory state characterized by an increase in the levels of local and systemic inflammatory cytokines and macrophage infiltration into subcutaneous adipose tissue[15-18]. Besides, endoplasmic reticulum dysfunction is being given as evidence of adipocyte stress[19], playing an upregulation role in inflammatory scenario of adipose tissue. The accumulated macrophages contribute to the production of inflammatory mediators, thus amplifying the inflammatory state of the adipose tissue and thereby representing an important factor in promoting insulin resistance[17,18]. The macrophage population within inflamed obese adipose tissue can switch phenotypes between inflammatory and non-inflammatory states[20]. Adipose tissues also secrete osteopontin, which also plays a role in the migration and differentiation of cells of the immune system[21-25].
It has been suggested that preadipocytes of mouse adipose tissue could be responsible for most of the secretion of MCP-1[22,24,25], which has been classically described regarding the role of this cytokine in monocyte mobilization from the bone marrow and the migration of monocytes through the peripheral circulation.  Therefore, it was proposed that the inflammatory process that is established during the development of obesity could be initiated by preadipocytes that were affected by adipose tissue growth. In this case, both adipocytes and the preadipocytes would be responsible for the migration and, possibly, the activation of macrophages in adipose tissues.
The cellular events that lead to the establishment of this scenario have not been fully elucidated, and the mechanisms by which obesity is associated with other metabolic disorders are not well understood. Because multipotent stem cells are directly involved in subcutaneous adipose tissue homeostasis, it is reasonable to postulate a pleiotropic role for stem cells in the vicious cycle of inflammation. In fact, since 2000, the number of scientific articles in the adipose stem cell field within the context of obesity has been increasing (Figure 1). However, there is only a few analyzing subcutaneous adipose tissue samples after massive weight loss[26-30]; two of them with focus on multipotent stem cells[26,30]. 

HEALTHY AND NON-HEALTHY ADIPOSE STEM CELLS 
The term mesenchymal stem cells (MSC) was first used for a multipotent cell population that dwells in adult bone marrow stroma. Based on the concept of bone marrow MSC, this population of perivascular cells has been described in a variety of other adult tissues[31-36], including adipose tissue[37].  MSC contribute to tissue homeostasis, repair and regeneration[38,39]. Data collected during the last 10 years suggest that MSC represent a specific adult tissue stem cell population, the plasticity of which is essential. It is not clear whether all the MSC populations, derived from different tissues throughout the body, represent a substantially similar cell category. Among the different sources of MSC already described, the adipose stem cells have attracted the attention of many scientists and physicians due to the frequently large amounts of subcutaneous adipose tissue that can be easily harvested using liposuction. In addition to being an important tool for tissue regeneration, due to their secretory capacity, adipose stem cells also represent possible regulators in the development of obesity. While many studies have reported on the participation of inflammatory and non-inflammatory macrophages, little is known about the events in obesity that involveresident stem cells.
The in vitro-amplified stem cell population derived from adipose tissue is now termed adipose tissue-derived stem cells (ASC)[40]. ASC share common features with MSC derived from other tissues, which are primarily based on the paracrine activity of these cells. ASC are similar to MSC derived from bone marrow, including the capacity to sustain hematopoiesis[12] and immunomodulatory activities, but most importantly, ASC display specific features, among which are higher angiogenic and adipogenic potentials[41]. Regarding the surface marker profile, ASC are distinguished by CD34 expression[42]. 
In fact, results from in vitro assays and animal models have supported a beneficial role for ASC in tissue regeneration and immunomodulation via paracrine activity[43]. However, ASC are responsive to inflammatory stimulus. Hoogduijn et al[44] showed in C57BL/6 mice that intravenously infused ASC home to the lung where they first induce an inflammatory response that in turn leads to immunomodulatory effects.  Furthermore, after lipopolysaccharide stimulation ASC increases their inflammatory cytokines secretion[45] with clones exhibiting varying degrees of paracrine activity[46]. Stressful conditions on tissue homeostasis can lead to extreme cell behavior changes[47], and specifically in subcutaneous adipose tissue it has been reported that some diseases can alter ASC function. For example, autologous ASC therapy treatment in a mouse model of multiple sclerosis showed no positive results on the disease progression[48]. The angiogenic potential[49,50] and wound healing[51] capacity of ASC is altered by Diabetes. 
There is a positive correlation between high body-mass index (BMI) and some types of malignant tumors[52]. MSC may favor tumor development through the release of soluble factors and by direct cell contact, promoting proliferation, survival, and drug resistance. It is postulated that the inflammatory tumor microenvironment could change the phenotype of infiltrating MSC to a pro-inflammatory state[53]. We could speculate that the tumor-derived MSC is in fact a non-healthy state, since they promote tumor progression. 
