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Abstract: Adipose tissue not only stores energy, but also controls metabolism through secretion of
hormones, cytokines, proteins, and microRNAs that affect the function of cells and tissues throughout
the body. Adipose tissue is organized into discrete depots throughout the body, and these depots are
differentially associated with insulin resistance and increased risk of metabolic disease. In addition to
energy-dissipating brown and beige adipocytes, recent lineage tracing studies have demonstrated
that individual adipose depots are composed of white adipocytes that are derived from distinct
precursor populations, giving rise to distinct subpopulations of energy-storing white adipocytes.
In this review, we discuss this developmental and functional heterogeneity of white adipocytes
both between and within adipose depots. In particular, we will highlight findings from our recent
manuscript in which we find and characterize three major subtypes of white adipocytes. We will
discuss these data relating to the differences between subcutaneous and visceral white adipose tissue
and in relationship to previous work deciphering adipocyte heterogeneity within adipose tissue
depots. Finally, we will discuss the possible implications of adipocyte heterogeneity may have for the
understanding of lipodystrophies.
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1. Introduction
In 2015–2016, the Centers for Disease Control and Prevention (CDC) found that ~40% of adults
in the United States of America, representing 93 million individuals, are obese (https://www.cdc.
gov/nchs/data/databriefs/db288.pdf). This obesity pandemic and the associated co-morbidities of
obesity including cardiovascular diseases, certain types of cancer, and type 2 diabetes have stimulated
great interest in the understanding of adipose tissue. White adipose tissue (WAT) is the primary site
for energy storage, and plays protective roles in thermal insulation and protection from mechanical
stress [1]. WAT not only stores energy, but also controls metabolism through secretion of hormones,
cytokines, proteins, specific lipid species, and microRNAs that affect the function of cells and tissues
throughout the body [2–8]. The adipose organ consists of energy storing white adipose tissues
(WAT), thermogenic brown adipose tissues (BAT), and thermogenic BAT-like adipocytes (brite/beige)
interspersed within WAT. WAT adipocytes are histologically characterized by the appearance of large
unilocular lipid droplet, low number of mitochondria, and small cytoplasmic space. BAT adipocytes
are known for multiple small lipid droplets and high density of mitochondria. BAT and brite
adipocytes have been the focus of much attention in recent studies, as the ability of BAT to dissipate
energy through mitochondrial uncoupling could potentially burn excess calories and combat the
epidemic of obesity [9]. Furthermore, recent studies have suggested that developmental and functional
differences in adipocytes within distinct adipose tissue depots that influence the overall behavior of
these depots [10–12].
Biology 2019, 8, 23; doi:10.3390/biology8020023

www.mdpi.com/journal/biology

Biology 2019, 8, 23

2 of 14

In our recent study, we have used a combination of in vitro clonal cell analysis and lineage
tracing in vivo to investigate heterogeneity of white adipocyte subpopulations. In this study, we
identified at least three distinct subpopulations of white preadipocytes that are characterized by
unique gene expression profiles and high expression of three different marker genes: Wilms tumor 1
(Wt1), transgelin (Tagln), and myxovirus 1 (Mx1), termed Types 1–3, respectively. These preadipocyte
subpopulations give rise to adipocytes with unique metabolic properties and differentially respond
to exogenous stimuli, including inflammatory cytokines, growth hormone, and insulin. In vivo,
these three preadipocyte markers define three independent white adipocyte subpopulations that
differentially contribute to the individual white adipose tissue depots [10]. Throughout this review,
we will highlight findings from this manuscript. We will also introduce the different white adipose
tissue depots and discuss their physiological contribution. In addition, we will discuss other studies
that address the heterogeneity of adipocytes within adipose tissue depots. Finally, we will discuss
the possible implications of adipocyte heterogeneity may have for the understanding and treatment
of lipodystrophies.
2. Adipose Tissue Depots
In general, the majority of WAT is categorized as either subcutaneous (SAT) and visceral (VAT)
adipose tissue, with the exception of smaller adipose depots including the dermal WAT (dWAT)
and bone marrow adipose tissue (MAT) that are distinct from SAT and VAT (Figure 1). SAT is
subdivided into anterior and posterior in rodents, which anatomically approximates upper and lower
body subcutaneous fat in humans. Major VAT adipose depots include those that surround the heart
(epicardial/pericardial) and the intraabdominal organs (mesenteric, omental, perigonadal, perirenal,
and retroperitoneal) in both humans and rodents. One distinction between human and rodent VAT is
that humans have detectable omental WAT (oWAT), whereas rodents have large perigonadal WAT
(pgWAT). In addition to SAT and VAT, the physiological contribution of other fat depots has begun to be
recognized. dWAT is comprised from the white adipocytes are associated with the dermal skin layers,
and has functions in wound healing, generation of hair follicles, and thermogenesis [13–15]. The dWAT
is developmentally distinct from SAT and is physically separated from SAT by the panniculus carnosus,
a striated muscle layer that is only present in rodents and is not clearly defined in humans [16,17].
Another adipose tissue receiving recent attention is MAT [18]. There are two major subtypes of MAT.
Constitutive MAT (cMAT) is concentrated in the distal skeletal, contains larger adipocytes, and is
relatively devoid of active hematopoiesis. On the other hand, regulated MAT (rMAT) is found in
more active sites of hematopoiesis including the spine and proximal limb bones. Adipocytes of the
rMAT are more diffusely distributed and tend to increase or decrease in response to environmental or
pathological factors [19,20]. MAT adipocytes populate bone marrow with increasing age [21] and resist
depletion during caloric deficit states [22–24]. MAT may also play important role in bone metabolism,
and during caloric restriction, MAT may be the major source of circulating adiponectin [25]. In clinical
studies of healthy populations as well as in populations of individuals with metabolic disease, MAT
has been shown to be inversely associated with bone mineral density. Furthermore, lipolysis from MAT
adipocytes can provide osteoblasts with free fatty acid and thus directly affects bone turnover [26].
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Figure 1. Comparison between Human and Rodent Adipose Tissues. White Adipose Tissues (WAT)

