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Bone marrow—derived circulating progenitor
cells fail to transdifferentiate into adipocytes
In adult adipose tissues in mice
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Little is known about whether bone marrow-derived circulating progenitor cells (BMDCPCs) can transdif-
ferentiate into adipocytes in adipose tissues or play a role in expanding adipocyte number during adipose
tissue growth. Using a mouse bone marrow transplantation model, we addressed whether BMDCPCs can
transdifferentiate into adipocytes under standard conditions as well as in the settings of diet-induced obesity,
rosiglitazone treatment, and exposure to G-CSF. We also addressed the possibility of transdifferentiation to
adipocytes in a murine parabiosis model. In each of these settings, our findings indicated that BMDCPCs did
not transdifferentiate into either unilocular or multilocular adipocytes in adipose tissues. Most BMDCPCs
became resident and phagocytic macrophages in adipose tissues — which resembled transdifferentiated mul-
tilocular adipocytes by appearance, but displayed cell surface markers characteristic for macrophages — in
the absence of adipocyte marker expression. When exposed to adipogenic medium in vitro, bone marrow cells
differentiated into multilocular, but not unilocular, adipocytes, but transdifferentiation was not observed in
vivo, even in the contexts of adipose tissue regrowth or dermal wound healing. Our results suggest that BMD-
CPCs do not transdifferentiate into adipocytes in vivo and play little, if any, role in expanding the number of

adipocytes during the growth of adipose tissues.

Introduction

Balanced growth of adipose tissues is necessary for energy homeo-
stasis, insulation of heat loss, and mechanical support for other
structures in the body. However, excess adipose tissue is defined as
obesity and is associated with metabolic syndrome (1, 2). Growth
of adipose tissues mainly results from an increase in the number
and size of adipocytes (3, 4). During embryonic development,
some mesenchymal stem cells differentiate into adipoblasts that
eventually become preadipocytes. These preadipocytes become
unilocular, lipid-laden mature adipocytes by appropriate stimu-
lation during postnatal development. This sequential differentia-
tion process from mesenchymal stem cells to mature adipocytes
is termed adipogenesis (5). In comparison, under a higher level of
energy homeostasis, mature adipocytes become bigger adipocytes
with an unilocular accumulation of lipid, a process known as lipo-
genesis (6). Adipogenesis is the predominant process in the normal
development of adipose tissues after birth, while lipogenesis is
the predominant process in the development of obesity involving
adult adipose tissues. These 2 fundamental processes have been
thought to mainly occur in the resident adipoblasts, preadipo-
cytes, and adipocytes within each area of adipose tissue, although
there is a lack of clear evidence that this is so.

Nonstandard abbreviations used: BMDCPC, bone marrow-derived circulating
progenitor cell; BMT, bone marrow transplantation; DPBS, Dulbecco’s PBS; LYVE-1,
lymph vessel endothelial hyaluronan receptor-1; ROSI, rosiglitazone; SVC, stromal
vascular cell.
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Adult white adipose tissue is mainly composed of mature uni-
locular (i.e., comprising a single lipid compartment surrounded
by perilipin) adipocytes, which are supported by stromal vascu-
lar tissue containing vascular endothelial cells and macrophages,
and poorly characterized undifferentiated or stem cells containing
adipoblasts, preadipocytes, fibroblasts, and hematopoietic cells
(7-11). Obviously, the sizes, shapes, numbers, and even roles of
these cells are variable depending on their localization and situ-
ation during overgrowth of adipose tissues, i.e., obesity (12, 13).
In obesity, a size increase in adipocytes is a common and evident
phenomenon. Rodents fed a high-fat diet from adulthood display
abnormal overgrowth of adipose tissues with variable increases in
adipocyte size, a consequence of lipogenesis. This manifestation is
followed by variable increases in the number of adipocytes, a con-
sequence of proliferation of resident adipoblasts/preadipocytes (3,
4, 14). However, it is still not known whether these resident adipo-
blasts and preadipocytes are derived from mesenchymal cells with-
in adipose tissue (9) or from bone marrow stem cells outside of
adipose tissue through circulation and recruitment as bone mar-
row-derived circulating progenitor cells (BMDCPCs). Moreover,
because there are still no specific molecular markers to distinguish
adipoblasts and preadipocytes from differentiated adipocytes and
nonadipocytes in the adult adipose tissue, the underlying mecha-
nisms of how the number of adipocytes increases during adipose
tissue growth remains to be elucidated.

