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Abstract 

Support for stem cell self-renewal and differentiation hinges upon the intricate microenvironment termed the stem cell 'niche'. Within the 
adipose tissue stem cell niche, diverse cell types, such as endothelial cells, immune cells, mural cells, and adipocytes, intricately regulate the 
function of adipocyte precursors. These interactions, whether direct or indirect, play a pivotal role in governing the balance between self-
renewal and differentiation of adipocyte precursors into adipocytes. The mechanisms orchestrating the maintenance and coordination of 
this niche are still in the early stages of comprehension, despite their crucial role in regulating adipose tissue homeostasis. The complexity of 
understanding adipocyte precursor renewal and differentiation is amplified due to the challenges posed by the absence of suitable surface 
receptors for identification, limitations in creating optimal ex vivo culture conditions for expansion and constraints in conducting in vivo 
studies. This review delves into the current landscape of knowledge surrounding adipocyte precursors within the adipose stem cell niche. 
We will review the identification of adipocyte precursors, the cell-cell interactions they engage in, the factors influencing their renewal and 
commitment toward adipocytes and the transformations they undergo during instances of obesity.
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Introduction

Understanding the regulation of adipose tissue holds 
significant clinical importance, given the association between 
obesity and an elevated risk of diabetes, stroke, heart disease, 
and cancer, leading to increased healthcare expenses and 
reduced life expectancy [1]. According to the Centers for 
Disease Control and Prevention National Diabetes Statistics 
Report, among US adults aged 18 years or older with 
diagnosed diabetes, 89.8% were overweight or obese, making 
this the largest risk factor for developing diabetes [2].

The global surge in obesity is at least in part attributed to the 
consumption of high-caloric food combined with a sedentary 
lifestyle [3]. Traditional approaches like diet and exercise often 

fall short of achieving long-term weight loss due to biological 
adaptations in chronically obese individuals [4]. Consequently, 
there is a pressing need to develop innovative therapeutic 
strategies to address the public health risks associated with 
obesity. 

The onset of weight gain and obesity is driven by prolonged 
periods of food excess, creating a positive energy balance 
and excessive lipid storage in adipose tissue. This process 
results in inflammation, cellular stress, insulin resistance, and 
the potential development of diabetes [5]. Obesity triggers 
complex changes in adipose tissue, leading to hyperplasia 
and hypertrophy of adipocytes, with lipid accumulation 
in visceral depots due to reduced adipogenic capacity [6]. 
A hallmark of obesity-related adipose tissue is persistent 
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low-grade inflammation, characterized by elevated levels 
of immune cells such as T cells, B cells, macrophages, 
neutrophils, and mast cells [7]. In lean adipose tissue, M2 
macrophages dominate, conferring anti-inflammatory effects, 
while in obesity, M1 macrophages prevail, releasing pro-
inflammatory cytokines that induce insulin resistance [8]. 
Depletion of adipose tissue macrophages improves insulin 
sensitivity, with visceral adipose tissue showing a higher 
recruitment of pro-inflammatory macrophages compared 
to subcutaneous tissue [9-11]. Additionally, obesity leads to 
a decrease in regulatory CD4 helper T cells and an increase 
in CD8 T cells in visceral adipose tissue [12-14]. Eosinophils 
play a role in adipocyte browning, and their loss during 
obesity exacerbates diet-induced weight gain [15]. Obesity 
also reduces adipose tissue capillarization, potentially 
worsening insulin resistance and adipocyte dysfunction [6]. 
Increasing VEGF-mediated angiogenesis in adipose tissue can 
mitigate metabolic consequences of obesity, such as insulin 
resistance and hepatic steatosis [16,17]. In addition, adipose 
tissue inflammation is fueled by heightened secretion of 
TNF-α and free fatty acids from enlarged adipocytes, which 
impairs insulin sensitivity and triggers adipocyte lipolysis [18]. 
Moreover, TNF-α compounds insulin resistance by suppressing 
key genes involved in adipocyte development and insulin 
signaling [19]. These disruptions in adipose tissue function not 
only contribute to the prevalence of non-alcoholic fatty liver 
disease in obese, insulin-resistant, and diabetic individuals but 
also impact insulin secretion by inhibiting β-cell potassium 
channels and altering ATP production [18]. Meanwhile, the 
adipokine profile of visceral white adipose tissue (WAT) serves 
as a critical determinant of cardiovascular disease (CVD) risk, 
with adiponectin playing a protective role through cholesterol 
reduction, inflammation suppression, and AMPK activation 
[20-22]. Conversely, lower plasma adiponectin levels in CVD 
patients, along with the presence of resistin and FGF21, signify 
elevated risk factors associated with obesity, type 2 diabetes, 
and atherosclerosis development, driven by increased TNF-α 
levels in serum and adipose tissue [23-27].

During healthy conditions, adipose tissue serves multiple 
functions, including structural support to organs, protection 
from cold, and crucially, regulating energy balance and 
metabolic homeostasis [28]. Both humans and rodents 
possess white adipose tissue (WAT) responsible for energy 
storage, with its accumulation correlating with metabolic 
syndrome in overweight individuals. Conversely, brown 
adipose tissue (BAT) converts stored lipids into heat and 
exhibits a positive correlation with a reduced risk of metabolic 
syndrome, making it a promising therapeutic target [1]. Apart 
from the conventional BAT depot situated in the interscapular 
region, functionally analogous "beige" adipose tissue can 
be induced within adult subcutaneous white adipose tissue 
(WAT) in response to cold-induced norepinephrine secretion 
via the sympathetic nervous system. The generation of beige 
adipose tissue within subcutaneous WAT signifies a dynamic 

adaptation, revealing the plasticity of adipose tissue and 
its ability to respond to environmental cues by adopting 
characteristics similar to those of thermogenic BAT [29]. 
Gaining insight into the biological mechanisms governing the 
development and maintenance of white, brown, and beige 
adipose tissues is crucial for developing targeted interventions 
and therapeutic strategies to prevent and treat metabolic 
disorders.

Within a tissue, a stem cell niche establishes a specialized 
microenvironment where direct cell-cell interactions and 
molecular signals sustain stem cells in an undifferentiated 
state or facilitate their differentiation. In particular, the 
adipose stem cell niche comprises various cell types, including 
adipocytes, multipotent adipose-derived stem cells (ASCs or 
ADSCs), committed adipocyte progenitors (APs), endothelial 
cells, fibroblasts, immune cells, and vascular smooth muscle 
cells. These cells communicate through direct interactions 
or paracrine signaling via adipokine secretion [30]. This 
review provides an overview of the adipose stem cell niche, 
with a focus on characterizing ASCs and APs, exploring their 
interactions with other cell types in the niche, examining 
their molecular regulation, and investigating the changes 
they undergo in response to increased adiposity, which may 
contribute to the development of obesity-related disorders.

Characterization and Significance of the Adipose 
Tissue Stromal Vascular Fraction

The stromal vascular fraction (SVF) refers to a heterogeneous 
mixture of cells that can be isolated from adipose tissue 
through enzymatic digestion. This fraction excludes mature 
adipocytes and consists of a variety of cell types, including 
ASCs, APs, fibroblasts, immune cells, endothelial cells, 
epithelial cells, and other cells associated with the circulatory 
and nervous systems [31]. The SVF is particularly rich in stromal 
and vascular components, and its diverse cell population 
makes it a valuable source for regenerative and therapeutic 
applications in medical research and clinical settings [32]. Stem 
cells and progenitor cells are frequently used interchangeably, 
yet their definitions are contentious and continue to evolve 
[33]. Stem cells are characterized by distinct features such 
as pluripotency and the capacity for unlimited replication. 
Conversely, progenitor cells, while still possessing replicative 
abilities, are more limited in replication and are further along 
the differentiation path as they have committed to a specific 
lineage. The absence of appropriate culture conditions for 
assessing replicative capacity and the scarcity of distinctive 
surface markers have posed challenges in differentiating 
between stem and progenitor cells originating from the 
adipose tissue niche. In the context of this review, the term 
ASCs will specifically denote the subset of mesenchymal stem 
cells (MSCs) residing in adipose tissue, possessing multilineage 
potential to differentiate into adipocytes, osteoblasts, 
chondrocytes, and other lineages, which constitute less than 
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0.1% of all SVF cells [34,35]. On the other hand, APs, also 
known as preadipocytes, will refer to cells committed to the 
adipocyte lineage, typically constituting 15%-35% of the SVF 
[34-37]. It's crucial to note that APs frequently exhibit a similar 
cell surface phenotype to ASCs (unless specified otherwise), 
although they might display markers indicating commitment 
to the adipocyte lineage, such as expression of PPARγ [35]. 
Finally, within this review, the term "adipocyte precursors" 
will broadly encompass any cell within the niche possessing 
the potential to become adipogenic, encompassing ASCs, 
adipocyte progenitors, and potentially other cell varieties.