In addition to producing new adipocytes and to participation in the growth of the vascular tree[41], ASC could contribute in other ways to the development of obesity. First, these cells could generate macrophages by direct differentiation or indirectly, by supporting their generation from resident hematopoietic progenitor cells[12]. Murine ASC have a phagocytic activity, both in vitro[54] and in vivo[55]. Human ASC also have this capacity[56]. Recently, a macrophage population that expresses CD34 and is plastic-adherent and multipotent, similar to ASC, was identified in human white adipose tissue[7]. Therefore, the idea that a significant proportion of the inflammatory macrophages present in the adipose tissue of obese patients may be generate in situ cannot be ignored[57]. Second, ASC could also participate in obesity via cytokine secretion function. The endocrine function of adipose tissue depends upon the activity of the adipocytes and the cells from the SVF. Adipocytes are the main source of leptin and adiponectin, while inflammatory cytokines such as IL-6 and TNF-α, are mostly secreted by the stromal-vascular cells[13,17,58], among which are ASC and preadipocytes. Consequently, ASC can be key players in obese subcutaneous adipose tissue as secretory cells.
Oñate et al[59] showed a low capacity for adipogenic and angiogenic differentiation and an upregulation on inflammatory genes[60] in the ASC from obese patients. Once ASC and preadipocytes are exposed to inflammatory adipose tissue microenvironment, they may react in several possible ways including cytokines secretion, dedifferentiation and migration, aiming to reduce tissue damage[47]. In this microenvironment, inflammatory cytokines secretion by non-healthy ASC could represent a failure to evade stress. Indeed, the cellular and molecular events in obesity may alter ASC producing a non-healthy and even inflammatory phenotype that in turn impairs the normal cellular physiology of the subcutaneous adipose tissue (Figure 2).Once a disruption in adipose tissue homeostasis begins, the metabolic buffer function of subcutaneous adipose tissue[3,5] can be lost, thereby worsening the systemic chronic inflammatory condition of obese patients. 
This opens a new and fascinating pathway for modulating obesity through the possibility of manipulating the functional capacity of ASC[61]. Massive weight loss after bariatric surgery reduces the inflammation as measured by C-reactive protein and IL-6 plasma levels[62] and even the stress in endoplasmic reticulum of adipocytes[63], however if ASC isolated from subcutaneous adipose tissue could return their healthy state is still unknown. 

ADIPOSE STEM CELLS AFTER MASSIVE WEIGHT LOSS: IMPLICATIONS FOR REGENERATIVE MEDICINE
ASC are now considered to be regenerative cells that promote tissue repair and regeneration in vivo, which may occur via different mechanisms, including indirectly by the production of soluble factors or directly by the differentiation of the ASC themselves. The first clinical trial that used expanded ASC involved the treatment of fistulas in Crohn’s auto-immune disease[64-66]. More than a decade’s worth of animal model studies and clinical trials using ASC[67] suggest that cell therapy approaches lead to the reestablishment of function and the remodeling of tissue after injury, mostly via a paracrine mechanism. Paracrine factors include a set of growth factors that once released by the transplanted stem cells may abrogate local apoptosis and stimulate the proliferation and activation of resident cell progenitors[45,46].
Obesity is an inflammatory disease, and relevant changes in the cytokine release profile are expected when comparing obese and non-obese patients and even after massive weight loss (ex-obese patients). In fact, it is known that epigenetic modifications could play a role in chronic diseases[68,69]. The alterations in cellular behavior caused by the inflammatory microenvironment in obese subcutaneous adipose tissue could be partially maintained even after the decrease of inflammation because of the accumulation of epigenetic modifications. Therefore, it is critical to investigate the biology of ASC to understand their potential use in particular therapeutic approaches. If ASC are isolated from ex-obese patients, the regenerative potential of these cells may be modified, and distinct from that observed in the cell populations present in and derived from non-obese patients.  Although massive weight loss has been associated with reduced inflammatory markers in plasma[62], bariatric procedures could produce metabolic abnormalities, including the increase of bone resorption[29]. It has been reported that after massive weight loss, subcutaneous adipose tissue returns to a non-inflamatory state with a significant decrease in inflammatory cytokines[28,58] and immune cells infiltration[27,29]. These cytokines are produced mainly by SVF and their decrease was observed during weight stabilization period[58]. 
Mitterberger et al[30] have showed no alterations in ASC after massive weight loss; however we analyzed few days of adipogenic induction in contrast to previous studies[26,59,60]. We have described a predominance of larger blood vessels in the subcutaneous adipose tissues derived from ex-obese patients (body mass index 25-29.9 kg/m2), who had lost weight after treatment with bariatric surgery, compared to that from control patients (body mass index 25-29.9 kg/m2), who had never developed morbid obesity. In the same study, ASC isolated from ex-obese patients attained a mature adipocyte phenotype faster than those obtained from non-obese patients[26], suggesting an enrichment of the preadipocyte population.
