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Despite developing prenatally, the adipose tissue is unique in its ability to undergo drastic growth even after reaching its

mature size. Proper adipose tissue development relies on tightly regulated processes that require careful coordination and

cooperation between many different cell types and their matrix cues.
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1. Introduction

While classically viewed as merely a storage depot, adipose tissue (fat) has many roles and is classified as a connective,

thermogenic, and endocrine organ. Healthy adipose tissue is required to regulate systemic energy homeostasis, modulate

inflammatory responses, store and metabolize steroids, protect internal organs, and maintain body temperature (both as

an insulating organ and through non-shivering thermogenesis) . Proper adipose tissue development relies on

tightly regulated processes that require careful coordination and cooperation between many different cell types and their

matrix cues.

Full-term human infants are composed of 11 to 28% fat , which is classified as either brown or white fat. Brown fat,

which fully develops and matures prenatally, plays a pertinent role in neonatal thermal regulation, as it contains ample

mitochondria to convert the many, small lipids stored in the brown multilocular adipocytes into thermal energy .

However, brown adipose tissue proceeds from being 5% of the human body mass at birth to a mere 1.5% of the adult

human mass and is replaced by white adipose tissue as the primary adipose mass . On the other hand, white

adipose tissue fluctuates in mass throughout both prepubescent and adult life. White adipose tissue serves as the primary

energy reservoir in the human body, with approximately 90% being classified as subcutaneous (underneath the skin) and

10% being visceral (surrounding the internal organs/viscera), although there have been quantitative differences shown to

be dependent on sex, menopausal state, and disease state .

White adipose tissue is a heterogenous mixture of cells, with mature adipocytes being the primary metabolic component

and accounting for approximately 90% of the tissue’s volume . These mature adipocytes arise from precursor

preadipocytes that exist alongside many other cells, including adipose stem cells, stromal cells, endothelial cells, and

resident immune cells. Despite taking up only 10% of the tissue’s space, these cells, termed stromal vascular cells, play

an important role in regulating vascular innervation and the immune response within the tissue . The proper

development of white adipose tissue relies on highly coordinated spatial and temporal communication amongst all of

these cells and their microenvironment. There are several reviews published that focus on the interplay between adipose

and endothelial cells during obesity-driven adipogenesis and angiogenesis . However, the process of adipose

organogenesis relies not only on cellular crosstalk but also on cellular self-assembly, which is highly dependent upon both

extracellular and intracellular forces in order to control the cell’s fate, matrix remodeling and mechanics, and the

development of tissue patterns . There is accumulating evidence indicating the importance of mechanics given that it

affects fundamental factors of proliferation, migration, and differentiation . With the bulk modulus of adipose

tissues being one of the lowest in the body, around 0.5–1 kPa , proper cell fate relies on controlled proliferation and

differentiation amidst softer materials. Furthermore, with adipose tissue being physiologically exposed to a range of bulk

physiological forces (compressive, tensile, and shear) due to body weight , there must be adaptive modalities on a

cellular level to maintain bulk tissue health and integrity.
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2. Adipose Tissue Remodeling during Fetal Development

2.1. Ultrastructural Changes during Adipose Tissue Development

Early studies piloted by Hausman  et al.  and Poissonet  et al.  described the complexities of fetal subcutaneous white

adipose tissue development using early microscopical and immunohistochemical techniques .

Collectively, these studies describe fetal adipose tissue growth through five defined morphometric stages, as shown

in  Figure 1. Notably, these developmental stages are highly dependent upon primitive matrix deposition and vessel

outgrowth and organization.

Figure 1.  Schematic representations of (A) the localization of white adipose tissue (yellow) and brown adipose tissue

(brown) in a developing neonate and adult human; (B) the breakdown of adipose tissue development into the 5 specified

stages; (C) the prominent Extracellular Matrix (ECM) components over the course of adipose tissue

development. Abbreviations: adipose stem cell (ASC), low-density lipoprotein (LdL), and endothelial cell (EC). Created

with Biorender.com.