Adipose Tissue Dynamics, Differentiation, and 
Metabolic Regulation

Adipose tissue exhibits a distinctive capacity to expand 
and contract in response to various physiological conditions, 
including instances of overeating, dietary changes, and 
physical exercise. This dynamic nature underscores its crucial 
role in energy storage and metabolic regulation within the 
body. Additionally, the adaptability of adipose tissue plays a 
key role in maintaining overall homeostasis and responding to 
the fluctuating energy demands imposed by different lifestyle 
and dietary factors. In general, the expansion of subcutaneous 
WAT is linked to a lower susceptibility to cardiometabolic 
syndrome during obesity, highlighting its potential protective 
role. Conversely, the expansion of visceral WAT is frequently 
correlated with insulin resistance and an increased risk of 
developing diabetes [38,39]. This distinction underscores the 
importance of considering not only the overall adipose tissue 
mass but also the specific depots, as their responses may have 
distinct implications for metabolic health. The enlargement 
of adipose tissue mass can result from hyperplasia, involving 
an augmentation in the number of adipocyte cells, which 
is generally considered more metabolically advantageous 
than hypertrophy, where adipocyte cell size increases due 
to heightened lipid storage [40]. In adults, the quantity of 
adipocytes remains relatively consistent in both lean and obese 
individuals, with approximately 10% of mature adipocytes 
being replenished annually through the differentiation of 
adipocyte precursors [41,42]. 

The initial stage of adipocyte differentiation is initiated when 
ASCs respond to external signals, prompting them to transform 
into APs with a specific commitment to the adipocyte 
lineage. Subsequently, in the second phase, the terminal 
differentiation of committed APs into fully mature adipocytes, 
characterized by cell cycle arrest, involves a coordinated 
series of transcriptional events primarily governed by CCAAT-
enhancer-binding proteins (C/EBPs), sterol regulatory element 
binding protein 1c (SREBP1c) and peroxisome proliferator-
activated receptor gamma (PPARγ) [43-46]. PPARγ serves as 
the principal regulator of adipogenesis, playing a pivotal 
role in orchestrating the process. Ablation of PPARγ has been 
shown to hinder adipogenesis and prevents the development 
of adipose tissue in mice [47,48]. C/EBPs and SREBPc1 induce 

the expression of PPARγ, which then directly interacts with 
retinoid X receptor (RXR). This interaction enables the binding 
of the PPARγ-RXR complex to responsive regulatory elements, 
leading to the activation of genes involved in adipogenesis, 
lipid metabolism, inflammation, and the maintenance of 
metabolic homeostasis [46,49,50]. Upon formation, mature 
adipocytes acquire the molecular machinery required for 
lipid and glucose transport, insulin responsiveness, and the 
secretion of paracrine factors, collectively contributing to the 
regulation of systemic metabolic homeostasis [43]. 

In contrast to white adipocytes, brown and beige adipocytes 
exhibit distinct transcription factors that govern their 
differentiation and function. These include the expression of 
PR domain zinc finger protein 16 (PRDM16), early B cell factor 2 
(EBF2) and peroxisome proliferator-activated receptor gamma 
coactivator 1-alpha (PGC-1α) (reviewed in Ref. [44]). These 
transcription factors, in collaboration with PPARγ, orchestrate 
an elevation in the expression of uncoupling protein-1 (UCP1) 
and facilitate the activation of UCP1-mediated thermogenic 
responses in response to β-adrenergic receptor stimuli. 

Advantages of Immortalized Adipocyte Precursor 
Cell Lines

The notion that adipocytes could emerge from a pool of stem/
progenitor cells gained prominence during the refinement 
of techniques for segregating adipose tissue into adipocytes 
and the SVF (reviewed in [31]). These investigations revealed 
that adherent fibroblast-like cells within the SVF exhibited 
competence for adipogenesis, leading to their subsequent 
classification as preadipocytes [51-53]. As the SVF can give 
rise to cell types beyond adipocytes, such as osteoblasts, 
chondrocytes, and myoblasts, these cultures likely represent 
the coexistence of multipotent MSCs alongside solely 
committed APs [31]. For a deeper understanding of adipocyte 
differentiation and cellular physiology, as well as to address 
challenges linked to the variable differentiation and premature 
senescence of SVF cells, numerous immortalized, clonal AP cell 
lines have been developed. For instance, immortalized 3T3-
L1 cells, developed from mouse embryonic fibroblasts in the 
1970s, are recognized as a committed AP cell line. These cells 
were instrumental in elucidating that the transcription factor 
PPARγ acts as the primary regulator of adipocyte differentiation 
and collaborates with C/EBPα to stimulate adipogenesis [54-
57]. 3T3-L1 APs are generally acknowledged as committed to 
the development of mature white adipocytes and are thought 
to possess a limited capacity for thermogenesis. However, 
the extent of this thermogenic potential has been a topic of 
debate since the cells were first derived [58]. Cell lines like the 
mouse-derived HIB-1B and "Thermomouse" lines, originating 
from interscapular BAT, exhibit a robust thermogenic program, 
serving as invaluable tools to dissect mechanisms involved 
in brown adipose tissue thermogenesis [59,60]. The extent 
to which these immortalized cell lines accurately represent 



 
 Kesharwani D, Brown A. Navigating the Adipocyte Precursor Niche: Cell-Cell Interactions, Regulatory Mechanisms 
and Implications for Adipose Tissue Homeostasis. J Cell Signal. 2024;5(2):65-86.

J Cell Signal. 2024
Volume 5, Issue 2 68

a specific progenitor type found within the native adipose 
tissue niche, when compared to primary isolated adipocyte 
progenitors APs from distinct adipose tissue depots, remains 
unclear.

Challenges in Identifying Adipocyte Precursors through 
Immunophenotyping

The predominant approach for discerning adipocyte 
precursors from other cell types in the adipose tissue niche 
has been through the analysis of cell surface markers. 
However, identifying, and characterizing adipocyte precursors 
within the SVF has posed challenges for several reasons. 
Firstly, diverse developmental origins are known to give rise 
to anatomically distinct adipocytes, including white, beige, 
and brown subtypes. This implies that specific developmental 
programming may lead to distinct precursor lineages, each 
giving rise to a particular type of adipocyte. Additionally, during 
SVF culture, surface marker expression may undergo changes, 
complicating the establishment of a definitive marker profile 
[31]. Discrepancies in surface marker expression have also 
emerged between human and rodent studies, and numerous 
surface markers may lack specificity for adipocyte precursors, 
being expressed on non-stem cell lineages [31]. Moreover, 
surface marker profiles may vary or overlap between ASCs 
and more committed APs. These complexities contribute to 
the challenge of establishing a definitive adipocyte precursor 
cell surface marker profile. Nonetheless, several markers 
have proven valuable in studying these cells and enriching 
populations with substantial adipogenic potential.

CD34 serves as a prevalent MSC marker expressed on ASCs 
exhibiting high adipogenic potential. Utilizing CD34, in 
conjunction with depleting common endothelial (CD31) and 
hematopoietic (CD45) markers, proves effective in enriching 
ASCs from the SVF [61,62]. However, potential inconsistency 
in results with CD34 may arise due to its downregulation post-
cell culture [31,63]. CD29 and Sca1 (specific to mice) are also 
recognized as common MSC markers suitable for identifying 
and enriching ASCs. Notably, Friedman et al. outlined a 
subset of undifferentiated ASCs marked by CD29+, CD34+, 
Sca-1+, CD24+, demonstrating the capability to proliferate 
and differentiate into adipocytes [34]. These precursors are 
also capable of restoring a fully functional and normal WAT 
depot and effectively reverse diabetic phenotypes seen 
in lipodystrophic mice [34]. CD24 has been employed to 
distinguish hierarchical populations of adipocyte precursors, 
revealing varying levels of commitment and potential [64]. 
In adipose depots displaying a hyperplastic response, CD24+ 
ASCs undergo rapid and transient proliferation shortly after 
the initiation of a high-fat diet [65]. Furthermore, CD24+ ASCs 
represent a more primitive multipotent stem cell population. 
As cells initiate the expression of adipocyte lineage-selective 
genes like Pparγ and C/ebpα, indicative of a more committed 
stage in adipogenesis, CD24 expression is lost [64,66].