We currently propose to find a potential biomarker to predict the adipogenic commitment of ASC and, therefore, a biomarker to predict the potential regaining of subcutaneous adipose tissue mass. Recently, Joe et al[70] have described two major subpopulations, based on CD34 surface marker expression, that dwell in murine skeletal muscle tissue. Using cell sorting techniques, the authors have shown that LinnegSca-1posCD34pos cells contain adipogenic progenitors, while LinnegSca-1negCD34neg cells contain osteogenic and chondrogenic activity. In a mouse model of acute lung injury, freshly isolated human umbilical cord blood CD34-positive cells are protective against the inflammation induced by a lipopolysaccharide challenge[71].
The role of the CD34 surface molecule in ASC physiology has been recently discussed[72]. In subcutaneous adipose tissue, the population of preadipocytes can be identified by flow cytometry using the following combination of cell surface markers:  CD45neg, CD146neg, CD31neg, CD34pos[42].  Our preliminary results have shown that obesity induces an accumulation of CD34-positive cells, in subcutaneous adipose tissue that does not return to a normal state in ex-obese patients. Furthermore, a novel adipose tissue macrophage subpopulation (CD45pos/CD14pos/CD34pos/CD206pos) had characteristics similar to ASC, including adherence, localization, morphology, and mesenchymal multipotency. This subpopulation may have migrated from the bone marrow and, once in the adipose tissue, may play an important role in tissue maintenance[7] and also in the development of obesity. 
The mechanisms by which the ASC from ex-obese patients are committed to the adipogenic lineage are unknown, but some results point to the existence of circulating preadipocytes that can be recruited and participate in the enlargement of the adipose tissue mass[73]. Another possible mechanism for the preadipocyte accumulation in ex-obese adipose tissue relies on the fact that adipocytes can dedifferentiate in vitro[41,74]. Considering that patients treated with bariatric surgery massively decrease food intake and increase energy expenditure through physical exercise, hypertrophied adipocytes tend to mobilize lipids through lipolysis and could dedifferentiate into preadipocytes (Figure 3). The enrichment of preadipocytes in the adipose tissues of ex-obese patients and the fact that the blood vessels in these tissues do not return to a normal diameter[26]may play roles in accelerated weight regain.
Due to the high demand for breast augmentation, replacing devices with autologous fat and ASC is a fair option[75]. However, this approach cannot be followed if previous breast cancer has occurred. Moreover, if the ASC from ex-obese patients have an adipogenic memory of obesity development, we could also postulate an inflammatory memory or even altered inflammatory properties. It is thus reasonable to consider that the ASC from ex-obese patients may worsen the evolution of a tumor. 
Due to ASC plasticity, studies of the function and contribution of ASC during the development of obesity are fundamental to developing new therapeutic approaches to prevent or treat obesity and its complications. Evidence of the alteration of ASC function during the development of obesity is beginning to be evaluated[59,60], but information is still scarce[61], specially related to patients who lost weight after bariatric surgery. In fact, inflammatory subcutaneous adipose tissue microenvironment could change ASC phenotype to a non-healthy state, possibly maintained by epigenetic alterations even after massive weight loss. We believe that the use of cell sorting approaches is imperative to validate the use of ASC from obese and ex-obese patients for autologous cellular therapy. 

CONCLUSION
In conclusion, subcutaneous adipose tissue forms the interface between the clinical application of regenerative medicine and the establishment of the pathological condition of obesity.  These two facets of adipose tissue should be understood as potentially related phenomena. Due to their functional characteristics, ASC represent a fundamental tool for understanding how these two facets are interconnected and could be important for therapeutic applications. Efforts to increase the understanding of the biology of ASC isolated from adipose tissues with normal physiology and in disease states may thus lead to the appropriate use of these cells in regenerative medicine and will provide novel therapeutic insights regarding obesity and weight regain.
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Figure 1 Annual number of publications referenced in the PubMed database between 2000 and 2013 with the sentence “adipose stem cell in obesity”.
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Figure 2 Multipotent stem cells as key players in tissue homeostasis disruption in obesity.The enormous increase in subcutaneous fat mass leads to an increase in secreted molecules such as monocyte chemotactic protein 1 (MCP-1), which causes monocyte infiltration and subsequent macrophage differentiation (blue lines). Inflammatory cytokines may change multipotent stem cells to a non-healthy phenotype (blue lines) that in turn impairs (red lines) the normal adipogenesis of subcutaneous adipose tissue.
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Figure 3 The enrichment of preadipocytes and the density of blood vessels in the adipose tissues of ex-obese patients may play roles in accelerated weight regain. Even after massive weight loss, ex-obese adipose tissue does not return to a normal cellular state. This adipose tissue is characterized by a higher percentage of CD34 cells and a greater number of small and large blood vessels[26]. 
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