Figure 1. Comparison between Human and Rodent Adipose Tissues. White Adipose Tissues (WAT)
are mostly visceral adipose tissue (VAT) and subcutaneous adipose tissue (SAT). Major visceral
are mostly visceral adipose tissue (VAT) and subcutaneous adipose tissue (SAT). Major visceral depots
depots common in both humans and rodents include epicardial/pericardial (not shown), perirenal
common in both humans and rodents include epicardial/pericardial (not shown), perirenal (prWAT),
(prWAT), retroperitoneal (rWAT), and mesenteric WAT (mWAT). While humans have large omental
retroperitoneal (rWAT), and mesenteric WAT (mWAT). While humans have large omental (oWAT) fat,
(oWAT) fat, mice have large perigonadal (pgWAT) fat. SAT in humans can be divided into upper
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and Tbx15 mRNA levels and lower expression of HoxC9 and HoxA4 mRNA than those derived from
study on adipose lineages confirms these results, as cell lines derived from the stromal vascular fraction
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(SVF) of SAT depots have higher expression of Shox2 and Tbx15 mRNA levels and lower expression of
HoxC9 and HoxA4 mRNA than those derived from VAT depots [10].
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In addition to the expression of developmental genes, preadipocytes isolated from SAT also
have increased basal levels of adipogenic genes including peroxisome proliferator-activated receptor
gamma (PPARγ) and CCAAT/enhancer binding proteins (C/EBP) transcription factors [38,40] and
lower levels of macrophage recruitment factors including C-C Motif Chemokine Ligand 2 (CCL2)
and C-C chemokine receptor type 2 (CCR2) after exposure to high fat diet [41]. These differences
in gene expression may explain many of the depot-specific phenotypic differences observed in
adipocytes. Preadipocytes from SAT proliferate, differentiate, and have increased lipid accumulation
compared to preadipocytes isolated from VAT [37,39,42–45]. On the other hand, VAT adipocytes
are also characterized by an increased susceptibility to apoptosis, reduced lipoprotein lipase
activity, and a high degree of catecholamine-induced lipolysis due to increased expression levels
of beta-adrenoceptors [46–49]. Interestingly, functional differences between humans and mice WAT
depots are found in the ability of these depots to give rise to brite adipocytes. In mice, SAT depots
express higher expression of genes, including uncoupling protein 1 (Ucp1) involved in brown fat
formation compared to VAT depots, while in WAT of human subjects, the opposite is true [50]. Similarly,
exercise has been shown to induce browning of SAT in mice, while exercise in humans reduces markers
of brown fat in human SAT [51,52]. This divergence in gene expression in fat depots between the
two species strongly indicates that caution should be applied extrapolating mouse browning gene
expression studies to human physiology.
In rodent models, the inguinal depot is most often used to be representative of SAT, and the
deposition of gluteofemoral SAT, which anatomically roughly corresponds with inguinal fat in rodents,
is associated with a protective lipid and glucose profile and decreased cardiovascular and metabolic
risk [53]. However, in addition to gluteofemoral SAT, humans also have deep SAT (dSAT) found
under the Scarpa’s fascia in the abdominal area (Figure 1). The dSAT depot has increased expression
of inflammatory cytokines, a more saturated fatty acid composition, and distinct molecular and
morphological differences from superficial SAT [54–57]. Thus, there are distinct differences between
superficial SAT and dSAT, and dSAT shares numerous similarities with VAT [58].
4. Preadipocytes Have Numerous Developmental Sources
The molecular characterization of the preadipocyte lineages in every individual depot has made
an enormous contribution in understanding adipocyte biology and the heterogeneity of adipocytes.
Numerous markers, including preadipocyte factor 1 (Pref1) and platelet-derived growth factor
receptor beta (Pdgfrβ), have been shown to be highly enriched in preadipocytes prior to adipogenic
differentiation [59,60]. A key advance in the field was fluorescence-activated cell sorting (FACS)
characterization of the preadipocyte lineage. In this study, Rodeheffer et al. utilized FACS analysis
to define the preadipocyte lineage as cells that are negative for markers of other committed lineages,
i.e., endothelial cells (CD31), macrophages (CD45), and erythrocytes (Ter119), and are positive for the
stem cell markers CD29, CD34, Sca1, and CD24. Transplantation of these precursor cells was able to
generate WAT in the A-Zip lipodystrophic mouse model. Further follow-up studies determined that
adipogenic CD24- cells represented a more committed preadipocyte lineage downstream of CD24+
precursors [61,62].
Interestingly, lineage tracing analyses indicate that preadipocytes, even those from a single
adipose tissue depot, are derived from numerous developmental sources. Epithelial cells from the
mesothelium have been shown to be able to give rise to adipocytes both in vitro and in vivo within
VAT depots [10,63,64]. We found that these cells, which we have termed Type 1 adipocytes, have
dramatically different gene expression compared to other adipocyte subpopulations with ~100-fold
higher expression of many genes including—Wilms tumor 1 (Wt1), leucine rich repeat neuronal 4
(Lrrn4), and uroplakin 3b (Upk3b). In addition, we find that this subpopulation of adipocytes has
reduced triglyceride accumulation and is characterized by a highly glycolytic metabolism. Interestingly,
we found that HoxA5 is highly expressed in Type 1 preadipocytes, suggesting that its higher expression
in the VAT is due to the presence of Type 1 adipocytes within these depots.
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Adipocyte growth has long been known to be associated with the underlying vasculature
foreshadowing the more recent findings that at least some preadipocytes are found associated with
the vasculature [65]. Utilizing multiple lineage tracing mouse models, Tang et al. were the first to
demonstrate that a subset of preadipocytes could be found within the mural cell compartment of the
adipose tissue vasculature [66]. Furthermore, the mural cell-derived preadipocytes marked by smooth
muscle actin (SMA)-Cre were suggested to be important in the homeostasis of adipose tissue later
in life [67]. Similarly, a vascular smooth muscle origin for a subpopulation of brite, but not brown
adipocytes has also been reported, supporting the significance of this lineage in adipose biology [68].
Additionally, our adipose subpopulation marked by transgelin (Tagln) or SM22-Cre/ROSA26mT/mG a
gene that is highly expressed in vascular, smooth muscle, and pericytes were found in all SAT and
VAT depots [10,69].
In addition to the mural cell-derived adipocytes, the endothelial cells of the vasculature have
also been suggested to give rise to adipocytes. Progenitor cells labeled by the endothelial-specific
VE cadherin-cre, give rise to both brown and white adipocytes. Similarly, Zfp423, a preadipocyte
marker, is found in both mural and vascular endothelial precursors, and further supports the idea of
the vascular endothelium as a source of preadipocytes [70–72]. However, other studies fail to show
the presence of endothelial-cell derived adipocytes in either normal and high-fat-diet conditions [62].
Intriguingly, an unconventional source of preadipocytes, from bone marrow-derived cells of the
hematopoietic lineage, may also contribute to the formation of other adipose tissues in addition to
MAT [73,74]. The number of bone marrow-derived adipocytes accumulates with age, are found more
in VAT than SAT, and are more prevalent in female than male mice [73,75]. Notably, increase in bone
marrow-derived adipocytes only in female visceral fat is negatively regulated by estrogen and estrogen
receptor, suggesting that this depot may contribute to VAT deposition in post-menopausal women [76].
Finally, the contribution of this subpopulation in human VAT has also been studied. In adipose tissue
obtained from human recipients of hematopoietic stem cell transplantation, the hematopoietic lineage
makes a sizable contribution to adipose tissue, as up to 35% of visceral adipocytes were derived from
the transplantation donor [77].
Various potential sources of cells comprising the pool of preadipocytes reflect the diverse
embryonic origin of adipose tissues. Despite the traditional thinking that all adipose tissues were
derived from mesodermal tissues, subsets of adipocytes around head and neck structures have been
shown to be derived from neural crest cells [78,79]. Sox10-Cre/R26–YFP, a neural crest marker [80],
showed YFP+/perilipin+ cells around the ear and salivary gland in mice, indicating adipocytes in
these sites are of neural crest origin [79]. However, the neural crest-derived cephalic adipocytes seemed
to be a transient supply to these regions. A study using Wnt1, a marker for migrating neural crest
cells, combined with Cre/R26R –YFP reporter demonstrated the progressive reduction of Wnt1-Cre
adipocytes and an increase in mesodermal-derived adipocytes in neck, cervical, and pectoral areas [81].
The majority of adipocytes have their origin traced back to mesoderm. During early development,
