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Adipose tissue is contemplated as a dynamic organ that plays key roles in the human body. Adipogenesis is the
process by which adipocytes develop from adipose-derived stem cells to form the adipose tissue. Adipose-derived
stem cells’ differentiation serves well beyond the simple goal of producing new adipocytes. Indeed, with the current
immense biotechnological advances, the most critical role of adipose-derived stem cells remains their tremendous
potential in the field of regenerative medicine. This entry focuses on examining the physiological importance of
adipogenesis, the current approaches that are employed to model this tightly controlled phenomenon, and the
crucial role of adipogenesis in elucidating the pathophysiology and potential treatment modalities of human

diseases. The future of adipogenesis is centered around its crucial role in regenerative and personalized medicine.
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| 1. Introduction

Adipose tissue is often regarded as a dynamic organ with primordial functions that underline its physiological value.
Its versatile contribution to the human body functions include lipid storage, energy homeostasis, and a major share
in insulin and other hormonal signaling. Adipose tissue can be classically classified into two different entities: white
and brown adipose tissue . Other separate entities also exist, including beige/brite adipose tissue, perivascular
adipose tissue, and bone marrow adipose tissue 2. White adipose tissue represents the largest share of fat that is
usually present in the adult human body and is mainly responsible for the aforementioned functions L. As a matter
of fact, adipokine and cytokine secretion underlines the role of white fat as an endocrine tissue in itself Bl. Brown
adipose tissue, on the other hand, is notably abundant in newborns and hibernating mammals. Although adipose
tissue encompasses a multitude of cells (macrophages, blood cells, fibroblasts, endothelial cells, and stem cells),
mature adipocytes remain the most abundant cell type. It is now well-appreciated that brown and white adipocytes
originate from distinct precursor cells. The process by which adipocytes develop from adipose-derived stem cells to
form the adipose tissue is called adipogenesis. Adipose-derived stem cells’ differentiation serves well beyond the
simple goal of producing new adipocytes. In fact, with the current immense biotechnological advances, the most
critical role of adipose-derived stem cells remains their tremendous potential in the field of regenerative and

personalized medicine.

| 2. Adipogenesis and Human Disease
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In terms of human diseases, it is worth noting that adipogenesis is not exclusively limited to portraying obesity. In
fact, adipogenesis has been employed as a model for a multitude of diseases [!. When it comes to obesity, it has
become a worldwide critical public health burden recently. It has been estimated that, by 2030, 38% of the world’s
adults population will be overweight, and 20% of them will be obese Bl. The excess fat mass can be the result of
both hypertrophy (increase in cell size) and hyperplasia (increase in cell number) of adipocytes in white adipose
tissue [8. The interplay between the two adipose tissue types plays a key role in regulating obesity. The
inflammatory processes in white adipose tissue is a precursor to oxidative stress and the consequent insulin
resistance that alters the systemic homeostasis, thus leading to the metabolic syndrome. This is in opposition to
brown adipose tissue that is heavily implicated in thermogenesis and energy expenditure. The latter is controlled by
the mitochondrial uncoupling protein 1 (UCP-1) . Interestingly, upper-body adiposity is clearly distinct from lower-
body adiposity, with the former being a risk factor for obesity and the latter being protective against obesity.
Preadipocyte cellular models have been established to further investigate this difference 8. When it comes to
diseases other than obesity, it has been reported that adipose tissue models can be used to study diseases such
as cancer and type 2 diabetes mellitus. The impaired insulin signaling forms a tight link between obesity and type 2
diabetes mellitus, making adipocytes a suitable model for the investigation of the disease’s pathophysiology &. To
note, the isoform-2 of peroxisome proliferator-activated receptor gamma (PPAR-y2) is one of the major
transcription factors that are present in adipose tissue and plays a primordial role in the differentiation process. It
was shown to be involved in a variety of metabolic disturbances, such as insulin resistance, dyslipidemia, type 2
diabetes mellitus, and subsequently obesity 29, Adipogenesis has been also employed to model cancers, such as