Adipocyte Precursors and Their Heterogeneity within 
the Adipose Tissue Microenvironment

Adipocyte precursor positioning within the extracellular 
matrix of adipose tissue

In the adult, adipose tissue comprises distinct lobules 
characterized by clusters of adipocytes separated by 
extracellular matrix (ECM), forming defined partitions known as 
septa [67] (Figures 1A and 1B). Both mathematical modeling 
and experimental findings propose that these lobules 
spontaneously emerge through mechanical interactions 
between adipocytes and fibers within the ECM [68]. Recent 
evidence indicates that adipose tissue lobules consist of two 
structurally distinct ECM compartments: the septa, lining the 
exterior of the lobule, and the internal stroma ECM (Figure 
1C) [69]. These compartments house unique subsets of 
CD34+ precursor cells, with a highly adipogenic committed 
MSCA1+/CD271- progenitor subset enriched in the stroma, 
and an MSCA1-/CD271hi subset present in the septa, marking 
myofibroblast precursors potentially contributing to fibrous 
septa formation (Figures 1D and 1E) [69]. In the stroma, APs 
are discernible from pericytes and are positioned not within 
capillary walls but between adipocytes or in proximity to the 
vasculature [69]. Notably, in humans, inherent differences exist 
within these progenitor subsets concerning their adipogenic 
and myofibroblastic capacities in stroma and septa niches. 
This includes a higher myofibroblastic capacity in visceral WAT 
compared to subcutaneous WAT during obesity, potentially 
contributing to fibrosis [69]. 

Adipocyte precursors within the mural cell compartment

Early morphological investigations have indicated the close 
association of adipocyte development with the vasculature, 
prompting the proposal that pericytes, a subset of mural 
cells known for modulating endothelial cell functions, vessel 
contractility, and possessing multipotent MSC characteristics, 
may also serve as a precursor population for adipocytes 
(Figure 1F) [67,70-72]. In their quest to identify committed 
APs within the adipose tissue niche, Tang et al. postulated 
that these cells would exhibit the expression of PPARγ, a 
pivotal regulator in the formation of adipocytes [37,73]. Using 
a Pparγ reporter strain, they demonstrated that Pparγ+ cells 
are present in PECAM+ (CD31) blood vessel walls of WAT, 
exhibiting high adipogenic potential and expressing mural 
cell markers, including α-SMA, PDGFRβ, and NG2 [37]. Most 
of the committed Pparγ+ APs co-expressed Sca1 and CD34, 
but lacked expression of CD105 (MSCs), CD45 (immune cells), 
TER-119 (erythrocytes) or Mac-1 (monocytes). Notably, APs 
expressing Pparγ from the mural cell compartment were 
absent in the vessel walls of other tissues (such as skeletal 
and cardiac muscle, kidney, retina, pancreas, spleen and lung). 
Furthermore, the mural cells within these additional tissues 
did not demonstrate a notable capacity for high adipogenic 
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potential [37]. Moreover, lineage tracing experiments provided 
evidence that adipose tissue can originate from mural cells 
expressing Pdgfrβ. When transplanted into nude mice, these 
Pdgfrβ+ mural cells exhibited substantial adipogenic potential 
[37]. In a subsequent investigation employing a doxycycline-
inducible tracking system for mural cell lineage based on 
Pdgfrβ expression, it was demonstrated that these perivascular 
APs also play a role in promoting adipocyte hyperplasia in 
visceral WAT during high-fat diet feeding [74]. In summary, 
these findings indicate the presence of a distinct population 
of APs situated within the mural cell compartment of adipose 
tissue.

Recent research has utilized Cre drivers specific to vascular 
smooth muscle cells (Myh11, α-Sma) and mural cells (Pdgfrβ) 
to reveal that certain subgroups of beige adipocytes can also 
be traced back to the mural cell compartment [74-76]. In our 
laboratory, research has been directed towards the generation 
of beige adipocytes from induced pluripotent stem cells 
(iPSCs) [77]. These adipocytes originate from the splanchnic 
mesoderm, an embryonic tissue recognized for its capacity 
to generate mural and vascular smooth muscle cells [78]. Our 
results showed that MSCs originating from the splanchnic 
mesoderm exhibit positivity for α-SMA, PDGFRβ and NG2. 
These MSCs give rise to UCP1+ adipocytes that showcase 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1: Structure and interplay within the adipose tissue microenvironment. (A) Adipose tissue consists of clusters of adipocytes 
arranged in lobules, which are separated from each other by ECM that forms the septa (B). In addition to the septa lining the outside of 
the lobule, the internal stroma also contains a distinct ECM compartment (C). (D) ECM within the stroma of the lobule contains CD34+/
MSCA1+/CD271- APs that are highly adipogenic and positioned between adipocytes or adjacent to the vasculature. (E) ECM within the septa 
contains CD34+/MSCA1-/CD271+ myofibroblasts that may aid in formation of the fibrous septa and contribute to fibrosis during obesity. (F) 
PDGFRβ+ mural cells located in the vessel walls may harbor adipogenic activity, but recent data contradicts this and suggests PDGFRα+/β+ 
APs (G) located within the vessel wall adventitia contribute to the majority of adipocytes found in white, beige and brown adipocytes (H). (I) 
CD206+ M2 macrophages play a role in maintenance of APs through secretion of anti-adipogenic TGFβ1, which prevents exhaustion of the 
AP pool by limiting excessive proliferation and premature senescence. (J) IL-4 and BMP4 represent two potential factors that may decrease 
the proportion of M1 macrophages in adipose tissue in favor of anti-inflammatory M2 macrophages, which play a role in adipose tissue 
browning, protection from high-fat diet-induced obesity and improved metabolism. (K) FSP1+ fibroblasts found in the loose connective 
tissue outside the vessel wall rely on WNT signaling for proper function and lack adipogenic potential (red X). They contribute to the renewal 
and differentiation potential of APs through the secretion of PDGF-BB and remodeling of the ECM. (L) CD34+/CD24+ ASCs express markers 
of pluripotency (OCT4, NANOG and SOX2) and undergo FGF2 mediated self-renewal. BMP ligands can induce multipotent ASCs to form 
committed APs (CD24-) that express adipocyte lineage-selective genes such as PPARγ. Figure modified from [216].
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the distinctive gene expression profile associated with beige 
adipocytes (CITED1+, CD137+, TMEM26+). Notably, this gene 
expression signature differs from that of classical brown 
adipocytes, which typically express ZIC1 and a myogenic 
skeletal muscle signature [77,78]. Remarkably, beige adipocyte 
precursors originating from mural cells (α-SMA+) in mice 
display a senescence-like phenotype by the age of 6 months, 
hindering beige adipocyte formation during cold exposure 
[79]. Corresponding outcomes in this study were observed 
in beige precursors derived from elderly human patients. 
Intervening pharmacologically in the senescence-like process 
proved effective in revitalizing dysfunctional aged beige 
precursors, enabling them to resume beige adipogenesis. In 
mice, this intervention resulted in a simultaneous reduction 
in blood glucose levels. This underscores the significance of 
identifying specific subgroups of adipocyte precursors for 
targeted interventions aimed at enhancing metabolic health.

Adipocyte precursors derived from fibroblastic cells

Further lineage tracing investigations have revealed the 
presence of additional APs that exist beyond the confines of the 
mural cell compartment. PDGFRα serves as a broad fibroblast 
marker found on cells identified as progenitors across diverse 
mesenchymal tissues [80]. In WAT, progenitors marked by 
PDGFRα constitute a subset within the adipocyte precursor 
compartment characterized by CD34 and Sca-1, displaying 
bipotential capabilities [36]. These cells undergo proliferation 
and have the capacity to generate white adipocytes under 
normal conditions or during high-fat feeding. Alternatively, 
upon pharmacological stimulation of the β3-adrenergic 
receptor (ADRB3), they can produce beige adipocytes [36]. It 
has been observed that PDGFRα+ APs are situated in proximity 
to the vasculature, featuring extensive dendritic processes that 
establish contact with multiple cells in the tissue environment 
[36]. In this study, PDGFRα+ APs in WAT were demonstrated to 
lack expression of PPARγ, α-SMA and PDGFRβ, indicating their 
location outside the mural cell compartment [36]. Notably, in 
a subsequent investigation, the researchers illustrated that 
APs marked by PDGFRα+ in subcutaneous WAT could be 
prompted to undergo differentiation into beige adipocytes 
through acute cold exposure (1 week) [81]. Conversely, it 
has been demonstrated that a duration of two weeks of 
cold exposure is required to facilitate the development of 
beige adipocytes from mural APs marked by PDGFRβ [74,75]. 
Thus, adipose precursors identified by PDGFRα+ in WAT may 
be functionally differentiated from those in the mural cell 
compartment by their capacity to promptly react to metabolic 
stress. Consequently, beige adipogenesis might hinge on 
various adipocyte precursor populations, each with their own 
specific timing and activation events [64]. 