mesoderm is transformed into paraxial, intermediate, and lateral mesoderm. Somites are a derivative
of paraxial mesoderm, and a Cre line driven by promoter of the somite-specific gene, mesenchyme
homeobox 1 (Meox1), marked both dorsal and anterior white adipocytes. These depots included
the retroperitoneal (rWAT) and interscapular WAT, with a few adipocytes labeled in male pgWAT.
Furthermore, lineage tracing analyses show that like Meox1-Cre, transcription factors Pax3 and Pax7
give rise to a portion of interscapular WAT [11,82]. Similarly, the Myf5-Cre, a downstream target gene
of Pax3/7, also gives rise to interscapular WAT and rWAT [11]. These data indicate that dorsoanterior
adipose tissue depots, including the subcutaneous WAT and rWAT, are derivatives of paraxial
mesoderm. A similar approach was employed to study the lateral mesoderm. Using HoxB6-Cre to
mark the lateral plate, and HoxB6-derived precursors make up the majority of inguinal WAT (posterior
subcutaneous fat), mesenteric WAT (mWAT), and pgWAT in female animals [82]. Other lineages that
give rise to mostly subcutaneous and visceral adipocytes are paired-class homeobox 1 (Prx1)-Cre and
myxovirus 1 (Mx1)-Cre marking majority of subcutaneous depots, and Wilms tumor 1 (Wt1)-CreERT2
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characterized by adipokine secretions, rapid free fatty acid uptake, high lipolytic rate, and low rates of
glucose utilization [94,95]. Because pericardial fat may provide fuel for the heart and is associated with
inflammation and atherosclerosis [96–98], understanding the function of this adipose tissue depot may
lead to greater understanding of obesity-associated cardiovascular diseases. Our study showed that
pericardial adipose tissue is comprised primarily of Type 1 and Type 2 adipocytes, and understanding
the role of these subpopulations in pericardial fat may be an interesting avenue of future research [10].
Recent studies utilizing high throughput single-cell RNA sequencing are also beginning to uncover
a wide variety of heterogeneity both in gene expression and function of adipocyte precursor cells.
These studies show that different populations of preadipocyte differ in beiging capacity, adipogenic
differentiation, have differential wound healing and tissue remodeling capacities, and can differentially
contribute to vasculogenesis [99–102]. Furthermore, single-cell RNA sequencing has been recently
utilized to discover new adipocyte subpopulations. These include a subpopulation marked by CD142
expression that has the ability to inhibit adipocyte formation termed Adipocyte regulators cells
(Areg) [100]. Aregs regulate adipocyte formation in a paracrine manner, are detected at a higher
proportion in VAT compared to SAT, and are increased with obesity [100]. Another recently discovered
subpopulation is marked by the expression of fibroblast-specific protein-1 (FSP1+), and is essential
for the maintenance of the preadipocyte pool and its adipogenic potential [103]. Many of these
subpopulations of preadipocytes are altered during the progression of diabetes and obesity, suggesting
a possible role for these subpopulations in obesity complications.
Interestingly, the most commonly studied VAT, pgWAT, is an example of depot-specific function
based on lineage heterogeneity. Studies in the late 1980s and early 1990s demonstrated that prWAT
contains higher percentage of rapidly dividing preadipocytes than pgWAT, suggesting that prWAT
preadipocytes are developmentally younger than that of pgWAT [42,104–106]. This phenomenon was
found bilaterally and was independent of animal age, indicating the distinction was of embryonic
origin [105,106]. Interestingly, recent studies on acylglycerophosphate acyltransferase family (AGPAT),
enzymes in the formation of triacylglycerol precursor phosphatidic acid, clearly unmasked the
heterogeneity of pgWAT. AGPAT4 deficiency leads to a highly sex and depot-specific weight gain
only in the pgWAT in male mice, and not in female mice or other adipose tissue depots [107,108].
Compared to prWAT and other depots, pgWAT has been shown to be composed of adipocytes derived
from progenitor cells from multiple lineages: Meox1/Pax3/Myf5, HoxB6, Wt1, Tagln, and bone
marrow derived progenitors [10,11,64,82]. Sebo et al. showed that male pgWAT was derived from
Meox1/Pax3 lineages, whereas female pgWAT was from HoxB6 lineage [82]. The mesothelium, smooth
muscle/pericytes, and bone marrow, from which Wt1, Tagln, and bone marrow derived progenitors
arise, respectively, are derivatives of lateral plate mesoderm. Therefore, adipocytes in male pgWAT
are from both paraxial (Meox1/Pax3) and lateral plate mesoderm (Wt1/Tagln/bone marrow), while
the majority of adipocytes in female pgWAT (HoxB6/Wt1/Tagln/bone marrow) are derived from the
lateral plate mesoderm. The differences in the origin of these depots could potentially contributes to
depot and sex dependent differences observed upon ablation of AGPAT4, and may also play a role in
differences in adipose tissue deposition found in males and females.
6. Lipodystrophy
Abnormal distribution of adipose tissues, as seen in lipodystrophy, supports the idea of
developmentally distinct adipose tissue depots. Lipodystrophy is a collective disorder that can
be classified as familial or acquired. While congenital generalized lipodystrophies (subdivision of
familial lipodystrophy) are characterized by near complete loss of fat at early childhood excluding
the mechanical adipose depots [109], familial partial lipodystrophies (FPL) include loss and gain of
fat in various regions. One of the most common forms of FPL is FPL2 (also known as Dunnigan
variety), which is characterized by the loss of subcutaneous fat in the extremities and trunk, but an
accrual of fat in the visceral, head, and neck regions [110,111]. The excess accumulation of fat in the
cervical region gives the appearance of buffalo-hump similar to Cushing’s syndrome. Although FPL
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forms are inheritable autosomal-dominant disorder involving mutations of vital adipocyte genes such
as PPARG, PLN1, CIDEC, and AKT2 [112–116], the molecular mechanisms that selectively target
adipocytes leading to loss or gain of fat in a particular region are currently unknown. Similarly, other
forms of human WAT dystrophies, such as Barraquer–Simons syndrome, are characterized by facial fat
loss and variable fat gain in the lower extremities suggests that this syndrome differentially affects
cephalic SAT adipocytes derived from neural crest preadipocytes compared to mesodermal-derived
adipocytes [117,118]. The phenotypes observed in Barraquer–Simons syndrome also suggests different
origins for subcutaneous adipocytes in the lower versus upper body, and may also reflect different
origins between deep and superficial SAT [11,57]. Thus, the selective loss and gain of fat in partial
lipodystrophies, may, at least in part, be attributed to the heterogeneous nature of adipose tissues.
Our study showed that Mx1-Cre and Wt1-Cre-derived adipocytes are mostly distributed in the
scapular and visceral depots, respectively. The increase of visceral, head, and neck regions in FPL2
potentially suggest a selective accumulation in these two subpopulations. Furthermore, acquired
lipodystrophy such as seen in patient treated with protease inhibitors in highly active antiretroviral
therapy (HAART) for HIV may also be related to the heterogeneity of adipose tissues. The HAART
treatment decreases transcription factors involved in adipocyte differentiation and function, interferes
with fat storage, and increases adipocyte apoptosis, leading to adipose tissue dysfunction [119].
These patients generally have regional lipoatrophy of facial adipocytes, development of a “buffalo
hump” of massively increased dorsocervical adipose tissue, increase visceral fat, and elevating the
risk of metabolic disease [120,121]. Studies in mice show numerous adipose subpopulations that are
highly concentrated in a dorsoanterior manner, including the Meox1/Pax3, 7/Myf5 and Mx1-derived
adipocytes. Thus, we hypothesize HAART may differentially affect some adipocyte subpopulations.
7. Conclusions
The obesity epidemic is a severe public health crisis. However, in recent years, great progress has
been made in elucidating the contribution of white, brite, and brown adipose tissues to metabolism
and whole body physiology. In addition, recent studies have begun to examine the developmental and
functional heterogeneity found within the WAT, BAT, and brite adipocyte populations. This cellular
heterogeneity is an emerging concept, and the physiological significance of this heterogeneity is just
beginning to be explored. In this review we have touched upon numerous issues, including the
metabolic contribution of different white adipose tissue depots, adipose tissue deposition, and partial
lipodystrophies, in which these adipocyte subpopulations may play critical roles. These avenues of
research hold promise to developing targeted interventions to combat the comorbidities associated
with obesity.
Funding: This work was supported by start-up funds from the Ohio University College of Osteopathic Medicine
(KYL), and the American Diabetes Association Junior Faculty Development Award 1-17-JDF-055 (KYL).
Conflicts of Interest: The authors declare no conflict of interest.

