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Abstract
Adipose tissue is the primary energy reservoir in the body and an important endocrine organ that
plays roles in energy homeostasis, feeding, insulin sensitivity and inflammation. While it was
tacitly assumed that fat in different anatomical locations had a common origin and homogenous
function, it is now clear that regional differences exist in adipose tissue characteristics and
function. This is exemplified by the link between increased deep abdominal or visceral fat, but not
peripheral adipose tissue, and the metabolic disturbances associated with obesity. Regional
differences in fat function are due in large part to distinct adipocyte populations that comprise the
different fat depots. Evidence accrued primarily in the last decade indicate that the distinct
adipocyte populations are generated by a number of processes during and after development.
These include the production of adipocytes from different germ cell layers, the formation of
distinct preadipocyte populations from mesenchymal progenitors of mesodermal origin, and the
production of adipocytes from hematopoietic stem cells from the bone marrow. This review will
examine each of these process and their relevance to normal adipose tissue formation and
contribution to obesity-related diseases.
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Once considered merely an energy reservoir, adipose tissue is now also recognized as an
endocrine organ that plays central roles in energy homeostasis, feeding behavior, energy
expenditure, insulin sensitivity and inflammation. These activities are manifested through
the regulated storage of dietary fuels and release of fatty acids into the circulation.
Adipocytes also produce several inflammatory cytokines (e.g. interleukin-6 and tumor
necrosis factor-α) and “adipokines” including leptin, which suppresses appetite and
increases metabolic rate and fat oxidation 1, and adiponectin, which enhances insulin
sensitivity and diminishes inflammation 2. In spite of the pivotal role of adipose tissue in
metabolism, the processes that promote its development, expansion and maintenance are
poorly understood. Limitations in our understanding of adipose development are especially
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disconcerting due to the alarming increase in obesity in the United States and other
developed nations. It is now estimated that two thirds of Americans are overweight or obese,
with similar levels reported in other developed nations 3, 4.

Excess adiposity is linked to type 2 diabetes, cardiovascular disease (hypertension and
atherosclerosis), pulmonary, liver and kidney disorders and certain forms of cancer 5–7.
Increases in visceral adipose tissue (VAT) are in particular linked to these diseases whereas,
storage of fat in subcutaneous adipose tissue (SAT) is linked to a lower risk for these
conditions 8–10.

Fat cells come in two general types, white and brown. White adipocytes are the most
numerous fat cells in the major adipose depots of the body. They have a single large lipid
drop-let (unilocular appearance) and their primary function is to regulate energy storage and
release. Brown adipocytes have a more limited distribution in the body, contain several
smaller lipid droplets (multilocular appearance), and oxidize fatty acids for heat production.

The differential impact of visceral versus subcutaneous fat on health and the distinction
between white and brown fat highlight an important concept in adipose tissue biology,
namely that fat in different body locations exhibits distinct features and functional
characteristics. Regional differences in adipose tissue composition and function include
variations in non-adipocyte cell populations (endothelial cells, myeloid cells, lymphocytes,
etc.), differences in the microvasculature of each depot, or differences in innervation 11. In
addition, different regional depots harbor distinct adipocyte populations.

Differences between adipocytes from visceral and subcutaneous depots have been
recognized for many years. For example, VAT adipocytes exhibit higher rates of fatty acid
turnover and lipolysis, and are less responsive to the antilipolytic affects of insulin than SAT
adipocytes12, leading to greater release of free fatty acids into the circulation from VAT.
Likewise, VAT adipocytes produce more interleukin-6 (an inflammatory cytokine that
suppresses insulin responsiveness) but less adiponectin and leptin than SAT fat cells 13.
Such differences provide a link between increased visceral adiposity and the insulin
resistance and inflammation that characterize obesity.