In studying human buccal (cheek) fat, Poissonet et al. found that prior to week 14 of gestation, the fat pad consisted solely

of amorphous fibers forming a loose connective tissue . The second stage was then distinguished by the existence

of adipose lobules with primordial vasculature. This vasculature formed a glomerular structure around mesenchymal

cellular aggregates. The third stage was defined between weeks 14 and 16 of gestation, whereby capillaries began to

develop within a more mature lobular architecture and mesenchymal cells began to compact, allowing for their early

differentiation . Small multilocular adipocytes began to appear in stage 4 of the development process, between 23

and 29 weeks of gestation .
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It was shown that during this adipogenic time frame, there was unique basal lamina and glycoprotein development along

the microvasculature and around the adipocytes . Notably, in both stage 4 and stage 5 of adipose development,

logarithmic adipocyte hypertrophy was occurring alongside expansive, tortuous vascular growth . Hausman  et
al. showed that in this developing adipose tissue, the larger, tortuous capillaries had an abundance of chylomicrons (large

triglyceride-rich lipoproteins) and very low-density lipoproteins along their lengths, which were used as substrates for

lipoprotein lipase (LPL) . Additionally, these vascular cells had high organelle and intracellular vesicle content,

indicating the ability to potentiate transfers requiring more energy, ultimately fueling the early expansion of the tissue. This

was further indicated by the expression of Adenosine Triphosphatase (ATPase) along the capillaries . It was further

found that this tortuosity greatly assisted in rapid adipocyte growth by minimizing the spatial distance between the

capillaries and the developing adipocytes . In the final stage of adipose development, definitive lobules were

surrounded by mesenchyme and fibrous collagen, which rapidly condenses and thickened to form the interlobular septa

. This array of histological and cytochemical studies show that there are immense ultrastructural

changes throughout the simultaneous development of adipocytes and the maturation of pre-existing capillary beds 

.

2.2. Remodeling during Angiogenesis and Adipogenesis

2.2.1. Angiogenesis

In embryonic development, the main vasculature of the human body is formed through de novo vasculogenesis, whereby

stem cells undergo differentiation towards endothelial progenitor cells, also known as angioblasts, and then towards

endothelial cells to form tubule structures . However, in specified organogenesis, vessels branch off of existing

vasculature through controlled sprouting or non-sprouting angiogenesis (Figure 2), with the assistance of existing

mesenchymal cells . As previously discussed, the primitive vasculature in adipose tissue has developed prior to week

14 . In order for angiogenesis to occur, matrix metalloproteinases (MMP) must first break down the basement

membrane that is currently supporting the vessel. In these early stages, MMP2, MMP3, and MMP9 tend to start this

process allowing for the release of fibrinogen and fibronectin, which lay the provisional foundation for the migration of

additional endothelial cells . Chemotactic signals, such as vascular endothelial growth factor (VEGF),

encourage the proliferation and migration of existing endothelial cells towards the prepared void . Furthermore,

platelet-derived growth factor-β (PDGF-β) recruits pericytes/smooth muscle cells to stabilize the vessel . From then on,

transforming growth factor beta (TGF-β) stimulates the differentiation of mesenchymal stem cells to fibroblasts and mural

cells in order to increase extracellular matrix (ECM) production to promote vessel maturation . While the general

composition of the vessel’s basement membrane is rather consistent: Laminin and Type IV Collagen linked with Nidogen

and Perlecans , the isoform profile and quantity of each ECM will be unique to the specification of the vessel,

whether it be arterial, venule, or capillary. For example, Laminin α4 exists on all vessels while Laminin α5 is more

exclusive to capillaries . Furthermore, Laminin 10 is present at birth, but gradually, it is replaced with Laminin 8 ,

showing that not only does each cell type have a unique matrix signature but also that this signature changes over time.
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Figure 2. Schematic representations of (A) vascularized adipose tissue and (B) paracrine interactions between both the

vascular and adipose lineages. (C) Stepwise breakdown of cellular and paracrine activity during

angiogenesis. Abbreviations: Platelet-derived growth factor-β (PDGF-β), transforming growth factor-β (TGF-β), vascular

endothelial growth factor-A (VEGF-A), hepatocyte growth factor (HGF), angiopoietin-1,2 (Ang-1,2), fibroblast growth factor

(FGF), insulin-like growth factor-1 (IGF-1), extracellular matrix (ECM), and matrix metalloproteinase (MMP). Created

with Biorender.com.