References
1.
2.
3.
4.
5.

Frayn, K.N.; Karpe, F.; Fielding, B.A.; Macdonald, I.A.; Coppack, S.W. Integrative physiology of human
adipose tissue. Int. J. Obes. 2003, 27, 875–888. [CrossRef] [PubMed]
Klaus, S. Adipose tissue as a regulator of energy balance. Curr. Drug Targets 2004, 5, 241–250. [CrossRef]
[PubMed]
Kusminski, C.M.; Bickel, P.E.; Scherer, P.E. Targeting adipose tissue in the treatment of obesity-associated
diabetes. Nat. Rev. Drug Discov. 2016, 15, 639–660. [CrossRef] [PubMed]
Rosen, E.D.; Spiegelman, B.M. Adipocytes as regulators of energy balance and glucose homeostasis. Nature
2006, 444, 847–853. [CrossRef]
Stephens, J.M. The Fat Controller: Adipocyte Development. PLoS Biol. 2012, 10, e1001436. [CrossRef]
[PubMed]

Biology 2019, 8, 23

6.

7.
8.

9.
10.
11.
12.
13.

14.
15.

16.
17.

18.
19.
20.
21.

22.

23.

24.

25.

26.

9 of 14

Thomou, T.; Mori, M.A.; Dreyfuss, J.M.; Konishi, M.; Sakaguchi, M.; Wolfrum, C.; Rao, T.N.; Winnay, J.N.;
Garcia-Martin, R.; Grinspoon, S.K.; et al. Adipose-derived circulating miRNAs regulate gene expression in
other tissues. Nature 2017, 542, 450–455. [CrossRef] [PubMed]
Trujillo, M.E.; Scherer, P.E. Adipose tissue-derived factors: Impact on health and disease. Endocr. Rev. 2006,
27, 762–778. [CrossRef]
Yore, M.M.; Syed, I.; Moraes-Vieira, P.M.; Zhang, T.; Herman, M.A.; Homan, E.A.; Patel, R.T.; Lee, J.;
Chen, S.; Peroni, O.D.; et al. Discovery of a class of endogenous mammalian lipids with anti-diabetic and
anti-inflammatory effects. Cell 2014, 159, 318–332. [CrossRef]
Cypess, A.M.; Kahn, C.R. Brown fat as a therapy for obesity and diabetes. Curr. Opin. Endocrinol.
Diabetes Obes. 2010, 17, 143–149. [CrossRef]
Lee, K.Y.; Luong, Q.; Sharma, R.; Dreyfuss, J.M.; Ussar, S.; Kahn, C.R. Developmental and functional
heterogeneity of white adipocytes within a single fat depot. EMBO J. 2018, 38, e99291. [CrossRef]
Sanchez-Gurmaches, J.; Guertin, D.A. Adipocytes arise from multiple lineages that are heterogeneously and
dynamically distributed. Nat. Commun. 2014, 5, 4099. [CrossRef]
Sanchez-Gurmaches, J.; Hsiao, W.-Y.; Guertin, D.A. Highly Selective In Vivo Labeling of Subcutaneous White
Adipocyte Precursors with Prx1-Cre. Stem Cell Rep. 2015, 4, 541–550. [CrossRef]
Driskell, R.R.; Lichtenberger, B.M.; Hoste, E.; Kretzschmar, K.; Simons, B.D.; Charalambous, M.; Ferron, S.R.;
Herault, Y.; Pavlovic, G.; Ferguson-Smith, A.C.; et al. Distinct fibroblast lineages determine dermal
architecture in skin development and repair. Nature 2013, 504, 277–281. [CrossRef]
Kruglikov, I.L.; Scherer, P.E. Dermal adipocytes and hair cycling: Is spatial heterogeneity a characteristic
feature of the dermal adipose tissue depot? Exp. Dermatol. 2016, 25, 258–262. [CrossRef]
Alexander, C.M.; Kasza, I.; Yen, C.-L.E.; Reeder, S.B.; Hernando, D.; Gallo, R.L.; Jahoda, C.A.B.; Horsley, V.;
MacDougald, O.A. Dermal white adipose tissue: A new component of the thermogenic response. J. Lipid Res.
2015, 56, 2061–2069. [CrossRef]
Driskell, R.R.; Jahoda, C.A.B.; Chuong, C.-M.; Watt, F.M.; Horsley, V. Defining dermal adipose tissue.
Exp. Dermatol. 2014, 23, 629–631. [CrossRef]
Wojciechowicz, K.; Gledhill, K.; Ambler, C.A.; Manning, C.B.; Jahoda, C.A.B. Development of the Mouse
Dermal Adipose Layer Occurs Independently of Subcutaneous Adipose Tissue and Is Marked by Restricted
Early Expression of FABP4. PLoS ONE 2013, 8, e59811. [CrossRef]
Chen, J.; Shi, Y.; Regan, J.; Karuppaiah, K.; Ornitz, D.M.; Long, F. Osx-Cre targets multiple cell types besides
osteoblast lineage in postnatal mice. PLoS ONE 2014, 9, e85161. [CrossRef]
Craft, C.S.; Li, Z.; MacDougald, O.A.; Scheller, E.L. Molecular differences between subtypes of bone marrow
adipocytes. Curr. Mol. Biol. Rep. 2018, 4, 16–23. [CrossRef]
Wang, H.; Leng, Y.; Gong, Y. Bone Marrow Fat and Hematopoiesis. Front. Endocrinol. 2018, 9, 694. [CrossRef]
Kajkenova, O.; Lecka-Czernik, B.; Gubrij, I.; Hauser, S.P.; Takahashi, K.; Parfitt, A.M.; Jilka, R.L.;
Manolagas, S.C.; Lipschitz, D.A. Increased adipogenesis and myelopoiesis in the bone marrow of SAMP6,
a murine model of defective osteoblastogenesis and low turnover osteopenia. J. Bone Miner. Res. 1997, 12,
1772–1779. [CrossRef]
Devlin, M.J.; Cloutier, A.M.; Thomas, N.A.; Panus, D.A.; Lotinun, S.; Pinz, I.; Baron, R.; Rosen, C.J.;
Bouxsein, M.L. Caloric restriction leads to high marrow adiposity and low bone mass in growing mice.
J. Bone Miner. Res. 2010, 25, 2078–2088. [CrossRef]
Cordes, C.; Dieckmeyer, M.; Ott, B.; Shen, J.; Ruschke, S.; Settles, M.; Eichhorn, C.; Bauer, J.S.; Kooijman, H.;
Rummeny, E.J.; et al. MR-detected changes in liver fat, abdominal fat, and vertebral bone marrow fat after a
four-week calorie restriction in obese women. J. Magn. Reson. Imaging 2015, 42, 1272–1280. [CrossRef]
Bredella, M.A.; Fazeli, P.K.; Miller, K.K.; Misra, M.; Torriani, M.; Thomas, B.J.; Ghomi, R.H.; Rosen, C.J.;
Klibanski, A. Increased bone marrow fat in anorexia nervosa. J. Clin. Endocrinol. Metab. 2009, 94, 2129–2136.
[CrossRef]
Cawthorn, W.P.; Scheller, E.L.; Learman, B.S.; Parlee, S.D.; Simon, B.R.; Mori, H.; Ning, X.; Bree, A.J.;
Schell, B.; Broome, D.T.; et al. Bone marrow adipose tissue is an endocrine organ that contributes to increased
circulating adiponectin during caloric restriction. Cell Metab. 2014, 20, 368–375. [CrossRef]
Maridas, D.E.; Rendina-Ruedy, E.; Helderman, R.C.; DeMambro, V.E.; Brooks, D.; Guntur, A.R.; Lanske, B.;
Bouxsein, M.L.; Rosen, C.J. Progenitor recruitment and adipogenic lipolysis contribute to the anabolic actions
of parathyroid hormone on the skeleton. FASEB J. 2019, 33, 2885–2898. [CrossRef]

Biology 2019, 8, 23

27.
28.