Are differences in adipocyte function the result of distinct developmental pathways for
producing fat cells in different body locations, or do adipocytes in different depots share a
common origin but become “programmed” towards depot-specific functions? This review
will explore evidence, garnered primarily within the last decade, demonstrating that 1)
adipocytes can be generated from both mesoderm and neuroectoderm, 2) fat in different
body locations contains discrete adipocyte progenitors whose distinctive features are
programmed early in development, 3) some adipocytes arise from non-resident progenitors,
in particular, bone marrow hematopoietic stem cells, and 4) mature adipocytes exercise
phenotypic plasticity.

White Adipocyte Progenitors Are Present in Adipose Stroma
A long-standing paradigm in adipose biology was that all adipocytes are generated from
mesenchymal progenitor cells of mesodermal origin. Such progenitors were believed to
localize to vascular networks where the regional fat depots eventually form, and give rise to
a resident self-renewing population of adipocyte progenitors. Adipose lineage-committed
preadipocytes and stem cells capable of multilineage differentiation (endothelial, adipose,
cartilage and bone) can be isolated from fat stroma 14. These cells are apparently present
throughout life to replace dying adipocytes (in humans approximately 10% of adipocytes are
regenerated each year 15) and for expansion of adipose tissue during times of excess energy
availability. However, the identity of these adipocyte progenitors remained unclear because

Majka et al. Page 2

Stem Cells. Author manuscript; available in PMC 2012 August 27.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



of the heterogeneous population of cells that comprise adipose stroma and absence of
markers to distinguish progenitors from other stromal cells.

Initial studies to identify and localize adipose-resident progenitors were performed by Graff
and colleagues 16 who generated lineage analysis models based on the rationale that the
transcription factor PPARγ is the central regulator of adipogenesis. Accordingly, they
analyzed the timeline of PPARγ induction during postnatal white adipose tissue
development via a triple transgenic system, in which the Pparγ locus drives cre-mediated
lineage marking of cells, which can be turned off by doxycyclin (dox) at any time. Their
surprising finding was that PPARγ-driven lineage marking of would-be adipocytes could
not be prevented after the second postnatal day, suggesting that PPARγ-expressing
progenitors committed to the white adipocyte lineage were in place as early as the pre- or
perinatal period. Furthermore, the Graff team were able to isolate cells expressing GFP
under the control of the PPARγ gene promoter from adipose stroma and demonstrate that
these cells proliferated both in vivo and in culture, underwent spontaneous adipogenesis in
vitro and formed ectopic fat pads in nude mice. The PPARγ-GFP cells resided in the
adipose vasculature and expressed the mural-endothelial cell markers PDGFRβ, SM-actin
and NG2. These cells may be related to mesoangioblasts, mesenchymal-like stem cells
derived from pericytes associated with vessel walls17. Adult mesoangioblasts spontaneously
differentiate into cell types of their tissue-of-origin, and can differentiate into other
mesodermal cell types.

Adipocyte progenitors in adipose stroma were also identified by Friedman and colleagues 18

using sequential flow cytometry fractionation of stromal cells based on their expression of
stem cell markers. They identified a Lin-:CD29+:CD34+:Sca-1+:CD24+ stromal population
capable of spontaneous adipogenic differentiation in vitro. While these cells were unable to
restore white adipose tissue formation in chow-fed wild type mice, they could reconstitute
white adipose tissue in either lipodystrophic mice or wild-type mice fed a high-fat diet. The
investigators surmised that successful proliferation of the transplanted progenitors required a
microenvironment enriched with factors that support proliferation and differentiation of
preadipocytes; such conditions conceivably exist in both the continual turn over of
lipodystrophic tissue and the rapidly expanding adipose pads of high-fat fed animals, but not
in the fat pads of normal mice on a normal diet. Moreover, in lipodystrophic recipients, the
transplanted wild type cells clearly possess a selective genetic advantage over the host cells,
and thus may stably reconstitute the otherwise unstable tissue. Such advantages are often
necessary for long-term engraftment of progenitor cells when the recipient niche is occupied
as demonstrated in liver studies using bone marrow transplantation into wild type and FAH
knockout mice 19.