BMDCPCs originate from hematopoietic stem cells and
mesenchymal stem cells in the bone marrow and are mobilized
from bone marrow to systemic circulation under appropriate
stimuli. These BMDCPCs become resident cells in every organ,
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No GFP+perilipin+ adipocytes were detected in the adipose tissues of mice fed a normal diet. Adipose tissues were harvested from C57BL/6J
mice that had received BMT from GFP* mice 2 months previously and then fed a normal diet for the 2-month period. Tissues were whole-mount-
ed, coimmunostained for perilipin (adipocytes; red stain) and PECAM-1 or CD11b (blood vessels or macrophages, respectively; blue stain),
and merged. No GFP+ cells (green stain) were perilipin* adipocytes in the adipose tissues; approximately half of the GFP+ cells were CD11b*

macrophages in the adipose tissues. Scale bars: 100 um.

variously as differentiated or transdifferentiated cells depending
on the local tissue microenvironment (15-23). However, whether
BMDCPCs can transdifferentiate into mature adipocytes in adult
adipose tissues has not been well established. Moreover, it is
unknown whether BMDCPCs play a significant role in expand-
ing the number of adipocytes in the growth of adipose tissues.
Therefore, in this study, we investigated whether BMDCPCs can
transdifferentiate into adipocytes in normal and obese adipose
tissues. To do so, we used visualization and characterization of
GFP* cells in the several adipose tissues of the adult mice that had
received bone marrow transplantation (BMT) with donor bone
marrow cells from transgenic mice expressing enhanced GFP on a
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universal promoter (24). We also questioned whether BMDCPCs
can transdifferentiate into adipocytes in the regrowing adipose tis-
sue and in wound-healing dermal tissue. To clearly visualize and
characterize GFP* BMDCPCs in the multicellular adipose tissues,
whole-mounted adipose tissues were immunostained for markers
of adipocytes, macrophages, and extracellular matrix protein.
Our results with rigorous confocal microscopic analysis revealed
that BMDCPCs did not transdifferentiate into unilocular or mul-
tilocular adipocytes in normal, obese, or regrowing adipose tissues.
During preparation of this article, Crossno et al. (25) reported that
BMDCPCs can transdifferentiate into multilocular, but not uni-
locular, adipocytes in the adipose tissues. Given these different
December 2007 3685
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findings, we discuss our results in the context of the similarities
and dissimilarities between these 2 studies.

