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Analyses of mature adipocytes have shown that they possess
a reprogramming ability in vitro, which is associated with
dedifferentiation. The subsequent dedifferentiated fat
cells (DFAT cells) are multipotent and can differentiate into
adipocytes and other cell types as well. Mature adipocytes
can be easily obtained by biopsy, and the cloned progeny
cells are homogeneous in vitro. Therefore, DFAT cells (@ new
type of stem cell) may provide an excellent source of cells
for tissue regeneration, engineering and disease treatment.
The dedifferentiation of mature adipocytes, the multipotent
capacity of DFAT cells and comparisons and contrasts with
mesenchymal stem cells (MSCs) and induced pluripotent stem
cells (iPS) are discussed in this review.

Introduction

Since obesity and metabolic-related diseases continue to be sig-
nificant health issues, adipose tissue and/or adipocytes have been
a keen research focus for many years."* Although a number of
cell types exist in fat/adipose tissue, adipocytes are the prominent
cell type within adipose tissue and are responsible for perform-
ing its main function—lipid metabolism.> Recently, the ability
of mature adipocytes to dedifferentiate (DFAT) has been dem-
onstrated in several species using in vitro approaches.* In addi-
tion, several studies indicate DFAT cells may redifferentiate into
lipid-filled adipocytes™ or trans-differentiate into chondrocytes,
osteoblasts, myocytes or other possible cell types under the
proper conditions.”!*!* The multipotent capacity of DFAT cells
makes these cells attractive for new stem cell research, especially
since they are relatively easy to isolate from prospective patients.
Moreover, reports suggest that implantation of DFAT cells in the
body can regenerate fat pads, ectopic osteoid tissue or muscle tis-
sue;” 11213 DFAT cells contribute to sphincter function," partici-
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pate in infarcted cardiac tissue repair'® and even central nervous
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system recovery.”” Therefore, DFAT cells may be a good resource
for tissue engineering and certain cell replacement therapies for
diseases.

Adipose Tissue

BAT (brown adipose tissue) and WAT (white adipose tissue)
are two types of adipose tissue in mammals. BAT is generally
abundant in newborns and decreases with age, whereas WAT
exists widely, especially in the intra-abdominal and subcutane-

ous tissue.'®

WAT is an important energy transit station involved
in storing or releasing triglycerides and it is the biggest endo-
crine organ of the body. This review will mainly focus on WAT,
which is easy to access and widely distributed. Adipose tissue is
and

drugs.” Dynamic variations in adipose depots mainly result from

dynamic, and influenced by dietary regimen, exercise

changes in the numbers and volumes of adipocytes, accompanied
by a series of processes including gene expression and regulation,
protein synthesis and degradation, cytokine secretion, and lipid
synthesis and metabolism."® Excessive fat tissue results in human
obesity and is a comorbidity with insulin resistance, type 2 dia-
betes and the metabolic syndrome.' In addition, the amount and
locations of fat deposits directly influence economic profitability
in agricultural animal production.” For example, people prefer
to buy beef with more intramuscular fat, owing to its tenderness
and palatability; and unwanted subcutaneous fat tissue always
leads to undesirable and eventually wasted feed and money.?**
Adipose tissue attracts wide attention by both human and animal
scientists.

Adipose tissue contains a number of cell types. In primary
cell culture after digestion of dissected adipose tissue, fibroblasts,
endothelial cells, blood cells, macrophages and mesenchymal
stem cells have been found co-isolatable with adipocytes.*® By
using the traditional ceiling culture (an established adipocyte
culture method), the floating lipid-filled adipocytes together with
some fibroblast-like cells, possessing the similar buoyancy, attach
to the ceiling of the flask.**2* However, these lipid-laden adipo-
cytes, which are the most abundant cells in any adipose tissue,
may be purified from other cells as described® and be used in
further studies.
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The identity of the adipocyte precursor has been pursued for
over one hundred and thirty years and continues to be pursued
by many labs with state-of-the-art approaches.?” A large body of
evidence demonstrates that the onset of adipocyte development
is tightly coupled with the expanding and elaborating vascularity
during adipocyte tissue development.” This is true throughout
development such that adipocytes never develop in the absence
of vasculature. In the developing embryo the vasculature is first
formed by originating from proliferating MSCs that give rise
to clusters of spherical basophilic cells. The peripheral cells of
these clusters form the endothelium of primitive blood vessels
while the central cells represent blast cells for various blood cells.
Recent studies indicate that either the endothelial or perivascu-
lar cells of these clusters represent adipocyte stem cells and dif-
ferentiate into adipocytes.”® Adipocyte differentiation occurs in
concert with blood vessel angiogenesis which progressively leads
to the formation of a functional circulatory system. The elabora-
tion of the vasculature then enhances both adipocyte hypertro-
phy and adipocyte recruitment. Therefore, adipocytes appear at
either the site of vasculogenesis or angiogenesis. Very recent stud-
ies demonstrate that adipocytes arise from a perivascular location
or are directly derived from endothelial cells.?*! Regardless, the
origin of adipocytes is linked to the origin of differentiating or
functional vascular endothelial cells.