Newly available information is elucidating the distinctions 
between mural (PDGFRβ+) and fibroblastic (PDGFRα+) 
sources of adipogenic precursors, along with their respective 
roles in adipose tissue development under conditions such as 

high-fat diet, browning, and regular metabolic homeostasis 
[82]. By employing three distinct Cre drivers—Tie2-Cre for 
hematopoietic and endothelial cells, Tbx18Cre-ERT2 for 
mural cells (pericytes and vascular smooth muscle cells), 
and Pdgfrα-MerCreMer for adipose tissue fibroblasts—it was 
demonstrated that only adipose tissue fibroblasts located 
within the blood vessel adventitia and adipose tissue capsule 
regions were notably involved in de novo adipogenesis 
among the various cell types within the vascular wall [82]. 
Significantly, these findings illustrated that PDGFRβ not only 
identifies mural cells but also marks adventitial PDGFRα+ 
APs, potentially providing insights into the reasons behind 
previous studies indicating a potential involvement of mural 
cells (Figure 1G) [82]. Additional investigations corroborate this 
inference, as single-cell RNA sequencing has revealed that APs 
express both PDGFRα and PDGFRβ [83]. The findings from our 
research using multipotent, human iPSC-derived mural cells 
also indicated that as these cells transitioned into committed 
APs, they gained PDGFRα expression concurrent with 
heightened PPARγ expression [77]. Nevertheless, it is yet to be 
elucidated whether PDGFRβ+ mural cells have the capacity 
to generate double-positive PDGFRα/PDGFRβ APs in the 
course of in vivo adipocyte development. Additionally, there 
is a need to investigate potential variations in the expression 
of these markers between mice and humans during de novo 
adipogenesis. Utilizing single-cell RNA sequencing analysis 
to identify beige adipocyte precursors, Oguri et al. discovered 
that CD81 serves as a marker for a novel subset of PDGFRα+ 
stromal cells expressing a smooth muscle-like signature, 
including α-SMA, Sm22, Myl9, and Myh11 [84]. This subset of 
APs is characterized by high proliferative activity and gives rise 
to beige adipocytes. CD81 was also identified as a functional 
regulator of beige adipocyte precursor proliferation through 
irisin-mediated FAK signaling. In murine models, CD81 was 
demonstrated to be essential for de novo beige fat biogenesis, 
and its deletion resulted in diet-induced obesity, glucose 
intolerance, and adipose tissue dysfunction. Additionally, in 
humans, a decreased count of CD81+ adipocyte precursors in 
subcutaneous WAT was shown to be indicative of metabolic 
risk, including elevated fasting blood glucose levels, diastolic 
blood pressure, visceral fat mass, and visceral adiposity. 
Overall, the exploration of cell surface marker profiles linked 
to different subsets of adipocyte precursors is an ongoing 
process, evolving as newly identified populations continue to 
emerge.

Adipocyte Precursor Interactions with Other Cells 
and Their Influence within the Adipose Tissue Niche

Adipocyte precursors are situated within the perivascular 
region and stromal component of adipose tissue lobules, 
engaging in interactions with both mature adipocytes 
and other cells within the precursor niche in vivo. Our 
comprehension of the impact of these interactions on the 
fate of adipocyte precursors and, consequently, adipose 
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tissue homeostasis is still in its nascent stages. In response 
to various homeostatic and external signals such as weight 
gain, hypoxia, cold, exercise, and nutrition, mature adipocytes 
undergo activation and release adipokines that have the 
potential to influence both energy intake and expenditure 
[85] and adipocyte precursor differentiation [86]. Through 
experiments with cultured adipocytes or adipose tissue 
explants, it has been revealed that secreted factors from 
mature adipocytes can exert either positive or negative 
regulation on adipocyte differentiation [86]. Furthermore, 
in these studies, the combined secretome of adipose tissue 
collectively led to the overall inhibition of AP differentiation. It 
is important to note that, apart from mature adipocytes, other 
cells within the adipose tissue niche undoubtedly contribute 
to these processes.

The primary focus of research on cell-cell interactions 
promoting the maintenance, proliferation, or commitment 
of adipocyte precursors toward differentiation into mature 
adipocytes has predominantly centered around cells within 
isolated SVF. Nonetheless, the mechanism by which the SVF 
and the adipose tissue niche collectively govern the size and 
fate determination of the adipocyte precursor pool, thereby 
influencing adipocyte size, number, and overall adipose 
homeostasis, remains unclear [87,88]. Several constraints 
in performing this research involve the sharing of markers 
among various cell populations within the niche, resulting in 
challenges in distinguishing distinct cell types. Furthermore, 
the constitution of the separated SVF undergoes substantial 
alterations during tissue culture expansion, even during the 
initial stages of passage [89]. The primary subsets of nucleated 
cells residing within the SVF encompass hematopoietic, 
endothelial, and stromal cells; yet, notable heterogeneity 
exists among these populations. This diversity is notably 
influenced by distinct factors, including the specific anatomical 
localization of adipose tissue, divergent methodologies 
in tissue processing and culture and the unique health or 
metabolic constitution of the individual [89,90]. For instance, 
when examining adipocyte precursors isolated from the 
subcutaneous WAT of individuals with obesity, there emerges 
an upregulation in the expression of inflammatory genes. 
This heightened expression correlates with a diminished 
stemness capacity and an elevated inclination toward 
committing to adipocyte differentiation [91]. Additionally, 
adipocyte precursors sourced from the subcutaneous WAT 
of obese patients display a compromised ability to expand 
and generate beige adipocytes upon induction in cell culture 
[77,92]. These observations highlight the impact of the adipose 
tissue microenvironment on cellular behavior, particularly in 
contexts of obesity and altered metabolic states.

Reciprocal interplay between adipocyte precursor and 
endothelial cell specialization

Due to the proximity of adipocyte precursors to endothelial 
cells and the integral association between adipose tissue 

development and angiogenesis, these cell types may undergo 
regulation via direct cell-cell interactions or through paracrine 
signaling from endothelial cells [93]. This relationship is 
further exemplified by the proposition that angiogenesis 
actively recruits adipocyte precursors and induces their 
differentiation [94]. Moreover, in vitro co-culture experiments 
involving endothelial cells and mature adipocytes have 
demonstrated a facilitative effect on the development of 
immature preadipocytes, concurrent with amplified growth 
of mature adipocytes, which appears to be an indirect 
consequence of the adhesion between endothelial cells and 
mature adipocytes [95]. The interaction between adipocyte 
precursors and endothelial cells seems to be bidirectional. 
Adipocyte precursors play a crucial role in promoting 
endothelial cell proliferation and differentiation through the 
secretion of proangiogenic factors, thereby facilitating the 
formation of blood vessels [89,96]. This interaction is further 
underscored by the discovery that multipotent CD34+ ASCs, 
isolated from the SVF and characterized by co-expression 
of mesenchymal (CD90), pericyte (PDGFRβ), and smooth 
muscle (α-SMA) markers, contribute to the stabilization of the 
vasculature. These ASCs exhibit a structural and functional 
association with endothelial cells, leading to enhanced 
stability of endothelial networks, including improved cord 
formation [97]. Overall, these findings suggest a collaborative 
and reciprocal relationship between adipocyte differentiation 
and angiogenesis.

Maintenance and commitment of adipocyte precursors 
via immunomodulation

Immune cells are integral to the functioning of adipose 
tissue in both health and disease. In a healthy state, immune 
mechanisms are essential for maintaining tissue homeostasis 
through a delicate balance of cell types and signaling 
pathways, regulating inflammation, supporting tissue repair, 
and preserving metabolic health [98]. The enlargement of 
adipose tissue during the progression of obesity includes 
the accumulation of immune cells associated with chronic 
inflammation and disrupted metabolism, which progressively 
extends systemically, contributing to insulin resistance 
and metabolic disorders [5]. The secretion of cytokines and 
growth factors by immune cells may also create a conducive 
environment for the neovascularization of adipose tissue 
experiencing ischemia [89]. Despite these correlations, 
the precise function of immune cells within the adipocyte 
precursor niche during healthy (lean) and diseased (obese) 
states still requires further elucidation [99]. Similar to ASCs, 
immune cells in the SVF are CD34 positive, but can be discerned 
from adipocyte precursors by their inability to adhere to 
culture dishes, resulting in their exclusion during cell culture 
passage [89]. Moreover, distinguishing between immune cells 
and endothelial cells can be accomplished by observing the 
absence of the endothelial cell surface marker CD31 in immune 
cells [90]. These distinctions enable researchers to selectively 
identify and analyze specific immune cell populations, thereby 
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enhancing the precision of understanding their roles within 
the adipose tissue microenvironment.