Results

BMDCPCs do not transdifferentiate into adipocytes in adult adipose tissues
under normal or obese conditions. To investigate the possibility of a
commitment of BMDCPCs to transdifferentiate into adipocytes
in adult adipose tissues, we examined the adipose tissues of BMT
mice transplanted 2 months previously with GFP* bone marrow
cells. To detect GFP* adipocytes in the adipose tissues, the whole-
mounted adipose tissues were coimmunostained for perilipin
(a membrane protein that surrounds lipid droplets and is selec-
tively expressed in adipocytes and steroidogenic cells; refs. 26, 27),
adipophilin (known as adipose differentiation-related protein; a
membrane protein that surrounds small lipid droplets and is
expressed ubiquitously; refs. 26-28) and CD11b (a specific marker
of monocytes/macrophages) or PECAM-1 (a specific component
of vascular endothelial cells). Our analysis revealed that none of the
GFP cells were perilipin* adipocytes in epididymal (~50,000 adipo-
cytes), mesenteric (~30,000 adipocytes), retroperitoneal (~20,000
adipocytes), subcutaneous (~50,000 adipocytes), or dermal (~5,000
adipocytes) adipose tissues of the normal diet-fed mice (n = 5; Fig-
ure 1 and Supplemental Figure 1A; supplemental material avail-
able online with this article; d0i:10.1172/JCI32504DS1). Moreover,
none of the GFP* cells were adipophilin* adipocytes in epididy-
mal (~2,500 adipocytes) or retroperitoneal (~1,000 adipocytes)
adipose tissues of the normal diet-fed mice (n = 3; Supplemental
Figures 1B and 2A). Most GFP* cells were CD11b*, F4/80", lymph
vessel endothelial hyaluronan receptor-1-positive (LYVE-1%),
or CD45* macrophages in the adipose tissues (Figure 1 and Sup-
plemental Figure 3). In comparison, bone marrow-derived GFP*
cells were largely detected as macrophages or leukocytes in several
organs including spleen, kidney, lung, intestinal villi, liver, tracheal
mucosa, and retina (Supplemental Figure 4). Sometimes, groups
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Figure 2

No GFP+perilipin* adipocytes were detected in the adi-
pose tissues of mice fed a high-fat diet. Adipose tissues
were harvested from C57BL/6J mice that had received
BMT from GFP+ mice 2 months previously and then were
fed a high-fat diet for the 2-month period. Tissues were
whole-mounted, coimmunostained for perilipin (red stain)
and PECAM-1 (blue stain), and merged. The sizes of adi-
pocytes were approximately twice that of adipocytes from
the mice fed the normal diet. (A—C) In epididymal fat (EF),
some larger GFP+ cells (green stain) looked like unilocular
adipocytes (A and B, boxed regions), but sequential dis-
sected images of this portion (boxed region in B) revealed
clustered GFP+perilipin- smaller cells (C). (D) Mesenteric
fat (MF). (E) Retroperitoneal fat (RF). (F) Subcutaneous
fat (SF). (G and H) Dermal fat of ear skin (DF); H shows a
higher-magnification view of boxed region in G. No GFP+
cells were perilipin+ adipocytes in the adipose tissues.
Scale bars: 100 um.

of GFP" cells were detected, but a dissecting image analysis of these
cells by confocal microscopy revealed that these cells clearly were
not GFP* adipocytes (Supplemental Figure 5).

To examine the commitment, if any, of BMDCPCs to transdif-
ferentiate into adipocytes of adult adipose tissues during obesity,
the BMT mice that had received GFP* bone marrow cells 2 months
previously were fed with a high-fat diet containing 34.9% (wt/wt)
fat for the 2 months following BMT. The high-fat diet-fed mice
displayed an approximately 1.4-fold increase in body weight, an
approximately 2.2-fold increase in epididymal adipose tissue
weight, and an approximately 2.0-fold increase in the diameter of
adipocytes in epididymal adipose tissue compared with mice fed
normal diet (Figure 2 and Supplemental Figure 6). Nevertheless,
our analysis revealed that none of the GFP* cells were perilipin* adi-
pocytes in epididymal (~50,000 adipocytes), mesenteric (~30,000
adipocytes), retroperitoneal (~20,000 adipocytes), subcutaneous
(~50,000 adipocytes), or dermal (~5,000 adipocytes) adipose tissues
of the high-fat diet-fed mice (n = 5; Figure 2 and Supplemental Fig-
ure 1C). Moreover, none of the GFP* cells were adipophilin® adipo-
cytes in epididymal (~2,500 adipocytes) or retroperitoneal (~1,000
adipocytes) adipose tissues of the high-fat diet-fed mice (n = 3;
Supplemental Figure 2B). Most of the GFP" cells were small, singu-
lar nonadipocytes in the adipose tissues (Figure 2). Several (~750
of 155,000 adipocytes) GFP"* cells that were similar to unilocular
adipocytes were detected (Figure 2, A and B); however, a dissecting
image analysis of these cells by confocal microscopy revealed that
these cells were not GFP* unilocular adipocytes but instead were
clustered GFP* cells (Figure 2C). In fact, most of these cells were
F4/80* macrophages (~85%; Figure 3, A-C), and to a lesser extent,
CD11b* macrophages (~26%) or CD45" macrophages (~34%; Fig-
ure 3, A and B). However, these cells contained a negligible number
of LYVE-1* macrophages (~4%; Figure 3, A and B). Thus, our results
indicate that BMDCPCs do not transdifferentiate into adipocytes
in adult adipose tissues under normal or obese conditions.
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Clustered GFP~ cells in the adipose tissue of mice fed the high-fat diet were F4/80+ macrophages. (A) Epididymal adipose tissue was harvested
from C57BL/6J mice that had received BMT from GFP+ mice 2 months previously and then were fed a high-fat diet for the 2-month period. Tis-
sues were whole-mounted; coimmunostained for perilipin (red stain) and the macrophage markers CD11b, F4/80, LYVE-1, or CD45 (blue stain);
and merged. Note that most of the clustered GFP+ cells (green stain) were F4/80+ macrophages, and to a lesser extent, these were CD11b* or
CD45+* macrophages. Scale bar: 100 um. (B) GFP+CD11b*, GFP+F4/80*, GFP+LYVE-1+, and GFP+CD45+* macrophages were counted in 30
regions of clustered GFP+ cells (~3,000) and presented as a percentage of the total counted, clustered GFP+ cells. (C) Higher-magnification
view of the merged GFP-, perilipin-, and F4/80-stained (green, red, and blue stain, respectively) image in A revealed characteristic GFP+F4/80+