Dedifferentiation of Mature Adipocytes

Adipocytes have been viewed as a terminally differentiated cell
type for over 30 years. However, Adebonojo™* first showed
mature adipocytes might proliferate into a large number of
daughter cells in vitro. This process was ascribed to dedifferentia-
tion and the daughter cells were termed dedifferentiated fat cells
(DFAT). By using flow cytometry, immunostaining and western
blot, CD34 (a stem cell marker) was confirmed being expressed
in fully differentiated adipocytes together with other mature adi-
pocyte specific markers.*® In addition, end-point PCR showed
Scal, CD90, CD45 (stem cell markers), as well as Oct3/4, Sox2,
c-Myc and K1f4 (which were used to induce the formation of plu-
ripotent stem cells) were expressed in mature adipocytes.”® These
surface membrane proteins and/or the transcription factors
help to broaden our understanding on the functions of mature
adipocytes.

Ceiling culture method was designed for collecting mature fat
cells due to the buoyancy of lipid-filled adipocytes. However, con-
taminating cells could attach to the flasks together with mature
fat cells.®?>?¢ The dedifferentiation of lipid-filled fat cells was
not widely accepted under the traditional notion about mature
adipocytes. Some contaminating cells co-isolated together with
lipid-filled adipocytes might confuse the observation for mature
fat cells. However, by differential plating, isopycnic density gra-
dient centrifugation, cell surgery and cloning techniques, puri-
fied ceiling culture and single cell culture approaches added
support for the notion that dedifferentiation does indeed occur,
and have enabled us to access the physiology of purified mature
fat cells.” In this method, mature adipocytes were first acquired
through traditional ceiling culture, and effective procedures are
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now performed to insure that there are no contaminating cells
attached on the ceiling culture. In short, differential plating, cell
surgery and cloning techniques are crucial steps involved in the
process combined with careful observations.

Until now, numerous studies have indicated that the reverse
adipogenesis (lipid loss and re-entry into the cell cycle) occurs
widely. Recently, the dedifferentiation potential has become
increasingly accepted by more and more researchers, especially
when cultured cells did not need to lose 100% of lipid prior to
observing proliferative-competent progeny cells (Fig. 1). During
dedifferentiation, lipids were divided into daughter cells sym-
metrically (equal amount of lipids) or asymmetrically (different
amount of lipids);**¥ or lipids would be expelled into medium
directly prior to cell division.%’ The reason for the different
dedifferentiation pathways might be due to species variation or
even individual variation® but the mechanisms underlying the
phenomenon were not clear. Yet, both of the routes of dedifferen-
tiation formed strongly proliferative DFAT cells.

Multipotent Capacity of DFAT Cells

Mature adipocyte derived DFAT cells possess the fibroblast-like
appearance and strong proliferative ability (Fig. 1). The potential
capacities of DFAT cells attract numerous attentions. A number
of researchers have reported DFAT cells could redifferentiate
into adipocytes again. Mouse DFAT cells possessed the ability
to redifferentiate into lipid-assimilating cells after over 20 pas-
sages in vitro and fat pads formed by implanting the DFAT cells
into the sternum of ddY mice.” Similar findings were reported by
Nobusue et al.® In addition to mice, the redifferentiation poten-
tial of the cells has been proved in humans,” ovine,* bovine®
and porcine species,’” triggering studies on the possible ability of
DFAT cells to function in a wide range of species.