Multiple research investigations have demonstrated that 
cells belonging to the monocyte lineage, such as eosinophils 
and macrophages, play significant regulatory roles within the 
adipose tissue niche. Among these, macrophages stand out 
as the predominant immune cell lineage in adipose tissue, 
contributing to various functions, including tissue repair, 
insulin sensitivity, fibrosis, and metabolic homeostasis [99]. 
These macrophages are classified as (M1) pro-inflammatory 
macrophages, exacerbating insulin resistance, and (M2) anti-
inflammatory macrophages, enhancing insulin sensitivity 
[100-102]. Adipocyte precursors and macrophages engage 
in interactions, with reported findings indicating that M1 
pro-inflammatory macrophages regulate the expression of 
angiogenic genes in preadipocytes [103,104]. Furthermore, 
conditioned media from adipose tissue macrophages has 
been shown to reduce the differentiation capacity of human 
subcutaneous APs, as evidenced by decreased expression 
of key adipogenic genes PPARγ2 and C/EBPα [105]. Factors 
derived from pro-inflammatory macrophages, including 
cytokines like IL-1β and TNFα, may suppress adipogenesis 
by inhibiting PPARγ expression via NF-κB activation [105]. 
Acutely activated macrophages induce NF-κB activation in 
APs, possibly due to high levels of TNFα and IL-6, which may 
increase fibronectin and promote cell proliferation through 
cyclin D1 induction [105]. These findings suggest potential 
molecular links between macrophage-induced inflammation 
and altered AP differentiation. Alternative subpopulations of 
M2 macrophages have been associated positively with beige 
adipogenesis, implying distinct roles within adipose tissue 
biology. Cold exposure in mice triggers eosinophil activation 
in adipose tissue, leading to the secretion of IL-4 and IL-
13 cytokines by these cells (Figures 1J and 2A) [106]. This 
secretion polarizes macrophages toward an M2 fate, potentially 
contributing to the formation of beige adipocytes through 
catecholamine secretion (Figure 2B) [107]. The potential 
of M2 macrophages to produce enough catecholamines to 
induce browning of white adipose tissue (WAT) has been 
a subject of inquiry [108]. Despite this, IL-4 secretion by 
immune cells may directly impact APs from subcutaneous 
white adipose tissue in mice, fostering beige adipogenesis 
(Figure 2C) [109,110]. Similarly, our laboratory has shown that 
treating human mural-like adipocyte precursors (α-SMA+/
PDGFRβ+/NG2+) in culture with IL-4 significantly enhances 
their capacity to generate beige adipocytes (Figure 2C) 
[77]. Additionally, recent research by Nawaz et al. has shown 
that CD206+ M2 macrophages contribute to preserving the 
adipogenic precursor pool by preventing exhaustion through 
overproliferation (Figure 1I) [111]. This involves keeping 
APs in a state of hibernation, preventing unnecessary cell 
division and potential cell senescence. Specifically, their study 
revealed that the presence of TGFβ1, expressed by CD206+ 
M2 macrophages, hinders the proliferation of PDGFRα+ 
adipogenic precursors (Figure 2D). This observation aligns 

with previous research indicating that TGFβ signaling serves 
as a recognized inhibitor of adipogenesis and a suppressor 
of subcutaneous WAT browning [112,113]. Moreover, the 
depletion of CD206+ M2 macrophages in mice leads to 
increased browning of WAT in response to cold exposure 
[111]. In summary, the findings from these studies illustrate 
that M2 macrophages have the potential to impact the 
adipocyte precursor niche, promoting the maintenance and 
commitment decisions of adipogenic precursors. 

The role of non-adipogenic fibroblasts in adipocyte 
precursor homeostasis

Investigations in murine models have elucidated the 
significance of FSP1-expressing fibroblasts as a vital cell type 
within the niche, crucial for the maintenance and adipogenic 
potential of APs (Figure 1K) [87]. These FSP+ fibroblasts 
express α-SMA and vimentin, are non-adipogenic, and reside 
in close proximity to PPARγ+ APs. WNT signaling, pivotal for 
adipose tissue homeostasis, operates by activating β-catenin 
and inhibiting AP differentiation [114,115]. Activating WNT 
signaling in FSP1+ fibroblasts led to a gradual reduction in 
adipose tissue and resistance to diet-induced obesity. This 
correlated with decreased expression of platelet-derived 
growth factor (PDGF-BB), vital for maintaining the AP pool. 
Restoring PDGF-BB levels increased AP percentages and their 
adipogenic potential. Reduced PDGF-BB signaling affected 
AP adipogenic capacity by altering how FSP1+ fibroblasts 
regulated MMP expression and remodeled the ECM in the 
microenvironment. Thus, FSP1+ fibroblasts play a pivotal 
role in maintaining adipose tissue homeostasis by creating 
a microenvironment that governs AP maintenance and 
adipogenic potential [87].

Fibroblast Growth Factor Maintenance of the 
Adipocyte Precursor Pool

As ASCs exhibit potential in various regenerative applications, 
extended culture periods are frequently required to attain an 
adequate quantity for clinical use. In the cultivation of various 
stem cell types, FGF-2 is commonly added to the culture 
medium to enhance the maintenance of self-renewal capacity 
and plasticity across multiple passages (Figure 1L) [116,117]. 
Culturing adipocyte precursors for extended durations results 
in diminished capabilities for proliferation, self-renewal, and 
differentiation. This decline is linked to a reduction in FGF-2 
expression by adipocyte precursors, a phenomenon that can 
be reversed through ongoing treatment with recombinant 
FGF-2 [117]. In alignment with this observation, adipocyte 
precursors exhibit expression of fibroblast growth factor 
receptor 1 (FGFR1), displaying a heightened affinity for FGF-
2. Blocking this receptor leads to diminished proliferation 
and deactivation of kinases such as AKT, ERK, JNK, and p38 
[118,119]. Supplementing adipocyte precursors with FGF-
2 before exposure to an adipogenic differentiation cocktail 
enhances the expression of PPARγ, increasing their capacity 
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to promote adipocyte differentiation [116]. Notably, FGF-
2 produced by adipocyte precursors is exported to the cell 
surface without being released into the culture medium, 
indicating the presence of a functional autocrine loop [117]. 
This becomes pertinent in the context of metabolic disease, as 
adipocyte precursors derived from subcutaneous and visceral 
WAT of individuals undergoing bariatric surgery exhibit 
diminished FGF-2 exportation, which is associated with 
reduced proliferation, clonogenic potential, and unfavorable 
metabolic profiles [120]. It is noteworthy that the beneficial 
effects of FGF-2 supplementation are limited to early passages 
of adipocyte precursors, while sustained supplementation in 
later passages is associated with detrimental effects due to 
the decline in FGFR1 expression and subsequent reduction 
in STAT3 phosphorylation [121]. In human adipocytes, FGF-
2 and FGFR1 are downregulated as they differentiate into 
adipocytes. Adipocyte precursors expressing a dominant 
negative form of FGFR1 or treated with a specific inhibitor 
of FGFR1 signaling completely lose their ability to form lipid-
containing adipocytes. Thus, FGF signaling plays a crucial role 
in both the expansion of progenitors and their subsequent 
differentiation [122].

Additional FGFs have been demonstrated to be either 
produced by or exert effects on adipocyte precursors, 
although the roles of specific FGFs in adipocyte precursor 
proliferation are limited. Fgf10 is highly expressed in WAT, 
particularly in APs [123]. FGF10 acts on AP in WAT through 
autocrine/paracrine signaling, promoting cell proliferation 
via the activation of FGFR2b and the Ras/MAPK pathway 
[124]. WAT development is greatly impaired in Fgf10 knockout 
mouse embryos, however, its roles at postnatal stages remain 
unclear as Fgf10  knockout mice die shortly after birth with 
impaired multi-organ formation [123]. FGF6, a paracrine 
factor primarily expressed in fully differentiated adipocytes, 
stimulates the proliferation of PDGFRα+ adipocyte precursor 
cells through ERK signaling and is downregulated in mature 
adipocytes during obesity and aging [125]. Furthermore, mice 
subjected to a high-fat diet, with persistent inguinal WAT-
specific FGF6 blockade using a neutralizing antibody or Fgf6-
null mice, display notable adipocyte hypertrophy, adipose 
fibrosis, inflammation, and impaired glucose tolerance that is 
coupled with an expedited deficiency in adipocyte precursor 
abundance [125]. These results suggest that FGF6 plays a 
protective role in maintaining the adipocyte precursor pool to 
maintain metabolic health.

BMP Signaling and Adipogenic Precursor Commitment

Perhaps, among growth factors, none have been as 
extensively examined for their involvement in adipogenesis 
as the bone morphogenetic proteins (BMPs). BMP2, BMP4, 
BMP7, BMP9, and others are associated with the direct control 
of ASCs and their commitment to adipocyte progenitors (APs). 
This regulatory influence can steer their differentiation toward 

white, beige, or brown adipocytes, depending on the specific 
BMP ligand or the context (Figure 1L) [126-129].

BMP2 directs adipogenic precursors towards a white 
adipocyte fate

Experiments with mouse cell lines have shown that 
supplementing exogenous BMP2 promotes adipogenesis 
in 3T3L1 APs and induces commitment to the adipocyte 
lineage in C3H10T1/2 MSCs [126,130]. This response is 
orchestrated via SMAD1/5/8 signaling, resulting in increased 
expression of the adipogenic transcription factors PPARγ and 
C/EBPα [131,132]. Human abdominal and gluteal adipose 
tissue, along with adipogenic precursors isolated from these 
tissues, exhibit BMP2 expression [133]. In human abdominal 
adipocyte precursors, BMP2 signaling includes SMAD1/5/8 
phosphorylation, leading to enhanced PPARγ expression and 
triacylglyceride accumulation [133]. Intriguingly, multiple 
studies have revealed an association between a BMP2-linked 
polymorphism (rs979012) and an increased waist-to-hip ratio 
and BMI, underscoring the role of BMP signaling in adipose 
tissue physiology [133-135]. 