The corresponding CD24 negative stromal population
(Lin-:CD29+:CD34+:Sca-1+:CD24−), which constitutes over 50% of Lin- stroma, was also
able to produce adipocytes in vitro, but not in lipodystrophic or high fat fed mice. This
crucial observation indicates that the bulk of stromal cells, while capable of in vitro
adipogenesis, are likely functionally distinct from the CD24+ population in vivo. The
numerous previous studies that have used mixed adipose stroma to explore fat tissue
formation have likely overestimated the adipogenic potential of the mixed population. We
have confirmed the in vitro portion of the Friedman studies by simultaneously sorting
CD29+:CD34+:Sca-1+:CD24+ and corresponding CD24- cells from Lin- adipose stroma
(Fig. 1A and B). These populations were indeed capable of robust adipogenic differentiation
compared to unsorted stroma or cells negative for CD29, CD34 or Sca-1 expression.

Although both the Graff and Friedman groups make a strong case that their adipocyte
progenitors are adipose resident, other interpretations remain viable. For example, the
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location of the cells described by Graff and coworkers adjacent to adipose vessels may
equally reflect precursors that migrated from an external niche through the bloodstream and
were caught during the slow, rate-limiting step of extravasation across the endothelium.
While these cells exhibit the proliferative capacity one would expect for resident, self-
renewing progenitors, migrating cells which have committed to the adipocyte lineage, but
are in the ensuing mitotic expansion stage 20, would also display proliferative capacity.
Moreover, while preadipocyte proliferation has been reported in high-fat fed rats 21,
expansion of the preadipocyte pool in humans is not changed with overfeeding 22 and
preadipocyte numbers decrease with increasing adiposity and humans 23. Thus, “resident”
preadipocytes in humans may have limited proliferative capacity and require replacement
from non-resident sources.

Non-Adipose Tissue-Resident Progenitors Contribute to the White
Adipocyte Pool

Tissues throughout the body contain progenitor cells capable of adipogenic differentiation.
This includes bone marrow, which is a rich source for both mesenchymal and hematopoietic
stem cells. Although marrow mesenchymal cells do not enter the circulation, hematopoietic
cells with mesenchymal characteristics do leave the marrow and traffic to other tissues.

We therefore proposed that some adipocytes may arise from marrow progenitors that home
to fat tissue and subsequently undergo adipogenic conversion. This hypothesis was
confirmed by transplantation of GFP-labeled bone marrow into wild type recipient mice 24.
GFP-expressing adipocytes were detected by fluorescence microscopy and flow cytometry
in the major adipose depots. Similar results were reported by Sera, et al 25 and Tomiyama, et
al 26, although other laboratories 27 have failed to detect these cells perhaps due to low
marker expression in adipocytes arising from bone marrow. The number of bone marrow
progenitor (BMP)-derived adipocytes was elevated in mice treated with a thiazolidinedione
or high fat diet, treatments that increase adipogenesis.

Bone marrow reconstitution studies with GFP-labeled mesenchymal versus hematopoietic
cells revealed that the BMP-derived adipocytes arise from hematopoietic cells of the
myeloid lineage rather than mesenchymal cells 28. This finding was confirmed with a non-
transplant model using mice in which LacZ expression is restricted to the myeloid lineage. A
significant number of LacZ+ adipocytes were detected in these mice, confirming a myeloid
origin for a subset of adipocytes in adipose tissue. Non-LacZ+ adipocytes were also present
in these mice indicating that not all adipocytes were generated from myeloid progenitors
allowing for other resident or non-resident sources for the remainder of the adipocyte pool.
Additionally, the lineage marking model demonstrated that BMP-derived adipocytes were
not an artifact of myeloablative injury. Ogawa and colleagues 25 also reported the generation
of adipocytes in vivo from clonally derived marrow hematopoietic stem cells in transplant
studies.

Our studies also identified a population of myeloid-derived adipocyte progenitors in adipose
stroma that lack expression of hematopoietic (CD45) or myeloid (CD11b) markers,
presumably due to downregulation of these markers in a tissue and function-specific
manner. In this respect these cells mirrored the dual hematopoietic/mesenchymal nature of
fibrocytes. Strieter and colleagues 29 have demonstrated that circulating fibrocytes isolated
from the circulation are capable of adipogenic differentiation in vitro and in vivo. We
speculate that fibrocytes are precursors for the myeloid-derived cell population that we
observed in adipose stroma.