29.

30.

31.

32.

33.
34.
35.

36.

37.
38.

39.

40.
41.

42.
43.

44.

45.

10 of 14

Ghaben, A.L.; Scherer, P.E. Adipogenesis and metabolic health. Nat. Rev. Mol. Cell Biol. 2019, 20, 242–258.
[CrossRef]
Fox, C.S.; Massaro, J.M.; Hoffmann, U.; Pou, K.M.; Maurovich-Horvat, P.; Liu, C.-Y.; Vasan, R.S.;
Murabito, J.M.; Meigs, J.B.; Cupples, L.A.; et al. Abdominal visceral and subcutaneous adipose tissue
compartments: Association with metabolic risk factors in the Framingham Heart Study. Circulation 2007,
116, 39–48. [CrossRef]
Kissebah, A.H.; Vydelingum, N.; Murray, R.; Evans, D.J.; Hartz, A.J.; Kalkhoff, R.K.; Adams, P.W. Relation
of body fat distribution to metabolic complications of obesity. J. Clin. Endocrinol. Metab. 1982, 54, 254–260.
[CrossRef]
Gastaldelli, A.; Miyazaki, Y.; Pettiti, M.; Matsuda, M.; Mahankali, S.; Santini, E.; DeFronzo, R.A.; Ferrannini, E.
Metabolic Effects of Visceral Fat Accumulation in Type 2 Diabetes. J. Clin. Endocrinol. Metab. 2002, 87,
5098–5103. [CrossRef]
Zhang, M.; Hu, T.; Zhang, S.; Zhou, L. Associations of Different Adipose Tissue Depots with Insulin
Resistance: A Systematic Review and Meta-analysis of Observational Studies. Sci. Rep. 2015, 5, 18495.
[CrossRef]
Stanford, K.I.; Middelbeek, R.J.W.; Townsend, K.L.; Lee, M.-Y.; Takahashi, H.; So, K.; Hitchcox, K.M.;
Markan, K.R.; Hellbach, K.; Hirshman, M.F.; et al. A novel role for subcutaneous adipose tissue in
exercise-induced improvements in glucose homeostasis. Diabetes 2015, 64, 2002–2014. [CrossRef]
Tran, T.T.; Yamamoto, Y.; Gesta, S.; Kahn, C.R. Beneficial effects of subcutaneous fat transplantation on
metabolism. Cell Metab. 2008, 7, 410–420. [CrossRef]
Tchkonia, T.; Thomou, T.; Zhu, Y.; Karagiannides, I.; Pothoulakis, C.; Jensen, M.D.; Kirkland, J.L. Mechanisms
and metabolic implications of regional differences among fat depots. Cell Metab. 2013, 17, 644–656. [CrossRef]
Gesta, S.; Blüher, M.; Yamamoto, Y.; Norris, A.W.; Berndt, J.; Kralisch, S.; Boucher, J.; Lewis, C.; Kahn, C.R.
Evidence for a role of developmental genes in the origin of obesity and body fat distribution. Proc. Natl.
Acad. Sci. USA 2006, 103, 6676–6681. [CrossRef]
Lee, K.Y.; Yamamoto, Y.; Boucher, J.; Winnay, J.N.; Gesta, S.; Cobb, J.; Blüher, M.; Kahn, C.R. Shox2 is
a molecular determinant of depot-specific adipocyte function. Proc. Natl. Acad. Sci. USA 2013, 110,
11409–11414. [CrossRef]
Macotela, Y.; Emanuelli, B.; Mori, M.A.; Gesta, S.; Schulz, T.J.; Tseng, Y.-H.; Kahn, C.R. Intrinsic differences in
adipocyte precursor cells from different white fat depots. Diabetes 2012, 61, 1691–1699. [CrossRef]
Tchkonia, T.; Giorgadze, N.; Pirtskhalava, T.; Tchoukalova, Y.; Karagiannides, I.; Forse, R.A.; DePonte, M.;
Stevenson, M.; Guo, W.; Han, J.; et al. Fat depot origin affects adipogenesis in primary cultured and cloned
human preadipocytes. Am. J. Physiol.-Regul. Integr. Comp. Physiol. 2002, 282, R1286–R1296. [CrossRef]
Tchkonia, T.; Giorgadze, N.; Pirtskhalava, T.; Thomou, T.; DePonte, M.; Koo, A.; Forse, R.A.; Chinnappan, D.;
Martin-Ruiz, C.; von Zglinicki, T.; et al. Fat depot-specific characteristics are retained in strains derived from
single human preadipocytes. Diabetes 2006, 55, 2571–2578. [CrossRef]
Lefebvre, A.-M.; Laville, M.; Vega, N.; Riou, J.P.; van Gaal, L.; Auwerx, J.; Vidal, H. Depot-specific differences
in adipose tissue gene expression in lean and obese subjects. Diabetes 1998, 47, 98–103. [CrossRef]
Song, M.-G.; Lee, H.-J.; Jin, B.-Y.; Gutierrez-Aguilar, R.; Shin, K.-H.; Choi, S.-H.; Um, S.H.; Kim, D.-H.
Depot-specific differences in angiogenic capacity of adipose tissue in differential susceptibility to
diet-induced obesity. Mol. Metab. 2016, 5, 1113–1120. [CrossRef]
Kirkland, J.L.; Hollenberg, C.H.; Gillon, W.S. Two Preadipocyte Subtypes Cloned from Human Omental Fat.
Obes. Res. 1993, 1, 87–91. [CrossRef]
Tchkonia, T.; Tchoukalova, Y.D.; Giorgadze, N.; Pirtskhalava, T.; Karagiannides, I.; Forse, R.A.; Koo, A.;
Stevenson, M.; Chinnappan, D.; Cartwright, A.; et al. Abundance of two human preadipocyte subtypes
with distinct capacities for replication, adipogenesis, and apoptosis varies among fat depots. Am. J.
Physiol.-Endocrinol. Metab. 2005, 288, E267–E277. [CrossRef]
Vohl, M.-C.; Sladek, R.; Robitaille, J.; Gurd, S.; Marceau, P.; Richard, D.; Hudson, T.J.; Tchernof, A. A Survey
of Genes Differentially Expressed in Subcutaneous and Visceral Adipose Tissue in Men. Obes. Res. 2004, 12,
1217–1222. [CrossRef]
Tchoukalova, Y.D.; Koutsari, C.; Votruba, S.B.; Tchkonia, T.; Giorgadze, N.; Thomou, T.; Kirkland, J.L.;
Jensen, M.D. Sex- and depot-dependent differences in adipogenesis in normal-weight humans. Obesity 2010,
18, 1875–1880. [CrossRef]

Biology 2019, 8, 23

46.
47.
48.

49.
50.

51.
52.

53.
54.
55.
56.

57.
58.

59.

60.

61.
62.
63.

64.

65.
66.