BMP4 induces a white or brown phenotype based on the 
cellular context

Previous research on BMP4 revealed its capacity to commit 
C3H10T1/2 MSCs to an adipocyte lineage, as indicated by an 
increased occurrence of adipocyte formation when exposed 
to inducers of adipogenic differentiation [126,127,136]. 
Adipocytes in mice, featuring transgenic overexpression 
of BMP4 under the Fabp4 promoter, display browning of 
inguinal WAT, increased energy expenditure and protection 
against high-fat diet-induced obesity, coupled with enhanced 
insulin sensitivity [137]. Conversely, mice lacking Bmp4 
display hypertrophy of white adipocytes and heightened 
insulin resistance [137]. Intriguingly, the expression of BMP4 
in human WAT shows a negative correlation with body mass 
index, indicating its potential role in promoting increased 
energy expenditure [137].

The role of BMP4 in determining a white or beige/brown 
phenotype is cell type-dependent. BMP4 induces MSCs to 
commit to APs, promoting beige adipogenesis. However, in 
mature adipocytes, BMP4 suppresses the beige phenotype 
and supports the development of a white phenotype [128]. 
BMP4 is present in both APs and mature adipocytes, yet in WAT 
APs, the potential of BMP4 to stimulate beige adipogenesis 
might be inhibited by the expression of gremlin 1 (GREM1), 
an inhibitor of BMP4/7 [138,139]. BMP4 expression is evident 
in brown preadipocytes, as well as other cells within the 
SVF, including MSCs and endothelial cells, with a gradual 
decrease observed during the final stages of brown adipocyte 
differentiation [140]. In contrast, white adipocytes exhibit 
higher BMP4 expression in mature adipocytes compared 
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to the SVF [141]. Hence, it has been suggested that BMP4 
signaling gradually diminishes from the stem cell niche to 
the mature adipocyte during the development of beige and 
brown adipocytes, possibly attributed to local diffusion and 
the synthesis of BMP4 antagonists [140]. 

The control of beige and brown adipogenesis by BMP4 derived 
from adipose tissue may also involve its impact on other cells 
present in the adipose tissue microenvironment. In a recent 
investigation, Fabp4-Bmp4 transgenic mice were shown to 
stimulate the proliferation of CD206+ M2 macrophages while 
inhibiting M1 macrophages, resulting in a substantial rise in M2 
macrophage numbers [141]. This phenomenon might explain 
the observed enhancement of WAT browning. Consistent with 
this notion, the transfer of BMP4-induced M2 macrophages 
to subcutaneous WAT resulted in the upregulation of 
brown adipocyte markers, including PRDM16, peroxisome 
proliferator-activated receptor-gamma coactivator 1 alpha 
(PGC1α), and UCP1, accompanied by an elevation in whole-
body oxygen consumption [141]. Therefore, the findings from 
earlier investigations indicating that BMP4 induces a browning 
effect in WAT, leading to heightened energy expenditure and 
improved metabolism, might be attributed, at least in part, to 
the regulatory role of BMP4 on macrophages (Figures 1J and 
2E). 

BMP7 is necessary for brown/beige adipocyte precursor 
commitment

Investigations using Bmp7 null mice have demonstrated the 
essential role of BMP7 in the development and differentiation 
of brown adipocyte precursors, leading to the formation of 
brown adipose tissue and preservation of its thermogenic 
program [129]. Notably, administering BMP7 systemically to 
mice effectively counteracts obesity by enhancing energy 
expenditure and suppressing appetite [142]. Genetic deletion 
of the type 1A BMP receptor (Bmpr1a) within the MYF5+ 
lineage, the embryonic precursor cells to brown adipose tissue 
[1], results in a deficiency of interscapular BAT and stimulates 
beige adipogenesis in WAT [143]. This effect, mediated by 
heightened sympathetic nervous system input, indicates 
intercommunication between these two adipose depots 
and reinstates the overall thermogenic capacity mediated by 
thermogenic adipocytes, ensuring the preservation of normal 
body temperature and resistance to diet-induced obesity 
[143]. Adipogenic precursors obtained from subcutaneous 
WAT exhibit synergistic induction toward a BAT-like phenotype 
when treated with BMP7 together with β3-adrenergic 
agonists. This implies a direct involvement of BMP signaling in 
promoting beige adipogenesis [144,145]. BMP7 has also been 
utilized in the ex vivo generation of brown adipocytes from 
both human embryonic stem cells and iPSCs, highlighting its 
potential significance in the development of human BAT [146]. 

The signaling and transcriptional mechanisms underlying 
BMP regulation of adipogenesis are not fully understood. 

However, there is evidence suggesting that BMP7 facilitates 
brown and beige adipogenesis by regulating EBF2 and 
ZFP423 via SMAD-induced mechanisms [147]. EBF2 serves 
as a transcription factor with selective expression in brown 
and beige adipocyte precursors, playing a regulatory role 
in the expression of target genes specific to brown adipose 
tissue, including Prdm16 [148-150]. The transcriptional 
regulator ZFP423 acts as a corepressor of EBF2, playing a 
crucial role in preserving the identity of white adipocytes 
by suppressing Prdm16 [151]. Upon activation of adipocyte 
precursors by BMP7, SMAD1/4 engages with ZFP423, leading 
to the disruption of the ZFP423-EBF2 protein complex. This 
interaction facilitates EBF2 to initiate the expression of target 
genes associated with brown adipogenesis, including Prdm16 
[151]. 

BMP9 is a secreted hepatokine that initiates browning of 
WAT adipogenic precursors

BMP-9 is a hepatokine that regulates glucose homeostasis-
related enzymes and injection of recombinant human 
BMP-9 successfully reduces blood glucose levels in diabetic 
mice [152]. Furthermore, recombinant BMP9 promotes 
brown adipogenesis in human ASCs [153]. Intraperitoneal 
administration of BMP9 in mice with high-fat diet-induced 
obesity results in significant browning of subcutaneous WAT, 
leading to reduced weight gain, smaller white adipocytes and 
decreased fasting blood glucose levels [153]. Cold exposure 
in mice for 3 weeks increases hepatic BMP9 expression and 
plasma levels [154]. Treatment of cell cultures with BMP9 
facilitates the differentiation of subcutaneous WAT-derived 
adipogenic precursors into beige adipocytes. This is evidenced 
by elevated expression levels of markers associated with 
brown adipocytes and mitochondrial biogenesis, including 
increased UCP1 and PGC1α expression, respectively [154]. 
In vivo administration of BMP9 triggers the expression of 
browning markers in WAT. In mice fed a high-fat diet, BMP9 
administration protects against obesity and improves glucose 
tolerance [154]. In conclusion, either pharmacological 
treatment with BMP9 or liver secretion of BMP9 induced by 
cold exposure can promote adipocyte browning, leading to a 
reduction in fat mass and amelioration of dysregulated blood 
glucose levels in high-fat diet-induced obese mice.

Regulation of ASC Pluripotency and Self-renewal

Ensuring the continual self-renewal and multipotency 
potential within the ASC pool is a crucial element for 
the overall regulation and equilibrium of adipose tissue 
homeostasis. This dynamic equilibrium is essential for the 
proper functioning of adipose tissue, influencing aspects 
such as adipocyte turnover, tissue repair, and responsiveness 
to physiological demands [155]. OCT4, SOX2, and NANOG 
are transcription factors that inhibit genes associated with 
differentiation, preserving pluripotency [156,157]. Through 
physical interactions, they modulate each other's expression, 
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thereby regulating target genes crucial for self-renewal and 
pluripotency [156,157]. While OCT4, NANOG, and SOX2 are 
expressed at lower levels in ASCs compared to embryonic 
stem cells, several studies have consistently shown that these 
genes are linked to heightened self-renewal and multipotency 
within the ASC population (Figure 1L) [30,158,159]. Like 
CD34, a widely recognized marker for ASCs that undergoes 
rapid downregulation during ex vivo expansion, the levels of 
OCT4, NANOG, and SOX2 also diminish rapidly in cell culture 
[160]. This rapid decrease in expression may explain previous 
controversy surrounding the expression of these markers in 
ASCs observed in earlier studies. In support of this, isolation 
techniques that enhance the purity of primary CD34+ ASCs 
lead to a 2-3 fold increase in the expression of OCT4, NANOG, 
and SOX2 [161]. During replicative senescence associated 
with extended ex vivo expansion of ASCs, heightened levels of 
reactive oxygen species (ROS) lead to diminished proliferation, 
pluripotency, and expression of OCT4, NANOG, and SOX2 
[162]. This senescent state is concomitant with ROS-mediated 
reduction of the transcription factor c-MAF, known for its 
direct binding to and regulation of OCT4, NANOG, and SOX2 
expression [162]. Lastly, elements that enhance pluripotency 
in mouse embryonic stem cells, such as the addition of 
leukemia inhibitory factor (LIF) or the overexpression of the 
mir-302 cluster, also contribute to the capacity of ASCs to 
sustain the expression of pluripotency genes [160]. 