Majka et al. Page 4

Stem Cells. Author manuscript; available in PMC 2012 August 27.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Two additional aspects of our studies are important for consideration. First, BMP-derived
adipocytes preferentially accumulated in visceral fat depots, and were less numerous in
subcutaneous adipose tissue. Accumulation was also higher in adipose tissue of female mice
than in males. Second, global gene expression analysis indicated that BMP-derived
adipocytes differ from conventional white adipocytes in increased expression of
inflammatory cytokines and decreased expression of leptin. Expression of genes involved in
mitochondrial biogenesis and fuel oxidation was also lower in BMP-derived adipocytes. It is
interesting to note that BMP-derived adipocytes accumulated in depots noted for lower
leptin and greater inflammatory cytokine production, which is linked to insulin resistance
and other comorbidities 30. We propose that accumulation of BMP-derived adipocytes may
in part account for adipose depot heterogeneity, especially as individuals age and/or gain
weight. The higher numbers of BMP-derived adipocytes detected in female mice may also
have important inferences for human biology. Women generally have a higher percentage of
body fat than men, but tend to store fat in subcutaneous depots before menopause, whereas
men tend to accumulate fat in visceral depots throughout life 31. However, following
menopause women exhibit disproportionate gains in visceral fat mass, which likely
contributes to the increased risk of metabolic disturbances associated with the post-
menopausal state 32. This pattern of fat deposition coupled with the preferential
accumulation of BMP-derived adipocytes in visceral fat may provide an unorthodox
explanation for the relative low risk for adipose-related disease in premenopausal women.

Preadipocyte Populations Differ Between Depots
Regardless of resident or non-resident origin, differences in adipocyte phenotype have been
recognized for many years. However, convincing evidence for distinct adipocyte progenitor
populations has only been described in the last decade. Initial studies of human primary
adipose stromal cells by Kirkland and colleagues 33 revealed that abdominal subcutaneous
stromal cells accumulated more lipid and expressed adipocyte markers (including PPARγ2,
C/EBP α and aP2) earlier and at higher levels than omental (visceral) stromal cells isolated
from the same person.

Since adipose stroma is heterogeneous, the investigators examined the response of
preadipocytes derived from single stromal cells. They found that cloned subcutaneous
preadipocytes differentiated more rapidly than cloned omental cells, and a higher percentage
of subcutaneous cells underwent adipogenic conversion than omental preadipocytes. The
reduced differentiation capacity of omental preadipocytes may in part explain the
accumulation of fat in extant adipocytes and the resulting enlargement of lipid droplets.
Likewise, the higher differentiation capacity of subcutaneous preadipocytes would result in
the deposition of lipid in new adipocytes with smaller fat droplets. The size of lipid droplets
in visceral adipocytes correlates with circulating lipid levels, while hyperplasia and droplet
size in subcutaneous adipocytes links to insulin sensitivity 34.

Interestingly, differences in preadipocyte characteristics observed by the Kirkland group
were stable and heritable over many population doublings. This was demonstrated via stable
ectopic expression of telomere reverse transcriptase in cloned preadipocytes from different
fat depots 35. This results in telomere elongation, which allowed for repeated subculturing of
the cells without loss of proliferative capacity and maintenance of their ability to
differentiate. With this system, subcutaneous preadipocytes retained their high lipid
accumulation and adipose-specific transcription factor expression compared to omental
preadipocytes over 40 population doublings. The heritable nature of regional preadipocyte
traits was also observed in global gene expression patterns, which were different between
human preadipocytes from subcutaneous, mesenteric and omental fat 11, and epididymal and
perirenal preadipocytes from rats 36.