2.2.2. Adipogenesis

Adipogenesis is a highly regulated, dynamic process whereby adipose stem cells undergo stepwise differentiation towards

an adipocyte. One notable change in white adipocyte development includes the gradual morphological change from the

fibroblastic shape to a multilocular adipocyte and then finally a spherical unilocular adipocyte, designed to store

triglycerides efficiently and effectively . Throughout this adipogenic process, the cells experience alterations in their

ECM secretions and network organization, which ultimately affect the rigidity of the environment . Antras et al. found

that during the differentiation of adipocytes, there was an obvious slowdown and halt in the synthesis of actin and other

cytoskeletal proteins to accommodate the expansion and accumulation of lipid droplets intracellularly .

One notable change in the ECM profile of adipose-derived stem cells (ASCs) cultured in growth media versus

differentiation media is the gradual loss of fibronectin and increase in the secretion of laminin of ASCs undergoing

adipogenesis . Several studies have shown that the utilization of decellularized matrix from differentiated adipocytes

increased the adipogenic potential of ASCs when compared to the adipogenic potential of stem cells cultured with the

decellularized matrix of ASCs grown in growth media, indicating that the matrix contains adipogenic cues .

Considering their pre-established commitment to the adipocyte lineage, 3T3-L1 cells are a common model to study

adipogenesis. In their undifferentiated state, 3T3-L1 cells have a fibroblast-like morphology and secretome . It has been

shown that these fibroblasts primarily secrete fibrillar Type I and III Collagen when exogenously stimulated with ascorbic

acid . In addition to their usage as an adipogenic model, this ability to secrete fibrous matrix has previously made

them very beneficial as feeder cells to more fragile cells . In these adipogenic models, there is an early peak of

fibrillar proteins (Types I, II, and III collagen) by day 4 of differentiation, followed by a transient decline that is offset by a

gradual increase in basement membrane proteins, including Type IV Collagen, Laminin, and Entactin .
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3. Cellular Crosstalk and Paracrine Signaling during Simultaneous
Adipogenesis and Angiogenesis

It is apparent that there is a macrostructural dependence between developing adipocytes and their vasculature, with the

vasculature defining the architecture of the lobule and supplying the necessary materials to promote adipogenesis .

However, there are also paracrine and contact-dependent interactions that promote the development of vascularized

adipose tissue.

It is known that ASCs, which are mesenchymal stem cells not yet committed to the adipocyte lineage, have the ability to

differentiate into multiple cell lineages, including adipocytes (white or brown) and endothelial cells . There has

been previous histological evidence to suggest that adipocytes and adipose-derived endothelial cells share a common

ancestor residing in the vascular niche . This common precursor was verified and defined by Tang et al. through

the utilization of a Green Fluorescent Protein (GFP)-Peroxisome Proliferator-activated Receptor Gamma (PPAR- γ)

mouse model . This model suggested that there are PPAR-γ positive cells lining the vasculature that also express

Smooth Muscle Actin (SMA), PDGF-β, and neuron-glial antigen 2 (NG2), indicating that they are of perivascular origin 

. After isolation, it was shown that these cells took up Bromodeoxyuridine (BrdU), showing their proliferative capacity,

while also having immense adipogenic potential . Together, these findings demonstrate that many adipocytes are

derived from progenitors that reside within the mural cells’ compartment, surrounding the vasculature . However,

there are many regulators that can determine the fate and function of these progenitor cells, including paracrine or

mechanical signals.