breast cancer 1112 prostate cancer L3415 and multiple myeloma 18,

2.1. Stem Cells and Adipogenesis

Mesenchymal stem cells are the precursors of adipocytes. These cells differentiate into lipoblasts, then into
preadipocytes, and ultimately into the mature adipocytes. Briefly, when adipogenesis takes place, the fibroblast-like
preadipocytes differentiate into insulin-responsive adipocytes 4. The differentiation process is a complex process
in which many transcription factors are involved, such as peroxisome proliferator-activated receptor y (PPARY),
CCAAT/enhancer-binding proteins (C/EBPs), Kruppel-like factor (KLF), and proteins signal transducers and
activators of transcription (STATs) [ (Figure 1). The existence of adipose stem cells is in no way a novel finding: as
a matter of fact, it is supported by a large share of evidence. The sole existence of an “adipostat” (fat homeostasis)
that is maintained by the pool of adipose stem cells is part of this evidence. Human pathologies like progressive
osseous heteroplasia, in which ectopic bone arises from the subcutaneous adipose layer of the skin, also prove the
possible “tripotency” of adipose stem cells that can give rise to chondrogenic, osteogenic, and adipogenic cell lines.
Finally, the treatment of liposarcomas with ligands that target the previously mentioned PPARy implies that
liposarcomas originate from stem cells, as in the process, liposarcoma cells undergo adipogenesis [18l,
Furthermore, the use of adipose-derived stem cells extends beyond the realm of adipocytes alone, as it has been
demonstrated that these stem cells can be differentiated into endothelial cells. This further supports the solid
crosstalk between adipogenesis and angiogenesis 22, More importantly, with the current immense biotechnological
advances, the most critical role of adipose-derived stem cells remains their tremendous potential in the field of

regenerative medicine 22,
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Figure 1. The process of adipogenesis: schematic of undergoing adipogenesis mechanism from immature
(preadipocyte) to a mature state (adipocyte). Surface markers used for phenotype characterization of both cells, as
well as notable transcription factors that drive adipocyte differentiation, are described. In addition, models utilized to
study adipogenesis subcategorized into cell lines and adipose-derived stem cells (ADSCs) with brief description
into variable methods used to induce differentiation. Below are featured highlight of each adipose tissue subtypes

summarized from other studies [2L122]123]

2.2. Immune Cell Adipocyte Crosstalk

There is considerable clinical evidence that obesity, specifically in combination with type 2 diabetes mellitus
(T2DM), causes increased prevalence of a plethora of medical conditions that are immune-mediated. For example,
common infections reoccur with higher frequency, exacerbated with increased severity that potentially leads to
other complications (241251 Higher rates of vaccine failure have also been reported in individuals with obesity [28,
perhaps due to compromised adaptive immunity. In all, the association of obesity with a compromised immune
system, and a state of chronic low-grade inflammation in adipose tissue 27 is an indication of some degree of
cross talk between adipocytes and cells of the immune system. Along with other cell types, such as endothelial and
fibroblasts cells, lean adipose tissue contains macrophages for immunologic surveillance purposes. Obese adipose
tissue however, can consists of up to 40% of pro-inflammatory macrophages, along with T-cells and B-cells [28129],
Overall, levels of pro-inflammatory cytokines, TNFa, IL-6, and MCP-1 increased when 3T3-L1 cells were cocultured
with murine splenocytes, using a Transwell culture system 22 recapitulating possible cell-cell interaction scenarios
in adipose tissues. Interestingly, IL-6 and MCP-1 measured higher when adipocytes and immune cells were in
direct contact when activated via lipopolysaccharide (LPS), TNFa measured higher only when exposed to immune-
cell-conditioned media. Splenocytes contain a mixed population of cells, while this potentially recapitulates the in
vivo situation, the interaction of macrophages and adipocytes alone cannot be elucidated. Using LPS-activated

macrophages derived from monocytes purified from human donors, Sarvari et al. 28 showed that IL-6 is
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macrophage-dependent, as a result of phagocytosis of adipocytes. They also observed lipid droplet accumulation
within macrophages after adipocyte—macrophage co-culture 28 which could be a result of the engulfment or
uptake of soluble lipids during the phagocytic activity. Garcia-Sabate et al. BY recently showed that macrophages
in 3D mono-culture are able to uptake exogenous low-density lipoprotein and with lipid droplet accumulation
dependent on the cell phenotype 9. Alongside pro-inflammatory cytokines, they also detailed adipokine and
growth factor release as a result of lipid accumulation, and, interestingly, levels are dependent not only on
macrophage phenotype but on substrate density, as well. Adipocytes are also able to act as antigen-presenting
cells, through major histocompatibility complex Il, to stimulate IFNy expressing T-cells B, which are implicated in
autoimmune diseases. This finding is reserved only for large adipocytes of a certain size. The modulation of T-cells
correlates with insulin resistance and the involvement of T-cells during obesity is nicely reviewed by Nyambuma et
al. 2019 22, Despite adipose tissue being known to attract immune cells to proximity, little is known regarding their

interactions 28], warranting further research in this field.