Majka et al. Page 5

Stem Cells. Author manuscript; available in PMC 2012 August 27.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



It is unclear how and when the depot-specific differences in preadipocyte phenotype are
established during development. A potential clue emerges from the gene array analysis
performed by the Kirkland group, which revealed extensive changes in genes that regulate
early development including a number of homeotic genes 36. Kahn and colleagues have
reported similar depot-related differences in the expression of genes involved in embryonic
development and pattern specification in both mouse and human preadipocytes 37, 38. These
genetic differences were maintained during in vitro culture and differentiation and,
importantly, were largely unaffected by nutritional status, suggesting that each depot has a
unique intrinsic, stable gene expression signature. The data also suggest that differences
between adipocyte progenitors are specified early in development, implicating epigenetic
regulation.

Distinct Developmental Pathways Generate Distinct Subpopulations of
White Adipocytes

It has been assumed that adipocytes arise entirely from mesoderm. However there is
evidence that certain subsets of white adipocytes are produced from neuroectoderm as well.
Early work by Billon, et al 39 demonstrated that neuroepithelial cells selected from mouse
embryonic stem cells have the capacity to generate mature adipocytes. This indicated that
neuroectoderm could function as a source of adipocytes. This was confirmed by Takashima,
et al 40 who derived mesodermal and neuroepithelial cells from mouse embryonic stem cells
and mouse embryos and showed both were capable of adipogenic differentiation in culture.
To determine whether this phenomenon occurred in vivo Billon, et al 41 employed mice in
which the Sox10 (strongly expressed in neural crest but not mesoderm) gene promoter drove
cre recombinase expression to irreversibly label neural crest-derived cells with yellow
fluorescent protein (YFP). YFP-labeled adipocytes were detected in cephalic adipose tissue
between the salivary gland and ear. Adipocytes in other body locations were YFP negative.
These results show that a subset of facial adipocytes indeed originate from neural crest and
not mesoderm.

Brown Adipogenesis
Interest in the origin of brown fat has grown as a potential means to address the epidemic of
obesity. Therapies to increase brown adipogenesis and, thus, fatty acid oxidation could
potentially “tip the scales” away from fuel storage and prevent accumulation of body fat.
While it was long thought that adult humans had only a modest amount of brown fat, studies
using positron emission tomography to identify fluorodeoxyglucose uptake by metabolically
active cells revealed a significant amount of brown adipose tissue located in the neck,
supraclavicular, mediastinal, suprarenal and paravertebral regions 42.

Currently, two mechanistic explanations account for the generation of brown adipocytes.
First, Timmons, et al 43 used microarray analysis to examine global gene expression patterns
in white versus brown preadipocytes. To their surprise, brown preadipocytes demonstrated a
myogenic transcriptional signature suggesting a distinct origin than that of white adipocytes.
This theory was confirmed by Spiegelman and colleagues 44 who used a lineage-tracing
model in which expression of YFP was dependent on Myf5 (myogenic lineage specific)-
promoter driven cre recombinase expression. Skeletal muscle cells and brown adipocytes in
intrascapular or perirenal adipose tissue expressed YFP whereas white adipocytes were YFP
negative in all other depots illustrating a myogenic lineage origin for brown adipocytes.

The second mechanism entails the direct differentiation or transdifferentiation of mature
unilocular white adipocytes to multilocular brown adipocytes. This phenomenon was
originally observed in rodent models exposed to chronic low temperature 45 or treatment
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with β3-adrenergic agonists 46, 47. These treatments increased the number of multilocular
cells expressing UCP1 and decreased unilocular cell numbers while total fat cell numbers
remained constant 48. The appearance of brown adipocytes and loss of white fat cells
occurred in the absence of white adipocyte death or an increase in adipocyte progenitors in
fat tissue. Thus, it was presumed that the brown adipocytes arose via transdifferentiation
from white adipocytes. More detailed studies by Nedergaard and colleagues 49 showed that
although these brown adipocytes are functionally thermogenic, they failed to express classic
brown adipocyte genes including Zic1, Lhx8, Meox2 and PDRM16, and continue to express
white adipocyte markers like Hoxc9. Therefore, it appears that this class of “brown”
adipocytes is distinct from those originating from myogenic precursors. This idea was
confirmed by Spiegelman and colleagues 44 who showed that brown adipocytes in white
adipose tissue generated by chronic β-adrenergic stimulation did not arise from Myf5-
expressing precurors.