clustered macrophages. Scale bars: 50 um.

BMDCPCs do not transdifferentiate into unilocular or multilocular adi-
pocytes in adult adipose tissues in normal or obese conditions. Because a
recent study (25) reported that high-fat diet-induced obesity pro-
moted transdifferentiation of BMDCPCs into multilocular adipo-
cytes in the adipose tissues, with a range of about 7%-17% of total
adipocytes, we determined whether GFP*perilipin* multilocular
adipocytes were formed in the normal and high-fat diet-induced
obese adipose tissues. To distinguish multilocular adipocytes from
unilocular adipocytes in adult adipose, the whole-mounted adi-
pose tissues were coimmunostained for perilipin and collagen 1V,
which surrounds each adipocyte individually as a basement
membrane (29). This coimmunostaining clearly distinguished
not only collagen IV-covered adipocytes from nonadipocytes,
but also multilocular adipocytes from unilocular adipocytes
(Figure 4). Compared with the adipose tissues of normal diet-fed
mice, the adipose tissues from mice consuming a high-fat diet
for 2 months did not exhibit a significant change in the extent of
multilocularization of adipocytes. In both normal and high-fat
diet-induced obese mice, the population frequency of multilocu-
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lar adipocytes in white adipose tissues was as follows, arranged in
descending order of frequency: mesenteric (25%-27%), retroperi-
toneal (20%-23%), dermal (11%-14%), subcutaneous (8%-10%),
epididymal (3%-4%). In comparison, most of the adipocytes in
the intersubscapular brown adipose tissues were multilocular
adipocytes in both groups. Nevertheless, in contrast to the report
of Crossno et al. (25), none of the GFP* cells were perilipin® mul-
tilocular adipocytes in epididymal (~12,000 adipocytes), mesen-
teric (~24,000 adipocytes), retroperitoneal (~24,000 adipocytes),
subcutaneous (~18,000 adipocytes), or dermal (~3,000 adipo-
cytes) adipose tissues of the normal and high-fat diet-induced
obese mice (n = 3 per group; Figure 4). In the obese mice, there
were 2 kinds of clustered GFP* cells, GFP*perilipin-collagen IV*
and GFP*perilipin-collagen IV- (Figure 4B), which suggested
that degradation of perilipin by phagocytic macrophages pre-
cedes degradation of collagen IV. In comparison, in the inter-
subscapular brown adipose tissue of the normal and obese mice,
none of the GFP* cells were perilipin* multilocular adipocytes
(~6,000 adipocytes; n = 3 per group; Figure 4). It is interesting to
Volume 117 Number 12
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No GFP+perilipin* unilocular and multilocu-
lar adipocytes were detected in the adi-
pose tissues of mice fed normal or high-fat
diet. Adipose tissues were harvested from
C57BL/6J mice that had received BMT
from GFP* mice 2 months previously and
were then fed a normal diet (A) or a high-
fat diet (B) for the 2-month period. Tissues
were whole-mounted, coimmunostained for
perilipin and collagen IV (which surrounds
each adipocyte individually as the basement
membrane), and merged. White arrowheads
in A indicate typical multilocular adipocytes.
In B, there are 2 kinds of clustered GFP+
cells: GFP+perilipin~ collagen IV+ cells (pink
arrowheads) and GFP+perilipin-collagen 1V-
cells (yellow arrowheads). Note that no GFP+
cells were perilipint multilocular or unilocular
adipocytes. BF, intersubscapular brown fat.
Scale bars: 50 um (A, top 3 rows); 20 um (A,
bottom row); 100 um (B).