11 of 14

Lafontan, M.; Girard, J. Impact of visceral adipose tissue on liver metabolism. Diabetes Metab. 2008, 34,
317–327. [CrossRef]
Arner, P.; Hellström, L.; Wahrenberg, H.; Brönnegård, M. Beta-adrenoceptor expression in human fat cells
from different regions. J. Clin. Investig. 1990, 86, 1595–1600. [CrossRef]
Richelsen, B.; Pedersen, S.B.; Møller-Pedersen, T.; Bak, J.F. Regional differences in triglyceride breakdown in
human adipose tissue: Effects of catecholamines, insulin, and prostaglandin E2. Metabolism 1991, 40, 990–996.
[CrossRef]
Östman, J.; Arner, P.; Engfeldt, P.; Kager, L. Regional differences in the control of lipolysis in human adipose
tissue. Metabolism 1979, 28, 1198–1205. [CrossRef]
Zuriaga, M.A.; Fuster, J.J.; Gokce, N.; Walsh, K. Humans and Mice Display Opposing Patterns of “Browning”
Gene Expression in Visceral and Subcutaneous White Adipose Tissue Depots. Front. Cardiovasc. Med. 2017,
4, 27. [CrossRef]
Stanford, K.I.; Middelbeek, R.J.W.; Goodyear, L.J. Exercise Effects on White Adipose Tissue: Beiging and
Metabolic Adaptations. Diabetes 2015, 64, 2361–2368. [CrossRef]
Nakhuda, A.; Josse, A.R.; Gburcik, V.; Crossland, H.; Raymond, F.; Metairon, S.; Good, L.; Atherton, P.J.;
Phillips, S.M.; Timmons, J.A. Biomarkers of browning of white adipose tissue and their regulation during
exercise- and diet-induced weight loss. Am. J. Clin. Nutr. 2016, 104, 557–565. [CrossRef]
Manolopoulos, K.N.; Karpe, F.; Frayn, K.N. Gluteofemoral body fat as a determinant of metabolic health.
Int. J. Obes. 2010, 34, 949–959. [CrossRef]
Walker, G.E.; Verti, B.; Marzullo, P.; Savia, G.; Mencarelli, M.; Zurleni, F.; Liuzzi, A.; Di Blasio, A.M. Deep
subcutaneous adipose tissue: A distinct abdominal adipose depot. Obesity 2007, 15, 1933–1943. [CrossRef]
Lundbom, J.; Hakkarainen, A.; Lundbom, N.; Taskinen, M.-R. Deep subcutaneous adipose tissue is more
saturated than superficial subcutaneous adipose tissue. Int. J. Obes. 2013, 37, 620–622. [CrossRef]
Cancello, R.; Zulian, A.; Gentilini, D.; Maestrini, S.; Della Barba, A.; Invitti, C.; Corà, D.; Caselle, M.; Liuzzi, A.;
Di Blasio, A.M. Molecular and morphologic characterization of superficial- and deep-subcutaneous adipose
tissue subdivisions in human obesity. Obesity 2013, 21, 2562–2570. [CrossRef]
Kelley, D.E.; Thaete, F.L.; Troost, F.; Huwe, T.; Goodpaster, B.H. Subdivisions of subcutaneous abdominal
adipose tissue and insulin resistance. Am. J. Physiol.-Endocrinol. Metab. 2000, 278, E941–E948. [CrossRef]
Tchkonia, T.; Lenburg, M.; Thomou, T.; Giorgadze, N.; Frampton, G.; Pirtskhalava, T.; Cartwright, A.;
Cartwright, M.; Flanagan, J.; Karagiannides, I.; et al. Identification of depot-specific human fat cell
progenitors through distinct expression profiles and developmental gene patterns. Am. J. Physiol.-Endocrinol.
Metab. 2007, 292, E298–E307. [CrossRef]
Shao, M.; Vishvanath, L.; Busbuso, N.C.; Hepler, C.; Shan, B.; Sharma, A.X.; Chen, S.; Yu, X.; An, Y.A.; Zhu, Y.;
et al. De novo adipocyte differentiation from Pdgfrβ+ preadipocytes protects against pathologic visceral
adipose expansion in obesity. Nat. Commun. 2018, 9, 890. [CrossRef]
Hudak, C.S.; Gulyaeva, O.; Wang, Y.; Park, S.-M.; Lee, L.; Kang, C.; Sul, H.S. Pref-1 marks very early
mesenchymal precursors required for adipose tissue development and expansion. Cell Rep. 2014, 8, 678–687.
[CrossRef]
Rodeheffer, M.S.; Birsoy, K.; Friedman, J.M. Identification of White Adipocyte Progenitor Cells In Vivo. Cell
2008, 135, 240–249. [CrossRef]
Berry, R.; Rodeheffer, M.S. Characterization of the adipocyte cellular lineage in vivo. Nat. Cell Biol. 2013, 15,
302–308. [CrossRef]
Lansley, S.M.; Searles, R.G.; Hoi, A.; Thomas, C.; Moneta, H.; Herrick, S.E.; Thompson, P.J.; Newman, M.;
Sterrett, G.F.; Prêle, C.M.; et al. Mesothelial cell differentiation into osteoblast- and adipocyte-like cells. J. Cell.
Mol. Med. 2011, 15, 2095–2105. [CrossRef]
Chau, Y.-Y.; Bandiera, R.; Serrels, A.; Martínez-Estrada, O.M.; Qing, W.; Lee, M.; Slight, J.; Thornburn, A.;
Berry, R.; McHaffie, S.; et al. Visceral and subcutaneous fat have different origins and evidence supports a
mesothelial source. Nat. Cell Biol. 2014, 16, 367–375. [CrossRef]
Berry, D.C.; Stenesen, D.; Zeve, D.; Graff, J.M. The developmental origins of adipose tissue. Development
2013, 140, 3939–3949. [CrossRef]
Tang, W.; Zeve, D.; Suh, J.M.; Bosnakovski, D.; Kyba, M.; Hammer, R.E.; Tallquist, M.D.; Graff, J.M. White
Fat Progenitors Reside in the Adipose Vasculature. Science 2008, 322, 583–586. [CrossRef]

Biology 2019, 8, 23

67.
68.
69.

70.

71.

72.

73.

74.

75.

76.
77.

78.
79.
80.
81.

82.
83.
84.

85.
86.