The Clinical Perspective
While we are far from having a comprehensive understanding of adipose tissue
development, the study of adipocyte origins is beginning to illustrate how regionally distinct
adipocyte populations are produced and ultimately impact health. First, we have learned that
adipocytes in different body locations possess distinct phenotypes and exert differential
effects on body wide energy metabolism and inflammation via differences in their ability to
store and release lipids and to produce adipokines (e.g. leptin, adiponectin) and
inflammatory cytokines. Second, these regionally distinct adipocyte populations are likely
produced from discrete progenitor cells, which are generated by distinct developmental
processes. These processes may be key targets for individualized strategies to counter
obesity and its negative metabolic consequences. Third, apart from generating distinct
progenitor populations, the developmental processes may themselves stipulate features of
terminal adipocyte function. For example, the work by Kirkland’s group suggests that the
detrimental phenotype of visceral adipocytes may derive in part from the slow proliferation
and poor differentiation capacity of visceral preadipocytes. The slow production of new
visceral fat cells presumably contributes to the accumulation of lipid, and hence
hypertrophy, in extant adipocytes. Insulin responsiveness is blunted in large adipocytes 50

while inflammatory cytokine secretion is elevated 51. Thus, the differential capacity of
distinct progenitor populations to proliferate and differentiate can influence the insulin
sensitivity and cytokine production of mature adipocytes.

Our understanding of adipocyte origins is likely to impact the clinical picture of obesity in
several other ways. First, it may provide clues to specific syndromes linked to adipose tissue
function. For example, maternal obesity during gestation is linked to increased adiposity and
elevated risk for obesity comorbidities in offspring 52. This may occur as the results of
genetic and/or metabolic imprinting of the fetus in utero 53. Such imprinting could
potentially alter adipocyte developmental programs altering the overall rate of adipocyte
production or, more importantly, the generation of specific subsets of adipocytes.
Lipodystrophic disorders are another area where progenitor studies may yield important
insights. Most lipodystrophies are characterized by loss of fat in certain body locations while
fat in other areas is spared or even expands 54. These regional differences in fat loss and
expansion may reflect the impact of genetic factors or environmental insults on discrete
progenitor populations or developmental programs. Studies of defined progenitors in the
aforementioned cases and induced pluripotent stem cells (iPS) from rodent models and
patient samples may provide clues regarding the epigenetic variability and regulation of
these developmental programs.

Second, there is keen interest in using adipose stromal progenitor cells in reconstructive
surgery and regenerative medicine applications. Given our current understanding, it seems
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likely that progenitors from certain body locations may be more suitable than others. Thus,
careful assessment of well-defined progenitor populations may be key to successful use of
adipose stromal cells in regenerative medicine applications.

Finally, it is tempting to speculate that in the future it may be possible to alter an
individual’s adipocyte repertoire by modifying adipocyte developmental pathways. For
instance, as noted earlier, investigators are pursuing means to increase the production of
brown adipocytes thereby increasing thermogenic fuel oxidation rather than fuel storage as
fat. Conversely, we are exploring the mechanisms by which BMP cells are recruited to
adipose tissue and differentiate into adipocytes. By blocking these processes it may be
possible to suppress the generation of BMP-derived adipocytes and mitigate their putative
negative affects on health.