Rosiglitazone treatment does not induce trans-
differentiation of BMDCPCs into multilocular
adipocytes in adipose tissues. Crossno et al.
(25) also reported that treatment with the
pharmacological PPARy activator rosi-
glitazone (ROSI) promoted transdiffer-
entiation of BMDCPCs into multilocular
adipocytes in the adipose tissues, ranging
from 15% to 30% of total adipocytes. We
performed the ROSI treatment with the
same regimen (about 15 mg/kg/d for 4
weeks) to examine whether GFP*perilipin*
multilocular adipocytes formed in the
adipose tissue. However, in contrast to
the report of Crossno et al. (25), none of
the GFP* cells were perilipin* multilocular
adipocytes in epididymal (~40,000 adipo-
cytes), mesenteric (~24,000 adipocytes),
retroperitoneal (~16,000 adipocytes), sub-
cutaneous (~40,000 adipocytes), dermal
(~4,000 adipocytes), or intersubscapular
brown (~8,000 adipocytes) adipose tissues
of the ROSI-treated mice (n = 4; Figure 5,
Aand B). Intriguingly, the most unilocular
adipocytes were instead in the epididymal,
mesenteric, retroperitoneal, and subcuta-
neous tissues, but not in the dermal tis-
sue; adipose tissues converted to the mul-
tilocular adipocytes (Figure 5, A and B).
Similar to the Crossno et al. report (25),
we sometimes observed numbers of mas-
sively clustered GFP* cells, but dissecting
image analysis of these cells by confocal

note that the clustered GFP* cells were rarely found in the inter-  microscopy revealed that they were not GFP*perilipin* multilocu-
subscapular brown adipose tissue, even in the obese mice. Thus, lar adipocytes (Figure 5, C and D). Thus, the ROSI treatment did
these results indicate that BMDCPCs do not transdifferentiate  not induce transdifferentiation of BMDCPCs into multilocular
into either unilocular and multilocular adipocytes in adult adi-  adipocytes, although it massively induced a distinctive adipocyte
pose tissues under normal or obese conditions. multilocularization in several adipose tissues.
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No GFP+perilipin* unilocular and multilocular adipocytes were detected in the adipose tissues of mice treated with ROSI. Adipose tissues were
harvested from C57BL/6J mice that had received BMT from GFP+ mice 2 months previously and then were treated with ROSI (~15 mg/kg/d)
for 4 weeks. Tissues were whole-mounted, coimmunostained for perilipin and collagen IV (which surrounds each adipocyte individually as the
basement membrane), and merged. (A and B) No GFP+perilipint unilocular and multilocular adipocytes were detected in the adipose tissues.
Higher-magnifications views of the merged images in A revealed characteristic GFP-perilipin* multilocular adipocytes (B). (C and D) Massively
clustered GFP+ cells were seen in epididymal fat, but sequential dissected images of the boxed region in C revealed that no GFP+ cells were

perilipin+ adipocytes (D). Scale bars: 100 um (A and C); 50 um (B).