Functional investigations have revealed the involvement 
of pluripotency genes in governing ASC functionality. 
Elevated OCT4 expression leads to the demethylation 
of regulatory regions associated with stemness genes, 
including OCT4, NANOG, and SOX2, thereby enhancing 
ASC proliferation and multipotency [163]. The suppression 
of NANOG in ASCs induces a reduction in the expression 
of OCT4 and SOX2 genes, leading to decreased 
proliferation attributed to cell cycle arrest in G0/G1 [164].  
Within MSCs derived from bone marrow, OCT4 and 
NANOG exhibit binding activity to the promoter region of 
DNA methyltransferase 1 (DNMT1) [165]. This interaction 
plays a crucial role in suppressing genes associated with 
differentiation by maintaining methylation levels during DNA 
replication. Consistent with this, the inhibition of NANOG in 
ASCs results in a decline in pluripotency and differentiation 
capacity through the downregulation of DNMT1 [166-168]. 

The precise regulation of Nanog and Oct4 expression in ASCs 
might be partially influenced by programmed cell death 4 
(Pdcd4), a protein translation suppressor linked to diet-induced 
obesity, WAT inflammation and insulin resistance  [155,169]. 
Pdcd4 ablation in mice correlates with elevated levels of Oct4 
and Nanog, leading to heightened stemness and proliferation 
of ASCs through increased AKT activation and upregulation 
of cyclinD1 [155]. Remarkably, Pdcd4 ablation also promotes 
the transition from white to beige adipocytes, resulting in 
augmented energy expenditure and resistance to obesity 
on a high-fat diet [155]. These findings imply that enhanced 

stemness of ASCs could play a beneficial role in preventing 
obesity and metabolic syndrome.

Genes specifically associated with specific functions 
related to adipose tissue might also govern the expression 
of pluripotency genes in ASCs. As the proliferation and 
differentiation potential of ASCs decline with successive 
passages in culture, there is a simultaneous decrease in PPARγ 
and thyroid hormone receptor (TRβ), concomitant with the 
loss of OCT4 [170]. Administering PPARγ agonists to ASCs 
enhances OCT4 promoter activity, expression, and rejuvenates 
differentiation potential as ASCs undergo aging in culture 
[170]. Throughout the culture of ASCs, the observed decline in 
proliferative potential and stemness is additionally linked to an 
age-related reduction in proteasome complex and peptidase 
activities [171]. In particular, the activation of the proteasome 
is correlated with reduced levels of ROS, elongated telomeres, 
and elevated expression of OCT4, NANOG, and SOX2, 
simultaneously leading to an augmentation in stemness 
[171]. Conversely, the silencing of OCT4 or NANOG leads to 
a notable decrease in proteasomal activity, attributed to the 
diminished association of OCT4 with β2 and β5 proteasomal 
subunit promoters, indicating that pluripotency genes might, 
in part, govern stemness through modulation of proteostasis 
[171]. Overall, the intricate interplay between pluripotency 
genes and various factors highlights the complexity of ASC 
regulation, offering insights into potential strategies for 
manipulating their cellular properties.

Impaired Functions of Adipocyte Precursors in Obesity 
and Metabolic Disease

When exposed to a high-fat diet, adipocyte precursors 
contribute to the onset of adipocyte hyperplasia. However, 
the extent of new adipocyte formation varies among 
distinct adipose tissue depots [172]. In mice, the initiation of 
adipogenesis in the visceral WAT depot occurs significantly 
before adipocyte hypertrophy that occurs during the 
development of diet-induced obesity [65]. Likewise, the 
enlargement of human visceral WAT may rely on a surge in 
adipocyte proliferation during the initiation of obesity [173]. 
Notably, both in humans and mice, fully developed obesity is 
linked to a decline in adipocyte precursors and a diminished 
capacity for their differentiation, which can result in adipocyte 
hypertrophy, adipose dysfunction, and the onset of metabolic 
syndrome [174,175]. Hence, during periods of energy excess 
and the onset of diabetes, adipocyte precursors exhibit 
efficient proliferation and differentiation into adipocytes, yet 
face impairment in later stages, potentially contributing to 
adipocyte hypertrophy and the exacerbation of metabolic 
abnormalities [30]. Moreover, in individuals with obesity, 
a reduction in ASC activity may constrain their overall 
multipotent and regenerative capacity, which are critical 
factors for patients who could potentially benefit from 
autologous transplantation.
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In contrast to lean individuals, ASCs extracted from 
subcutaneous and visceral WAT in obese patients exhibit 
decreased cell proliferation, premature senescence, and 
a decline in both angiogenic potential and the ability for 
multilineage differentiation [91,174,176-178]. ASCs in obese 
patients demonstrate a compromised capacity to release pro-
angiogenic factors such as VEGF, HGF, FGF, and PDGF. This 
impairment can hinder angiogenesis, induce hypoxia, and 
lead to cellular stress, ultimately contributing to adipocyte 
death [30,132-135]. In obese individuals, the decline in ASC 
multipotency is associated with an upregulation of genes 
related to inflammation and a concurrent downregulation 
of genes associated with embryonic development and 
multilineage differentiation, including TBX15, HOXC10, and 
α-SMA, potentially contributing to a compromised tissue 
repair capacity [91,177]. 

ASCs have been observed to exhibit robust 
immunosuppressive activity, playing a crucial role in 
the regulation of inflammation and immunopathologic 
responses. Additionally, this characteristic is significant for the 
development and application of immunomodulation therapies 
and allogeneic stem cell treatments [179,180]. ASCs obtained 

from obese and type 2 diabetic individuals exhibit diminished 
immunosuppressive functions, such as suppressing immune 
cell proliferation and polarizing macrophages towards the M2 
phenotype, in contrast to those derived from lean individuals 
(Figure 2F) [181]. ASCs from obese individuals exhibit up-
regulation of inflammatory genes such as IL-1β, IL-8, and 
monocyte chemoattractant protein 1 (MCP1), previously 
associated with elevated BMI and linked to cardiovascular 
disease and type 2 diabetes risk [91]. The increased expression 
of these cytokines, coupled with elevated levels of tumor 
necrosis factor-α (TNFα) and IL-6 in ASCs, may potentially 
contribute to the initiation or exacerbation of adipose tissue 
inflammation and foster insulin resistance by attracting and 
directing macrophages towards the M1 subtype (Figure 2F) 
[30,182-185]. 

Genes associated with stemness exhibit dysregulation in 
obesity and type 2 diabetes, with ASCs from subcutaneous 
WAT of obese patients displaying decreased expression of 
OCT4, SAL4, SOX15, and KLF4, while ASCs from omental WAT 
show increased expression [186]. In a separate investigation, 
heightened expression of OCT4 and NANOG was noted in 
ASCs obtained from both subcutaneous and visceral WAT  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

Figure 2: Interactions between macrophages and adipogenic precursors. (A) Eosinophils secrete IL-4 and IL-13 that polarize macro-
phages toward an M2 fate, potentially contributing to browning and the formation of beige adipocytes through catecholamine secretion 
(B). (C) Secretion of IL-4 from eosinophils and potentially M2 macrophages may directly impact adipogenic precursors to enhance their ca-
pacity to undergo beige adipogenesis. (D) TGFβ1 expressed by CD206+ M2 macrophages hinders the proliferation of PDGFRα+ adipogenic 
precursors to prevent premature senescence and precursor cell exhaustion. (E) BMP4 derived from adipogenic precursors stimulates the 
proliferation of CD206+ M2 macrophages while inhibiting M1 macrophages, resulting in a substantial rise in M2 macrophage numbers that 
may lead to increased browning of WAT. (F) ASCs from obese and type 2 diabetic individuals exhibit up-regulation of inflammatory genes 
that may contribute to adipose tissue inflammation and insulin resistance by attracting and directing macrophages towards the M1 subtype.
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in diabetic individuals compared to those without diabetes 
[187]. Additional markers of stemness, such as reduced 
viability of ASCs in cell culture, diminished telomerase activity, 
and shortened telomere length, provide further evidence 
of the disrupted self-renewal capacity in ASCs derived from 
individuals with obesity [188]. Concerning telomerase activity, 
the selective disruption of either Pdgfrα + or Pdgfrβ+ adipocyte 
progenitor lineages in telomerase reverse transcriptase gene 
knockout mice results in premature telomere shortening, 
adipocyte progenitor senescence, and subsequent 
adverse metabolic effects. These effects include adipocyte 
hypertrophy, inflammation, and fibrosis in adipose tissue, as 
well as systemic insulin resistance, further exacerbated by a 
high-fat diet [189]. This information suggests that excessive 
nutrient intake can induce senescence in adipose progenitor 
cells, establishing a mechanistic connection between aging, 
obesity, and diabetes.