12 of 14

Jiang, Y.; Berry, D.C.; Tang, W.; Graff, J.M. Independent stem cell lineages regulate adipose organogenesis
and adipose homeostasis. Cell Rep. 2014, 9, 1007–1022. [CrossRef]
Long, J.Z.; Svensson, K.J.; Tsai, L.; Zeng, X.; Roh, H.C.; Kong, X.; Rao, R.R.; Lou, J.; Lokurkar, I.; Baur, W.;
et al. A smooth muscle-like origin for beige adipocytes. Cell Metab. 2014, 19, 810–820. [CrossRef]
Klein, D.; Weisshardt, P.; Kleff, V.; Jastrow, H.; Jakob, H.G.; Ergün, S. Vascular wall-resident CD44+
multipotent stem cells give rise to pericytes and smooth muscle cells and contribute to new vessel maturation.
PLoS ONE 2011, 6, e20540. [CrossRef]
Gupta, R.K.; Arany, Z.; Seale, P.; Mepani, R.J.; Ye, L.; Conroe, H.M.; Roby, Y.A.; Kulaga, H.; Reed, R.R.;
Spiegelman, B.M. Transcriptional control of preadipocyte determination by Zfp423. Nature 2010, 464, 619–623.
[CrossRef]
Gupta, R.K.; Mepani, R.J.; Kleiner, S.; Lo, J.C.; Khandekar, M.J.; Cohen, P.; Frontini, A.; Bhowmick, D.C.; Ye, L.;
Cinti, S.; et al. Zfp423 expression identifies committed preadipocytes and localizes to adipose endothelial
and perivascular cells. Cell Metab. 2012, 15, 230–239. [CrossRef]
Tran, K.-V.; Gealekman, O.; Frontini, A.; Zingaretti, M.C.; Morroni, M.; Giordano, A.; Smorlesi, A.; Perugini, J.;
De Matteis, R.; Sbarbati, A.; et al. The vascular endothelium of the adipose tissue give rise to both white and
brown fat cells. Cell Metab. 2012, 15, 222–229. [CrossRef]
Majka, S.M.; Fox, K.E.; Psilas, J.C.; Helm, K.M.; Childs, C.R.; Acosta, A.S.; Janssen, R.C.; Friedman, J.E.;
Woessner, B.T.; Shade, T.R.; et al. De novo generation of white adipocytes from the myeloid lineage via
mesenchymal intermediates is age, adipose depot, and gender specific. Proc. Natl. Acad. Sci. USA 2010, 107,
14781–14786. [CrossRef]
Majka, S.M.; Miller, H.L.; Sullivan, T.; Erickson, P.F.; Kong, R.; Weiser-Evans, M.; Nemenoff, R.; Moldovan, R.;
Morandi, S.A.; Davis, J.A.; et al. Adipose lineage specification of bone marrow-derived myeloid cells.
Adipocyte 2012, 1, 215–229. [CrossRef]
Tomiyama, K.; Murase, N.; Stolz, D.B.; Toyokawa, H.; O’Donnell, D.R.; Smith, D.M.; Dudas, J.R.; Rubin, J.P.;
Marra, K.G. Characterization of transplanted green fluorescent protein+ bone marrow cells into adipose
tissue. Stem Cells 2008, 26, 330–338. [CrossRef]
Gavin, K.M.; Sullivan, T.M.; Kohrt, W.M.; Majka, S.M.; Klemm, D.J. Ovarian Hormones Regulate the
Production of Adipocytes From Bone Marrow-Derived Cells. Front. Endocrinol. 2018, 9, 276. [CrossRef]
Gavin, K.M.; Gutman, J.A.; Kohrt, W.M.; Wei, Q.; Shea, K.L.; Miller, H.L.; Sullivan, T.M.; Erickson, P.F.;
Helm, K.M.; Acosta, A.S.; et al. De novo generation of adipocytes from circulating progenitor cells in mouse
and human adipose tissue. FASEB J. 2016, 30, 1096–1108. [CrossRef]
Le Lièvre, C.S.; Le Douarin, N.M. Mesenchymal derivatives of the neural crest: Analysis of chimaeric quail
and chick embryos. J. Embryol. Exp. Morphol. 1975, 34, 125–154.
Billon, N.; Iannarelli, P.; Monteiro, M.C.; Glavieux-Pardanaud, C.; Richardson, W.D.; Kessaris, N.; Dani, C.;
Dupin, E. The generation of adipocytes by the neural crest. Development 2007, 134, 2283–2292. [CrossRef]
Matsuoka, T.; Ahlberg, P.E.; Kessaris, N.; Iannarelli, P.; Dennehy, U.; Richardson, W.D.; McMahon, A.P.;
Koentges, G. Neural crest origins of the neck and shoulder. Nature 2005, 436, 347–355. [CrossRef]
Lemos, D.R.; Paylor, B.; Chang, C.; Sampaio, A.; Underhill, T.M.; Rossi, F.M.V. Functionally Convergent
White Adipogenic Progenitors of Different Lineages Participate in a Diffused System Supporting Tissue
Regeneration. Stem Cells 2012, 30, 1152–1162. [CrossRef]
Sebo, Z.L.; Jeffery, E.; Holtrup, B.; Rodeheffer, M.S. A mesodermal fate map for adipose tissue. Development
2018. [CrossRef]
Krueger, K.C.; Costa, M.J.; Du, H.; Feldman, B.J. Characterization of Cre recombinase activity for in vivo
targeting of adipocyte precursor cells. Stem Cell Rep. 2014, 3, 1147–1158. [CrossRef]
Salans, L.B.; Dougherty, J.W. The effect of insulin upon glucose metabolism by adipose cells of different size.
Influence of cell lipid and protein content, age, and nutritional state. J. Clin. Investig. 1971, 50, 1399–1410.
[CrossRef]
Varlamov, O.; Chu, M.; Cornea, A.; Sampath, H.; Roberts, C.T. Cell-autonomous heterogeneity of nutrient
uptake in white adipose tissue of rhesus macaques. Endocrinology 2015, 156, 80–89. [CrossRef]
Gliemann, J.; Vinten, J.; Vølund, A. Lipogenesis and insulin sensitivity of single fat cells. J. Physiol. 1974, 236,
499–516.1. [CrossRef]

Biology 2019, 8, 23

87.

88.
89.

90.

91.

92.
93.
94.
95.
96.

97.

98.

99.

100.

101.

102.

103.
104.
105.
106.

13 of 14

Seydoux, J.; Muzzin, P.; Moinat, M.; Pralong, W.; Girardier, L.; Giacobino, J.-P. Adrenoceptor heterogeneity
in human white adipocytes differentiated in culture as assessed by cytosolic free calcium measurements.
Cell. Signal. 1996, 8, 117–122. [CrossRef]
Katz, L.S.; Geras-Raaka, E.; Gershengorn, M.C. Heritability of fat accumulation in white adipocytes. Am. J.
Physiol.-Endocrinol. Metab. 2014, 307, E335–E344. [CrossRef]
Hagberg, C.E.; Li, Q.; Kutschke, M.; Bhowmick, D.; Kiss, E.; Shabalina, I.G.; Harms, M.J.; Shilkova, O.;
Kozina, V.; Nedergaard, J.; et al. Flow Cytometry of Mouse and Human Adipocytes for the Analysis of
Browning and Cellular Heterogeneity. Cell Rep. 2018, 24, 2746–2756.e5. [CrossRef]
Lee, K.Y.; Singh, M.K.; Ussar, S.; Wetzel, P.; Hirshman, M.F.; Goodyear, L.J.; Kispert, A.; Kahn, C.R. Tbx15
controls skeletal muscle fibre-type determination and muscle metabolism. Nat. Commun. 2015, 6, 8054.
[CrossRef]
Lee, K.Y.; Sharma, R.; Gase, G.; Ussar, S.; Li, Y.; Welch, L.; Berryman, D.E.; Kispert, A.; Bluher, M.; Kahn, C.R.
Tbx15 Defines a Glycolytic Subpopulation and White Adipocyte Heterogeneity. Diabetes 2017, 66, 2822–2829.
[CrossRef]
Bertaso, A.G.; Bertol, D.; Duncan, B.B.; Foppa, M. Epicardial fat: Definition, measurements and systematic
review of main outcomes. Arq. Bras. Cardiol. 2013, 101, e18–e28. [CrossRef]
Iacobellis, G. Epicardial and pericardial fat: Close, but very different. Obesity 2009, 17, 625, author reply
626–627. [CrossRef]
Rabkin, S.W. Epicardial fat: Properties, function and relationship to obesity. Obes. Rev. 2007, 8, 253–261.
[CrossRef]
Iacobellis, G.; Corradi, D.; Sharma, A.M. Epicardial adipose tissue: Anatomic, biomolecular and clinical
relationships with the heart. Nat. Clin. Pract. Cardiovasc. Med. 2005, 2, 536–543. [CrossRef]
Mazurek, T.; Zhang, L.; Zalewski, A.; Mannion, J.D.; Diehl, J.T.; Arafat, H.; Sarov-Blat, L.; O’Brien, S.;
Keiper, E.A.; Johnson, A.G.; et al. Human epicardial adipose tissue is a source of inflammatory mediators.
Circulation 2003, 108, 2460–2466. [CrossRef]
Hirata, Y.; Tabata, M.; Kurobe, H.; Motoki, T.; Akaike, M.; Nishio, C.; Higashida, M.; Mikasa, H.; Nakaya, Y.;
Takanashi, S.; et al. Coronary atherosclerosis is associated with macrophage polarization in epicardial
adipose tissue. J. Am. Coll. Cardiol. 2011, 58, 248–255. [CrossRef]
Shimabukuro, M.; Hirata, Y.; Tabata, M.; Dagvasumberel, M.; Sato, H.; Kurobe, H.; Fukuda, D.; Soeki, T.;
Kitagawa, T.; Takanashi, S.; et al. Epicardial adipose tissue volume and adipocytokine imbalance are strongly
linked to human coronary atherosclerosis. Arterioscler. Thromb. Vasc. Biol. 2013, 33, 1077–1084. [CrossRef]
Burl, R.B.; Ramseyer, V.D.; Rondini, E.A.; Pique-Regi, R.; Lee, Y.-H.; Granneman, J.G. Deconstructing
Adipogenesis Induced by β3-Adrenergic Receptor Activation with Single-Cell Expression Profiling.
Cell Metab. 2018, 28, 300–309.e4. [CrossRef]
Schwalie, P.C.; Dong, H.; Zachara, M.; Russeil, J.; Alpern, D.; Akchiche, N.; Caprara, C.; Sun, W.;
Schlaudraff, K.-U.; Soldati, G.; et al. A stromal cell population that inhibits adipogenesis in mammalian fat
depots. Nature 2018, 559, 103–108. [CrossRef]
Rennert, R.C.; Sorkin, M.; Januszyk, M.; Duscher, D.; Kosaraju, R.; Chung, M.T.; Lennon, J.; Radiya-Dixit, A.;
Raghvendra, S.; Maan, Z.N.; et al. Diabetes impairs the angiogenic potential of adipose-derived stem cells
by selectively depleting cellular subpopulations. Stem Cell Res. Ther. 2014, 5, 79. [CrossRef]
Rennert, R.C.; Januszyk, M.; Sorkin, M.; Rodrigues, M.; Maan, Z.N.; Duscher, D.; Whittam, A.J.; Kosaraju, R.;
Chung, M.T.; Paik, K.; et al. Microfluidic single-cell transcriptional analysis rationally identifies novel surface
marker profiles to enhance cell-based therapies. Nat. Commun. 2016, 7, 11945. [CrossRef]
Zhang, R.; Gao, Y.; Zhao, X.; Gao, M.; Wu, Y.; Han, Y.; Qiao, Y.; Luo, Z.; Yang, L.; Chen, J.; et al. FSP1-positive
fibroblasts are adipogenic niche and regulate adipose homeostasis. PLoS Biol. 2018, 16, e2001493. [CrossRef]
Djian, P.; Roncari, A.K.; Hollenberg, C.H. Influence of anatomic site and age on the replication and
differentiation of rat adipocyte precursors in culture. J. Clin. Investig. 1983, 72, 1200–1208. [CrossRef]
Kirkland, J.L.; Hollenberg, C.H.; Gillon, W.S. Age, anatomic site, and the replication and differentiation of
adipocyte precursors. Am. J. Physiol. 1990, 258, C206–C210. [CrossRef]
Wang, H.; Kirkland, J.L.; Hollenberg, C.H. Varying capacities for replication of rat adipocyte precursor clones
and adipose tissue growth. J. Clin. Investig. 1989, 83, 1741–1746. [CrossRef]