G-CSF treatment does not induce transdifferentiation of BMDCPCs into
multilocular adipocytes in adipose tissues. Many previous studies (30-32)
have demonstrated that adipocytes could be generated from bone
marrow-derived mesenchymal stem cells in vitro, and G-CSF is
known to mobilize both hematopoietic stem cells and mesenchymal
stem cells (33, 34) from the bone marrow. For these reasons, we
assessed any transdifferentiation of BMDCPCs into GFP*perilipin*
adipocytes in the adipose tissues of the mice, which were treated
with G-CSF (10 ug/kg/d intraperitoneally for 2 weeks). However,
none of the GFP* cells were perilipin* multilocular adipocytes in
epididymal (~30,000 adipocytes), mesenteric (~18,000 adipocytes),
retroperitoneal (~10,000 adipocytes), subcutaneous (~30,000 adi-
pocytes), or intersubscapular brown (~6,000 adipocytes) adipose
tissues of the G-CSF-treated mice (n = 3) (Supplemental Figure 7).
These data indicate that G-CSF-induced enhanced mobilization of
bone marrow-derived mesenchymal stem cells into BMDCPCs does
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not change with the nontransdifferentiation of BMDCPCs into adi-
pocytes in several adipose tissues in vivo.

BMDCPCs do not transdifferentiate into adipocytes in regrowing adipose
tissues and wound-healing dermal tissue. We next addressed the com-
mitment, if any, of BMDCPCs to transdifferentiate into adipocytes
in adipose tissues during regrowth. To create a model of regrowing
adipose tissue, we dissected the proximal portion (20% of the total
length) of the left-side epididymal adipose tissue (Figure 6, A and
E), and the mice were fed normal or high-fat diet for 2 months
following the dissection. Mice fed the high-fat diet exhibited an
enhanced regrowth that was approximately 32.7% more than that
of the mice fed the normal diet (n = 4 per group). Nevertheless,
even in the mice fed the high-fat diet, no GFP" cells were perilipin*
adipocytes in any area, including the regrowth and central regions
of the left-side epididymal adipose tissue at 2 weeks and 4 months
following dissection (Figure 6, B and F-I). In fact, several (~15 of
Volume 117 3689
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Figure 6

No GFP+perilipint adipocytes were detected in regenerative adipose tissues and wound-healing dermal tissue. (A—I) A proximal portion (20% of
the total length) of the left-side epididymal adipose tissue of 8-week-old C57BL/6J mice that had received BMT from GFP+ mice 2 months before
the dissection (dotted lines, A and E). The mice were fed a high-fat diet for the indicated periods. (B—D and F-I) Both sides of the epididymal
adipose tissue from the mice were harvested, photographed, and immunostained for perilipin (red stain) and PECAM-1 (blue stain) of the dis-
sected region of the left epididymal adipose tissue (A and E, boxed regions). Some clustered GFP+ cells (green stain) looked like unilocular
adipocytes (B and C), but the sequential dissected images of this portion (boxed region in C) revealed smaller and clustered GFP+perilipin- cells
(D). No GFP+perilipin* adipocytes were detected in the adipose tissues. (J—S) Hole-punch injuries made in the ears of 8-week-old C57BL/6J
mice that had received BMT from GFP+ mice 2 months before and were then fed a high-fat diet for the indicated times. Ears from the mice were
harvested and photographed, and immunostained for perilipin and PECAM-1 at the healing region of ear (J and O, boxed regions). (K-N and
P-S) No GFP+ cells were perilipin* adipocytes in the wound-healing dermal tissues after the injury. Scale bars: 100 um.