DFAT cells exhibit robust proliferation and redifferentiation
capacities, and they also exhibit additional stem cell character-
istics including multipotency. Matsumoto et al” showed that
mouse DFAT cells differentiated into chondrocytes and osteo-
blasts under appropriate culture conditions in vitro and formed
osteoid matrix when implanted into subcutaneous tissue of nude
mice. Oki et al.”? indicated DFAT cells transdifferentiated into
osteoblasts in the presence of all-trans retinoic acid in vitro.
Furthermore, subcutaneous transplanted DFAT cells formed
ectopic osteoid tissue in C57BL/6N mice in vivo only with all-
trans retinoic acid. Kishimoro et al.*> demonstrated rabbit derived
DFAT cells differentiated into osteoblasts in a rigid scaffold con-
sisting of titanium fiber mesh, providing an experimental basis
for bone regeneration therapy.

Furthermore, myogenic induction of DFAT cells was exam-
ined by several researchers. Kazama et al."! showed that myogenic
induction of DFAT cells resulted in the expression of MyoD
and myogenin, followed by cell fusion and formation of syn-
cytial cells expressing sarcomeric myosin heavy chain, indicat-
ing that DFAT cells can be induced to form skeletal myotubes
in vitro. Sakuma et al.” found 50% of the human adipocyte
derived DFAT cells differentiated into a-actin-positive smooth
muscle. Moreover, DFAT cells contributed to the regeneration
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X magnification.

Figure 1. Dedifferentiation and proliferation of mature adipocytes in vitro. (A) 3 d after cell isolation, mature adipocytes attached on the cell culture
flask and stretched cell membrane. (B) 4 d after cell isolation, the same fat cell was dividing. (C) 6 h later, this fat cell divided into two daughter cells,
containing different amount of lipids in the cytoplasm. (D) A colony of DFAT cells formed on d 7, which were derived from the single mature adipocyte.
The DFAT cells possessed fibroblast-like appearance and lipids were not detectable. All the photographs were taken by a Sony RGB digital camera
(3/4-inch chip) married to a Nikon Diaphot phase contrast microscope and Image Pro Plus” image analysis software. (A-C) 200 x magnification; (D) 100

of bladder smooth muscle after DFAT cell injection. A recent
study' examined the effects of DFAT cell transplantation on ure-
thral tissue regeneration and sphincter function. Results showed
that transplanted DFAT cells converted into smooth muscle cells,
promoting sphincter muscle regeneration and improving leak
point pressure in the rat vaginal distension model." Jumabay et
al.’® found the DFAT cells expressed cardiac markers when co-
cultured with cardiomyocytes and also when grown in stem cell
methylcellulose medium with the absence of cardiomyocytes. In
a rat acute myocardial infarction model, transplanted DFAT cells
accumulated efficiently in infarcted myocardium and expressed
cardiac sarcomeric actin at 8 weeks after the cell transplantation.
The transplantation of DFAT cells significantly increased cap-
illary density in the infarcted area when compared with hearts
from saline-injected control rats."® In addition, transplantation
of DFAT cells led to neovascularization in rats with myocardial
infarction."’
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The conditions for DFAT cell transdifferentiation into chon-
drocytes, osteoblasts, skeletal myocytes, smooth muscle cells
and cardiomyocytes are listed in Table 1.71°>! Recently, stud-
ies showed myeloid, lymphoid and epithelial cell CD marker
genes were upregulated during dedifferentiation of mature
adipocytes.* Besides, DFAT cells could contribute to central
nervous system recovery.” All of these indicate that the mul-
tilineage potential of DFAT cells may not be limited to the
above cell types. A recent review showed that changes in cul-
ture conditions might alter the fate and/or potency of stem cells
or reprogram adult stem/progenitor cells to assume a broader
range of multipotency.® The examination of microenvironment
(including the cell density, the oxygen demand, the amount and
type of serum, the basic medium and proper inducer) of DFAT
cells might allow a better understanding of the range of cellular
potential. And if the corresponding changes of the differentia-
tion fate are induced by the culture condition itself, it may be
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Table 1. Multilineage potential of mouse/human derived DFAT cells

Multilineage potential Species Inducement reagents/conditions References

) Mice/human Dexamethasone, isobutylmethylxanthine, insulin-transferrin-selenium-X 7 and 13

Adipocytes Human Insulin, triiodothyronine, biotin, pantothenate, transferrin, hydrocortisone 41
Chondrocytes Mice/human L-ascorbic acid-2-phosphate, proline, pyruvate, transforming growth factor-g3, ITS 7 and 13
Mice/human Dexamethasone, B-glycerophosphate, L-ascorbic acid-2-phosphate 7 and 13