Biology 2019, 8, 23

14 of 14

107. Mardian, E.B.; Bradley, R.M.; Aristizabal Henao, J.J.; Marvyn, P.M.; Moes, K.A.; Bombardier, E.; Tupling, A.R.;
Stark, K.D.; Duncan, R.E. Agpat4/Lpaatδ deficiency highlights the molecular heterogeneity of epididymal
and perirenal white adipose depots. J. Lipid Res. 2017, 58, 2037–2050. [CrossRef]
108. Vergnes, L.; Beigneux, A.P.; Davis, R.; Watkins, S.M.; Young, S.G.; Reue, K. Agpat6 deficiency causes
subdermal lipodystrophy and resistance to obesity. J. Lipid Res. 2006, 47, 745–754. [CrossRef]
109. Garg, A.; Fleckenstein, J.L.; Peshock, R.M.; Grundy, S.M. Peculiar distribution of adipose tissue in patients
with congenital generalized lipodystrophy. J. Clin. Endocrinol. Metab. 1992, 75, 358–361.
110. Haque, W.A.; Oral, E.A.; Dietz, K.; Bowcock, A.M.; Agarwal, A.K.; Garg, A. Risk factors for diabetes in
familial partial lipodystrophy, Dunnigan variety. Diabetes Care 2003, 26, 1350–1355. [CrossRef]
111. Vantyghem, M.C.; Pigny, P.; Maurage, C.A.; Rouaix-Emery, N.; Stojkovic, T.; Cuisset, J.M.; Millaire, A.;
Lascols, O.; Vermersch, P.; Wemeau, J.L.; et al. Patients with familial partial lipodystrophy of the Dunnigan
type due to a LMNA R482W mutation show muscular and cardiac abnormalities. J. Clin. Endocrinol. Metab.
2004, 89, 5337–5346. [CrossRef]
112. Agarwal, A.K.; Garg, A. A novel heterozygous mutation in peroxisome proliferator-activated
receptor-gamma gene in a patient with familial partial lipodystrophy. J. Clin. Endocrinol. Metab. 2002,
87, 408–411.
113. Gandotra, S.; Le Dour, C.; Bottomley, W.; Cervera, P.; Giral, P.; Reznik, Y.; Charpentier, G.; Auclair, M.;
Delépine, M.; Barroso, I.; et al. Perilipin deficiency and autosomal dominant partial lipodystrophy. N. Engl.
J. Med. 2011, 364, 740–748. [CrossRef]
114. George, S.; Rochford, J.J.; Wolfrum, C.; Gray, S.L.; Schinner, S.; Wilson, J.C.; Soos, M.A.; Murgatroyd, P.R.;
Williams, R.M.; Acerini, C.L.; et al. A family with severe insulin resistance and diabetes due to a mutation in
AKT2. Science 2004, 304, 1325–1328. [CrossRef]
115. Rubio-Cabezas, O.; Puri, V.; Murano, I.; Saudek, V.; Semple, R.K.; Dash, S.; Hyden, C.S.S.; Bottomley, W.;
Vigouroux, C.; Magré, J.; et al. Partial lipodystrophy and insulin resistant diabetes in a patient with a
homozygous nonsense mutation in CIDEC. EMBO Mol. Med. 2009, 1, 280–287. [CrossRef]
116. Lau, E.; Carvalho, D.; Oliveira, J.; Fernandes, S.; Freitas, P. Familial partial lipodystrophy type 3: A new
mutation on the PPARG gene. Hormones 2015, 14, 317–320. [CrossRef]
117. Small, J.E.; Jassam, Y.N.; Small, K.M.; Chea, P.; Popov, V.; Li, S.; Srinivasan, J. Barraquer-Simons Syndrome.
Am. J. Med. Sci. 2016, 352, 280–284. [CrossRef]
118. Quinn, K.; Purcell, S.M. Lipodystrophies. In StatPearls; StatPearls Publishing: Treasure Island, FL, USA, 2018.
119. Nolis, T. Exploring the pathophysiology behind the more common genetic and acquired lipodystrophies.
J. Hum. Genet. 2014, 59, 16–23. [CrossRef]
120. Baril, J.-G.; Junod, P.; Leblanc, R.; Dion, H.; Therrien, R.; Laplante, F.; Falutz, J.; Côté, P.; Hébert, M.-N.;
Lalonde, R.; et al. HIV-associated lipodystrophy syndrome: A review of clinical aspects. Can. J. Infect. Dis.
Med. Microbiol. 2005, 16, 233–243. [CrossRef]
121. Ceccarelli, G.; d’Ettorre, G.; Marchetti, F.; Rizza, C.; Mastroianni, C.M.; Carlesimo, B.; Vullo, V. Development
of Buffalo Hump in the course of antiretroviral therapy including raltegravir and unboosted atazanavir:
A case report and review of the literature. J. Med. Case Rep. 2011, 5, 70. [CrossRef]
© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