40,000 adipocytes) GFP* cells that were similar to unilocular adi-
pocytes were detected in the regrowing region at 2 weeks after the
dissection (Figure 6, B and C), but dissecting image analysis of
these cells revealed that they were not GFP* unilocular adipocytes,
but rather clustered GFP* macrophages and leukocytes.

We also assessed the commitment, if any, of BMDCPCs to trans-
differentiate into adipocytes in adult dermal tissues during skin
wound healing. To create a dermal wound healing model, we made
hole-punch injuries to the ears of adult mice (Figure 6,] and O) and
fed them with the normal and high-fat diets as described above.
Nevertheless, even in the high-fat diet-fed mice, no GFP* cells were
perilipin* adipocytes in any area, including the wound-healing and
adjacent normal regions of the ear skin at 2 weeks and 2 months
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after the induced injury (n = 3 per group; Figure 6, K-N and P-S).
In fact, many bone marrow-derived GFP* cells were detected in the
healing region at 2 weeks after the injury. However, the number of
GFP" cells was markedly reduced and the healing region replaced
with scar tissue over time (Figure 6, K and P). These results indi-
cate that BMDCPCs do not transdifferentiate into adipocytes in
regrowing adipose tissue and wound-healing dermal tissue.

Bone marrow cells transdifferentiate into multilocular adipocytes
in vitro, but not in vivo. The above results raised the question of
whether the GFP* cells in the recipient bone marrow could trans-
differentiate into adipocytes. To examine this possibility, we iso-
lated the GFP* cells from the recipient bone marrow and cultured
them in control or adipogenic medium for 5 days or mixed with
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Bone marrow cells transdifferentiated into multilocular adipocytes in vitro, but not in vivo. Approximately 3 x 105 GFP+ cells from bone marrow of
GFP+ mice were cultured in the adipogenic medium for 5 days (A), mixed with Matrigel and implanted into the flank region subcutaneously (B),
or directly implanted into the epididymal adipose tissue, foot pad, and intradermal region of ear skin (C) of 8-week-old C57BL/6J mice. (B) As a
positive control, about 3 x 105 GFP+ SVCs from the epididymal adipose tissue of the GFP+ mice were mixed with the Matrigel and implanted into
the flank region subcutaneously. (A) The cultured cells were stained with Oil red and hematoxylin, and the images were captured by brightfield,
fluorescence, and phase-contrast microscopy and merged. After 2 weeks (B) or the indicated time periods (C), the gels and tissues implanted
with the GFP+ cells were harvested, whole-mounted, and immunostained for perilipin (red stain). No GFP+perilipin* unilocular adipocytes were
detected in the gel containing GFP+ (green stain) bone marrow cells, while many GFP+perilipin* unilocular adipocytes were detected in the gel
containing GFP+ SVCs. The shapes of the implanted GFP*+ bone marrow cells in the indicated tissues had changed, and the numbers of the
cells were markedly reduced over time. No GFP+perilipin* adipocytes were detected in the cells. In C, blue stain denotes PECAM-1. Scale bars:

25 um (A); 100 um (B and C).