In obese individuals, inflammatory cytokines like IL-6 or TNFα 
are known to shorten cilia in ASCs, impairing their ability to 
respond adequately to stimuli [190]. The use of an inhibitor 
targeting Aurora A, a kinase involved in cilia disassembly, has 
been shown to reverse this phenotype, restoring cilia length 
and function in obese ASCs [191]. Remarkably, this reversal is 
linked to an upregulation of self-renewal and stemness genes, 
suggesting a potential approach to address obesity-related 
disorders [191].

Overall, disturbances in gene networks associated with 
stemness, inflammation, multilineage potential, and ASC 
trafficking and homing contribute to ASC dysfunction [91]. 
Dysfunctional ASCs, by disrupting adipose tissue remodeling, 
promoting inflammation, and inducing hypoxia, may play 
a role in the development of obesity and related diseases 
[30,192]. Supporting this notion, supplementing obese 
mice with ASCs from lean counterparts has been found to 
reduce adipose inflammation, enhance insulin action, and 
restore metabolic balance [175]. Therefore, ensuring effective 
proliferation, renewal, and differentiation of ASCs is crucial for 
proper adipose tissue function, and the restoration of ASCs 
could be a promising strategy in combating obesity-related 
diseases [30,155].

Lifestyle Interventions in Adipose Tissue Remodeling

Adipose tissue exhibits remarkable adaptability in response 
to changes in energy demand. Exercise plays a pivotal role in 
modulating the endocrine profile of adipose tissues, regulating 
mitochondrial activity, and enhancing glucose uptake [193]. 
The enlargement and reduced efficiency of adipocytes seen 
in obesity are often linked to increased lipogenesis and 
impaired angiogenesis. It's widely acknowledged that exercise 
upregulates Mdm2 expression, promoting angiogenesis, 
stimulating lipolysis, and suppressing lipogenic gene 
expression in adipose tissue [194-196]. These mechanisms, 
which counteract hypoxia and hypertrophic adipocyte 

development, likely contribute to the promotion of smaller, 
metabolically healthier adipocytes through exercise.

Adipose tissue harbors functionally distinct populations of 
APs identified by CD34 and CD9 as pro-adipogenic (CD34low 
and CD9low) and pro-fibrotic (CD34high and CD9high] [197-200]. 
Recent research suggests intense exercise reduces pro-
fibrotic CD34high adipocyte precursors in human abdominal 
subcutaneous fat without affecting CD34low APs in the same 
individuals, indicating exercise's potential to favorably 
modulate the adipocyte precursor pool [201]. Animal studies 
have shown that exercise training increases vascular density 
in the adipose tissue of obese rats compared to sedentary 
counterparts [202]. Similarly, clinical investigations involving 
individuals with insulin resistance demonstrate that both 
sprint interval training and moderate-intensity continuous 
training elevate vascular density in subcutaneous adipose 
tissue [203]. Exercise's immunomodulatory effects may also 
mitigate obesity-induced inflammation in adipose tissue 
by reducing inflammatory macrophages and promoting an 
anti-inflammatory M2 macrophage phenotype [202,204,205]. 
Furthermore, exercise decreases the number of CD8+ T cells 
and macrophage infiltration in obesity-related adipose tissue, 
while enhancing the secretion of anti-inflammatory cytokines 
IL6 and IL10 and shifting macrophage phenotype from M1 to 
M2 in the subcutaneous fat of high-fat diet mice, resulting in 
improved insulin sensitivity [205].

In rodents, calorie restriction decreases fat mass, delays age-
related diseases like type 2 diabetes, and extends lifespan 
[206]. Similarly, in obese individuals, calorie restriction, weight 
loss, and exercise enhance insulin sensitivity [207]. Studies by 
Fabbiano et al. indicate that calorie restriction reduces total fat 
mass while promoting the browning of white adipose tissue, 
accompanied by increased eosinophils, M2 macrophages, and 
type 2 cytokine signaling [208]. Calorie restriction stimulates 
mitochondrial biogenesis in various tissues, including skeletal 
muscle, liver, heart, and WAT, with SREBP-1c mediating 
mitochondrial biogenesis specifically in WAT [209-211]. The 
correlation between calorie restriction and browning markers 
in humans remains ambiguous, as studies have demonstrated 
that observed improvements in body fat and insulin resistance 
appear to be unrelated to browning [212].

Conclusions and Future Perspectives

Understanding the adipose tissue stem cell niche has been 
hindered by challenges in identifying specific markers for 
distinct cell subpopulations, the absence of optimal cell 
culture conditions maintaining cells in their native state, and 
a lack of in vivo models for monitoring cells within the native 
niche. Recent developments in 3D culture techniques and the 
discovery of new adipogenic growth factors offer potential 
solutions, allowing for the preservation and more accurate 
representation of the native niche ex vivo. This is particularly 
crucial when studying the physiological abnormalities 
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of adipogenic precursors from obese patients, as culture 
conditions may inaccurately reflect the native niche, leading to 
incorrect assumptions about their role in disease progression. 
Supporting this, optimized 3D culture conditions that maintain 
the niche environment have already demonstrated improved 
clinical effects [213]. 

Earlier research has proposed that various cell types within 
the niche (such as endothelial, hematopoietic, mural, and 
fibroblastic cells) have the potential to serve as adipocyte 
precursors in vitro. However, lineage tracing studies in 
mice are now providing insights into the key populations 
contributing to mature adipocytes during normal metabolic 
homeostasis, weight gain, and WAT browning. Specifically, a 
fibroblast stem cell population, identified by PDGFRα and the 
mural cell marker PDGFRβ, seems to play a significant role in 
the formation of the majority of mature adipocytes in adult 
mice [82]. Advances in single-cell RNA sequencing and the 
identification of non-cell surface markers for tracking and 
purifying adipogenic precursors may enable a more precise 
categorization of these cells into an ordered hierarchy of 
adipogenic commitment and potential.

ASCs and progenitors obtained from subcutaneous and 
visceral adipose tissues of obese individuals exhibit diminished 
cell proliferation, premature senescence, and a decline in 
angiogenic potential, as well as the capacity for multilineage 
differentiation [91,174-178]. Consequently, in the later stages 
of obesity, the impaired function of ASCs and adipocyte 
progenitors may contribute to adipocyte hypertrophy linked 
to excessive caloric intake and insulin resistance. Additionally, 
ASCs derived from obese and type 2 diabetes patients exhibit 
reduced immunosuppressive activity, including the inhibition 
of immune cell proliferation and the ability to polarize 
macrophages toward the M2 phenotype [181]. Inflammatory 
cytokines linked to cardiovascular disease and type 2 
diabetes risk are also upregulated in ASCs [91]. Collectively, 
the restoration of ASCs through transplantation emerges 
as a potentially effective strategy to address complications 
associated with obesity, as demonstrated in mouse studies 
[175].

Understanding the molecular mechanisms governing the 
self-renewal and differentiation of ASCs and their downstream 
progenitors holds promise for the development of innovative 
therapies to address obesity-related disorders. For instance, 
exploring the mechanisms linked to BMP7-induced 
differentiation of beige/brown adipocytes may offer insights 
into developing therapies that enhance thermogenesis and 
provide protection against metabolic syndrome. There is a 
growing awareness of the significant impact macrophages 
have on both the renewal and differentiation potential of 
adipogenic precursors, with M2 macrophage subsets playing 
a role in maintaining a healthy balance between renewal 
and differentiation [111]. Identifying factors associated with 
polarization toward the M2 phenotype (such as BMP4/IL-4) or 

factors from these cells that directly promote the generation 
of beige adipocytes from adipocyte precursors may open 
avenues for developing novel therapies for weight loss 
[109,110]. 

Creating conditions conducive to the functional co-culture 
of various cell types within the adipose precursor niche is 
increasingly crucial for advancing our understanding of 
how these cells interact and influence adipogenesis during 
normal, insulin-resistant and inflammatory states. The 
successful establishment of co-culture methods involving 
different subpopulations of ASCs, progenitors, macrophages, 
endothelial cells, neurons, mural cells, fibroblasts, and other 
cell types is paramount. For instance, attempts to co-culture 
sympathetic neurons with ASCs for studying lipolysis and 
adipose tissue browning have faced challenges, potentially 
attributed to the secretion of factors in co-culture that hinder 
differentiation when the cells are isolated outside the native 
adipose tissue niche [214]. Moreover, the research community 
is actively exploring the therapeutic potential of ASCs across 
various diseases and regenerative applications, encompassing 
soft tissue defect reconstruction, wound healing, skin 
restoration, skeletal muscle/bone reconstruction, liver 
regeneration and cardiac repair [215]. Future identification 
of new regulatory factors governing the adipocyte precursor 
niche will contribute to determining optimal culturing 
methods for ASCs. This is not only crucial for advancing the 
study of metabolic diseases, but also for harnessing the 
potential of these cells in the field of regenerative medicine.
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