It should be firstly noted that there is immense crosstalk within the stromal vascular fraction (SVF) that influences both

adipogenesis and angiogenesis. One prominent stromal cell, the fibroblast, has demonstrated its importance in adipose

tissue development and maintenance. Fibroblast Specific Protein-1 (FSP-1)+ fibroblasts reside adjacent to preadipocytes

and regulate PDGF signaling and MMP expression in order to promote adipogenesis . As regulators of matrix

construction, these stromal cells also support angiogenesis . ASCs from the SVF promote endothelial colony-forming

cell proliferation and differentiation by secreting proangiogenic factors such as VEGF . Moreover, those stem cells

can then differentiate into pericytes to stabilize the newly formed vessel structure . When in indirect coculture, ASCs

release VEGF and Angiopoietin 1 and 2 in order to promote the tubule formation of endothelial progenitor cells which then

upregulate their expression of Tunica Interna Endothelial Cell Kinase 2 (TIE2) and VEGFR1. In this entry, VEGFR2 was

not detected, suggesting a more prominent role in Angiopoeitin-TIE2-mediated angiogenesis in endothelial progenitor

cells .

Endothelial cells within the SVF are also a source of mitogenic and adipogenic components. Conditioned medium from

microvascular endothelial cell cultures promoted the proliferation of preadipocytes . It is likely that this media contained

heparin-binding Fibroblast Growth Factor (FGF) and Insulin-like Growth Factor-1 (IGF-1), as shown in Figure 2  .

Furthermore, when endothelial cell-derived ECM components, including Fibronectin, Laminin, and Collagen IV, were

applied as soluble entities to differentiating preadipocytes  in vitro, there was a four-fold increase in triglyceride

accumulation, indicating that a strong paracrine signal from endothelial cells is communicated  via  the ECM that they

produce .

Fukumura et al. used an in vivo fat pad formation murine model in conjunction with an in vitro preadipocyte differentiation

assay to monitor simultaneous angiogenesis and adipogenesis as well as unravel the intricacies of the paracrine signaling

existing between preadipocytes and endothelial cells . When PPAR-γ is inhibited  in vivo, 3T3 cells remained

undifferentiated, which corresponded to a reduction in vessel infiltration. Furthermore, when VEGFR2 was blocked, there

was a reduction in both angiogenesis and 3T3-F442A differentiation. It was found that this was due to the paracrine

interaction between endothelial cells and preadipocytes, which is dependent upon endothelial treatments with VEGF, as

the treatment with VEGF and a VEGF blocker on preadipocytes did not directly affect differentiation in vitro  . This entry

highlights the importance of cell-specific paracrine signaling in simultaneous adipogenesis and angiogenesis.

In embryonic development and prior to the maturation of white adipocytes, preadipocytes take on a hormonal role and

secrete adipokines, including adiponectin . These secretions have been shown to have an imperative paracrine effect

in assisting angiogenesis . Leptin, another adipose hormone known to play a regulatory role in satiety, has displayed an

important role in regulating fetal growth and organogenesis , although its angiogenic implications remain unclear.  In
vitro studies with human umbilical vein endothelial cells (HUVECs) and porcine aortic endothelial cells demonstrated that

HUVECs displayed Ob-Ra and Ob-Rb, two isoforms of the Leptin receptor, and responded to Leptin by increasing their

proliferative rate and forming capillary-like tubes when in Fibrin gels . This functionality was attributed to the activation

of the Mitogen-activated Protein Kinase (MAPK) pathway . Other studies have shown the Leptin-mediated
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upregulation of angiogenic factors FGF-2 and VEGF, further supporting this pro-angiogenic response . However,

more recently, a study reported that metreleptin, a recombinant leptin analog, does not induce endothelial sprouting in a

3D gel and it also does not affect circulating angiogenic factor levels . Additional research shows that adipocyte-

derived leptin induces endothelial apoptosis through Ang-2, but angiogenesis occurs through VEGF and FGF-2 (also

produced by adipocytes) , demonstrating situationally dependent responses.
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