Osteoblasts

Mice All-trans retinoic acid 12

Skeletal myocytes Mice 5-azacytidine 1
Smooth muscle cells Human transforming growth factor-f31 7 and 13

Co-cultured with cardiomyocytes or stem cell methylcellulose medium (containing
ErtseEis Mice methylcellulose, 2-mercaptoethanol, L-glutamine, recombinant human insulin, human 10

transferring, recombinant murine interleukin 3, recombinant human IL-6 and

recombinant mouse stem cell factor)

that epigenetic events affected by particular media need to be
assessed.®

Similarities and Differences between DFAT
and MSCs/iPS Cells

Mesenchymal stem cells (MSCs) were first isolated from bone
marrow (BM) by Friedenstein et al.*° and have been found to exist
in adipose depots and many other tissues. These MSCs adhere to
plastic when cultured, with strong proliferative ability and fibro-
blast-like appearance. Moreover, MSCs possess the potential abil-
ity to differentiate into various lineages, including adipocytes,
chondrocytes, osteoblasts, cardiomyocytes, neural precursors
and other possible cell types.”” Mature adipocyte-derived DFAT
cells are similar to MSCs as evidenced by comparisons of multi-
lineage potentiality, proliferative ability and cellular morphology
as compared with MSCs. Moreover, during the dedifferentiation
process of mature adipocytes, changes in the epigenetic status
led DFAT cells to display a similar DNA methylation condi-
tion to BM-derived MSCs.* Like MSCs, DFAT cells inhibited
the proliferation of stimulated lymphocytes in co-culture while
mature adipocytes stimulated their growth.*® Therefore, dur-
ing the dedifferentiation process, mature adipocytes lost their
lineage characters, assumed the typical MSCs immunopheno-
type and gene expression profile is an interesting notion. Recent
research on DFAT cells showed that human-derived DFAT cells
were positive for CD90, CD105, CD73, CD44 and CD29, and
negative for CD34, CD117, CD133, CD271, CD45, HLA-DR
and CD14, which was consistent with previous findings for
BM-derived MSCs.*® These CD (cluster of differentiation) mak-
ers are cell surface molecules commonly used for identifying
specific cell types by immunophenotyping. Mature adipocytes
acquired some specific characters of MSCs after dedifferentiation
process. Gao et al.* reported similar findings about CD105 and
CD34 with the mouse-derived DFAT cells. Currently, numerous
studies on MSCs indicate that murine-derived MSCs are positive
for CD105 and negative for CD31.° No consistent conclusion
has been made regarding CD34 for MSCs.>® However, CD 31
was found to be widely positive in mouse-derived DFAT cells,”
indicating the differences between DFAT cells and MSCs. In
addition, CD marker antibodies are not available for all species
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including meat animals. Extensive examination of surface anti-
gens on DFAT cells and MSCs in human, mice and other spe-
cies would provide a better understanding about this new type of
stem cell. It is clear, however, that DFAT cells are distinct from
MSCs. Except for the surface antigens, MSCs could be isolated
from bone marrow, adipose tissue and other tissues as well, while
DFAT cells are only derived from mature adipocytes in vitro.
Owing to the ease to access significant amounts of DFAT cells
and the high homogeneity as compared with MSCs, the DFAT
cells possess a unique dominance in clinical applications.
Induced pluripotent stem cells (iPS cells) are made from adult
somatic cells by various reprogramming schemes that produce
cells that are functionally identical to embryonic stem cells.
iPS cells are potentially useful for a wide range of human dis-
ease treatments and tissue replacement therapies without the
controversial use of embryos. iPS cells are generally formed by
forcing the expression of embryonic stem cell markers (Oct4,
Sox2, ¢Myc and Klf4, or other combinations) often using
viral vectors which become silenced during the course of the
iPS procedure. Like embryonic stem cells, iPS cells possess the
pluripotent ability to generate a variety of tissues from all three
germ layers.’! More recently, it has become possible to produce
iPS cells by methods that do not require the use of integrating
(and potentially mutagenic) virus. For instance, iPS cells have

5253 continued

been made with non-integrating episomal systems,
transfection with mRNAs encoding pluripotency factors,”® and
recently, by expressing microRNAs only.”® These new approaches
yield human iPS cells as good as those produced by the original
method, and in ways that leave the genome unharmed. In addi-
tion, since iPS cells can be produced from easily accessible skin
and nucleated blood cells, they can be made to be exact genetic
matches for specific patients.