2.3. Modeling Adipogenesis via 2D and 3D In Vitro Models and In Vivo Animal
Models

Modeling the growth of adipocytes in vitro has been extensively studied in the recent years [ (Figure 1). Notably,
the 3T3-L1 cell line, which can differentiate from fibroblasts to adipocytes, remains one of the most frequently used
cell lines with standardized and readily available protocols [28l. Two-dimensional (2D) models, however, often fail to
precisely replicate the true complexity of adipogenesis. Animal models that are characterized by an extensive lipid
deposition in skeletal muscles that is often seen in several human pathologies like myopathies may be considered
as acceptable models for studying the mechanisms behind adipogenesis. Wagyu cattle represent a notable
example B4, As much as they are useful, animal models have many drawbacks, including their high cost, their
time-consuming isolation procedures, and their failure to recapitulate human pathophysiology due to species
differences B3], Fortunately, it is worth noting that the fidelity in modeling human adipocytes has further improved
with the use of human preadipocytes and the previously mentioned adipose-derived stem cells. Add to that the rich
interaction of adipocytes with their environment is no longer a secret after the use of 3D models and co-cultures 4
(361 Naturally occurring and biocompatible silk protein scaffolds offered a unique advantage in bioactive adipose
tissue engineering [2€. One of the major advancements in culture techniques is the employment of scaffold-free
methods in which 3D adipose spheroids are generated from immortal mouse or human pre-adipocyte. Three-
dimensional spheroids have been shown to have a more abundant expression and secretion of adiponectin as
compared to 2D culture. Their ability to secrete pro-inflammatory cytokines equips them with a superior ability of
resisting culture or toxin associated stress. Finally, 3D spheroids that are generated from brown adipose tissue
have a higher retention of brown adipose tissue markers than the classical 2D cultures cells from the same origin
(33 It is worth noting here that the superior characteristics of 3D cultures were exploited to model breast cancer, as
previously mentioned 2. An figure highlighting the potential application of both culturing methods is displayed in

Figure 2.
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Figure 2. Modeling adipogenesis: (A) cell culture models used to study adipogenesis in vitro. Although 2D cell
culture models are simple and reproducible, they lack complexity and physiological relevance as exhibited in 3D
cell culture models. Example of complex 3D cell culture models (B) using 3D collagen matrices as a biomimetic
tissue model, and (C) a white adipose tissue (WAT)-on-a-chip. Images are adapted with permission from B2 and

(38 for Figure 2B and 2C, respectively.

| 3. Clinical Implications of Adipogenesis Models

The potential contribution of adipogenesis in the elucidation of the pathophysiology of multiple diseases via
constituting a biologically representative model is not its only outstanding attribute. As a matter of fact,
adipogenesis may be implicated in the treatment of various human disease. For instance, adipogenesis models
could be utilized for lipidomics studies in various clinically relevant areas, including diabetes 3220 cardiovascular

disease 2142l prostate cancer [43](44] and psychiatric diseases such as schizophrenia 22!,
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It is true that the involvement of adipogenesis in the novel and scientifically appealing field of regenerative
medicine forms a broad conglomeration of potential treatment strategies 18 (Figure 3). However, one must
acknowledge that the therapeutic potential of adipogenesis extends beyond this field. Beige fat was shown to be
heavily implicated in energy expenditure. This has been exploited for therapeutic purposes, especially when it
comes to obesity: White-to-beige adipocyte conversion is probably one of the main processes that orchestrate this
therapy [44]. It is also known that the accumulation of fat in visceral adipose tissue is one of the risk factors for
increasing insulin resistance and thus accelerating the progression of type 2 diabetes mellitus. Dysfunctional
adipogenesis of omental adipose tissue and high levels of 4-hydroxynonenal (4-HNE) are key players in this
phenomenon. The in vitro combination of metformin and insulin was shown to decrease the adipogenesis

impairment of preadipocytes that are derived from type 2 diabetes mellitus patients 43,
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Figure 3. Modeling adipogenesis for experimental approaches and clinical applications: A schematic
illustrating potential experimental approaches from isolation of ADSCs throughout culturing, applications (listed),

including clinical experiments and trial, and finally towards potential transplantation.
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