The Future
The origin of adipocytes has become a focal point in adipose biology. It is now clear that
more than one lineage contributes to the genesis of adipocytes (Fig.2), highlighting the
functional and developmental complexity of what was once thought to be merely an energy
reservoir. In spite of impressive progress in this field there is much to learn. Can external
stimuli alter the various mechanisms for generating distinct progenitor and adipocyte
populations? Is the slow rate of resident progenitor renewal sufficient for the production of
new adipocytes or are other sources required? Are there non-resident sources for adipocytes
other than bone marrow? Unfortunately, definitive models to address these questions are
lacking in many instances. For example, while Billon et al 41 demonstrated that some
adipocytes in the craniofacial region derive from neuroectoderm using a lineage analysis
model based on Sox10, no such model exists for mesoderm, the likely source of other
adipocytes. (Brachyury is often proposed as a marker of definitive mesoderm, but it is also
transiently expressed during endoderm formation prior to expression of FoxA2.) In figure 2
we have indicated some potential biomarkers for various pathways and stages of adipocyte
production. These and other markers should be applied with caution until more definitive
results are available.

Another key concern is the use of mixed stromal populations in experiments addressing
adipocyte development. Adipose stromal cells have been routinely isolated based on their
adherence to plastic substrates and in some cases termed multipotent stem cells while
lacking well-defined markers or clonal differentiation analyses. Adipose stroma contains a
surfeit of cell types at various developmental stages including cells that exert an inhibitory
effect on adipogenesis 55. Even when studies have employed clonally isolated progenitors,
the provenance of the cells with respect to developmental lineage and stage, as well as,
marker expression has often not been evaluated. Moreover, the use of different surface
markers by various research groups has made it difficult to compare results from these
studies and draw definitive conclusions.

While these issues may prove difficult in the near term, they are unlikely to remain
roadblocks for long. Novel models, markers and techniques become increasingly available,
and collaborations between adipocyte biologists and stem cell and developmental biologists
will improve the application of these new resources. The next decade should be as exciting
in the field of adipocyte origins as the last. We look forward to weighing the new
possibilities.
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Abbreviations

VAT visceral adipose tissue

SAT subcutaneous adipose tissue

PPARγ peroxisome proliferator-activated receptor γ

GFP green fluorescent protein

YFP yellow fluorescent protein

Dox doxycycline

PDGFRβ platelet-derived growth factor receptor β

SM-actin smooth muscle actin

Lin hematopoietic lineage

BMP bone marrow progenitor

LacZ product of LacZ gene, β-galactosidase

C/EBP α CCAAT/enhancer binding protein α

aP2 adipocyte fatty acid binding protein

UCP-1 uncoupling protein-1
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Figure 1. Flow cytometry isolation of resident adipocyte progenitors from adipose stroma
Lin-stroma was prepared from mouse gonadal fat by magnetic bead separation. A) Lin- cells
were simultaneously labeled with anti-CD29-PE/Cy7, anti-CD34-PE, anti-Sca-1-PerCP/
Cy5.5 and anti-CD24-APC/Cy7 antibodies. The cells were sorted into the indicated
subpopulations on a MoFlo XDP using the isolation scheme reported by Friedman and
colleagues 18. B) Cells from the indicated populations were plated under colony forming
unit-fibroblast conditions until they reached confluence. They were then treated with
adipogenic inducers for 10 days and stained with oil red O to reveal triglyceride droplets.
Longer periods of induction did not increase the number of lipid-containing cells. Our
results substantiate the ability of Lin-:CD29+:CD34+:Sca-1+:CD24+/− stromal cells to
undergo adipogenic conversion in culture as described by the Friedman group.
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Figure 2. There’s more than one way to make an adipocyte
The general location of visceral (VAT), subcutaneous (SAT), craniofacial (C/FAT) and
brown (BAT) adipose tissue in the mouse is indicated. Adipocytes are generated from
mesoderm and neuroectoderm, the latter limited to the craniofacial region. Other adipocytes
including white adipocytes, bone marrow progenitor-derived white adipocytes and brown
adipocytes have a mesodermal origin. Adipose depot-specific preadipocytes emerge during
development and give rise to mature adipocytes with distinct phenotypes. Brown adipocytes
are produced from either myogenic progenitors or through transdifferentiation of white
adipocytes. Finally, some white adipocytes arise de novo from bone marrow-derived
hematopoietic progenitors. This process contributes more to visceral than subcutaneous
adipose development (green arrow thickness). Potential biomarkers for the various paths and
stages are indicated inside parentheses.
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