Adipose tissue is also readily accessible in the patient, and
therefore, represents a potential source of patient-matched
cells. DFAT cells have been found to express embryonic stem
cell markers extensively such as Oct4, Sox2, c-Myc and Nanog,
which are key factors to maintain the pluripotent embryonic
stem cell-like state.”” In this report, higher alkaline phosphatase
and telomerase activity than in adipose tissue-derived stromal
cells showed that DFAT cells had similarities to undifferentiated
pluripotent stem cells.*” Ono et al.** showed significant changes
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in gene expression by comparing the porcine-derived mature adi-
pocytes and DFAT cells. In the dedifferentiation process, lipid
metabolism-related gene expression declined significantly with
a concomitant increase in cell proliferation, cell morphogenesis,
cell differentiation, and developmental process of tissue, indicat-
ing the loss of the functional mature adipocyte phenotype and
the acquisition of multipotent capacity.* In addition, several
CD marker genes of other cell types were upregulated, including
myeloid, lymphoid, endothelial, epithelial, and stromal cells.*
The comparison of the gene expression profiles of DFAT cells
with iPS cells showed that 194 genes associated with mitosis, M
phase, cell division process and cell cycle progression were highly
expressed in both cell types.® One hundred and twenty-eight
genes of these 194 genes were considered for functional analy-
sis of iPS cells.* In the end, the utility of DFAT cells as com-
pared with iPS cells for cell replacement therapies will depend
upon their multipotentiality. It seems unlikely that DFAT cells
will have the degree of pluripotency as iPS cells, however, the
propensity of DFAT cells to form mesoderm cell types such as
hematopoietic and osteogenic lineages and the close relation-
ship between adipocytes and vasculature may render them more
useful than iPS cells, since it has been difficult to achieve dif-
ferentiation culminating in mature hematopoietic cell types in
iPS cells. Like iPS cells, DFAT cells can be made to match the
patient, thus opening the door to cell replacement therapies with
autologous transplantation considerations.

As stated previously in this review, DFAT cells exhibit simi-
larities with MSCs. Since DFAT cells can be derived from autolo-
gous WAT samples, they offer a potential source of autologous
transplantable cells after differentiation to non-fat cells of inter-
est. It should also be noted that MSC-like cells can be produced
from iPS cells.’*” Though the route by which MSCs are pro-
duced from iPS cells is more indirect than is the case for DFAT
cells, the outcome (autologous transplantable cells) is similar, and
it should be noted that since iPS cells proliferate indefinitely in
culture in the undifferentiated state, and can be genetically mod-
ified, this route to MSCs offers the option of performing gene

therapy ex vivo (at the iPS stage) followed by differentiation to
MSCs and subsequent terminally-differentiated cell types.

Conclusions

In our research based on purified ceiling culture and single cell
systems, not every mature fat cell possesses the spontaneous abil-
ity to dedifferentiate in vitro.”> Whether the dedifferentiation
takes place under physiological or pathological conditions in vivo
and mechanisms involved in the transition from the mature adi-
pocyte to a more immature-type cell need to be explored.?>% If
one removes a cell from the in vivo environment, will the cell
spontaneously revert to a stem cell phenotype? Certainly the
culture conditions for maintaining the mature adipocyte pheno-
type, as well as inducing the formation of DFAT cells in vitro
need to be examined further. Until now, research involved in
DFAT cells is limited to white adipocytes, even though different
compositions in brown adipocytes and white adipocytes and dif-
ferent regulatory mechanisms exist between these two types of
fat cells.’® Similar studies using brown adipocytes would broaden
this area of adipocyte physiology. Will it be possible to compare
progeny from adult mature adipocytes, which undergo dediffer-
entiation, and adipocytes from fetal or younger animals? If so,
the difference in the rate of dedifferentiation and the potency of
DFAT cells would become clearer. Moreover, since the DFAT
cells express embryonic stem cell markers and are similar with
iPS cells in some physiological aspects, it may be more efficient
to make DFAT cells express embryonic stem cell characteristics.
DFAT cells possess unique merits as compared with iPS cells since
they have a propensity to form mesoderm-type cells. With easy
access from patients per se and homogeneous traits of progeny
cells, multipotent DFAT cells may provide an excellent source
of cells for tissue regeneration and disease treatment, expanding
the stem cell repertoire used in research and clinical applications.
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