Matrigel and implanted into the flank region subcutaneously. The
cultured GFP" cells formed small lipid droplet-containing multi-
locular, but not unilocular, adipocytes in the adipogenic medium
(Figure 7A), whereas they did not form lipid droplet-containing
cells in the control medium. At 2 weeks after the implantation,
no GFP*perilipin® adipocytes were found in the Matrigel (Figure
7B). In contrast, stromal vascular cells (SVCs) from epididymal
adipose tissue of GFP* mice became unilocular adipocytes in the
Matrigel at 2 weeks after the implantation (Figure 7B). These data
clearly indicate that bone marrow stem cells rarely become adi-
pocytes in vivo. To test whether bone marrow stem cells per se
have no adipogenic potential in vivo, we directly implanted GFP*
bone marrow cells into the epididymal adipose tissue, foot pad,
and intradermal region of the ear skin of adult normal mice. The
shapes of implanted GFP* bone marrow cells changed, and the
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numbers of cells were markedly reduced over time (Figure 7C).
However, none of the GFP* cells were either unilocular or multi-
locular adipocytes in epididymal adipose tissue (~30,000 adipo-
cytes from 3 mice), food pad (~3,000 adipocytes from 3 mice), or
ear skin (~3,000 adipocytes from 3 mice; Figure 7C). These results
clearly indicate that bone marrow cells do not transdifferentiate
into adipocytes under any conditions or in any tissues in vivo.
Evidence that GFP* circulating cells do not transdifferentiate into adipocytes
of the adult adipose tissues in the parabiosis model. To confirm the inabil-
ity of BMDCPCs to transdifferentiate into adipocytes in the BMT
model, we assessed the commitment, if any, of BMDCPCs to trans-
differentiate into adipocytes in adult adipose tissues using a parabio-
sis model (35). Consistent with previous reports (36), cross-circula-
tion was established by day 3 after the parabiosis surgical joining, as
evidenced by the fact that GFP* cells were detected in several organs,
Volume 117 3691
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No GFP+perilipin* adipocytes were detected in the adipose tissues of the parabiosis mouse. (A) The parabiosis between GFP+and GFP- C57BL/
6J mice was conducted, with the animals remaining alive for 2 weeks with a normal diet. (B and C) The indicated tissues were harvested, whole-
mounted, coimmunostained for perilipin (red stain) and CD45 or CD11b (blue stain, B) or perilipin and PECAM-1 (blue stain, C), and merged. No
GFP+ cells were perilipin* adipocytes in the adipose tissues, and clustered GFP*CD45* macrophages were detected (white arrowheads). The
GFP+ cells (green stain) were largely detected in spleen. Scale bars: 100 um.

including the adipose tissue and skin dermal tissue (Supplemental
Figure 8). We examined GFP" cells in the adipose tissues of GFP- mice
transplanted through parabiosis for 2 weeks with GFP* BMDCPCs
from GFP* mice (Figure 8A). None of the GFP* cells were unilocular
or multilocular adipocytes in epididymal (~30,000 adipocytes from 3
mice; Figure 8B), mesenteric (~18,000 adipocytes from 3 mice), retro-
peritoneal (~12,000 adipocytes from 3 mice), subcutaneous (~30,000
adipocytes from 3 mice), or dermal (~3,000 adipocytes from 3 mice)
adipose tissues. Most GFP* cells were CD11b* macrophages and
CD45" leukocytes in the adipose tissues (Figure 8B). Clustered GFP*
cells were often detected (Figure 8B), but these cells were neither mul-
tilocular adipocytes nor unilocular adipocytes. In comparison, bone
marrow-derived GFP* cells were largely detected in spleen and rarely
detected in lung, liver, or kidney as macrophages or lymphocytes
(Figure 8C). These results confirm that circulating stem cells do not
contribute to form adipocytes in adult adipose tissues.

Discussion
Our results clearly demonstrated that BMDCPCs did not trans-
differentiate into either unilocular or multilocular adipocytes in
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any normal adipose tissues or in the obese, ROSI-induced mul-
tilocularized, and regrowing adipose tissues. We adopted a BMT
model transplanted with GFP* bone marrow cells to investigate
whether BMDCPCs could transdifferentiate into adipocytes of
adult adipose tissues. Visualization of genetically tagged GFP*
cells in whole-mounted adipose tissues using confocal microsco-
py provided an unambiguous visualization of the cell shapes and
localization of BMDCPCs in the multicellular adipose tissues.
Moreover, the addition to the whole-mounted adipose tissues of
immunostaining for perilipin and collagen IV is critical and of
paramount importance for assessing the presence or absence of
GFP*perilipin* transdifferentiated unilocular and multilocular
adipocytes in the adipose tissues. Because perilipin is found exclu-
sively on the outer surface of lipid storage droplets in every adipo-
cyte (26), the visualization of perilipin by specific immunostaining
clearly distinguished adipocytes from nonadipocytes in multicel-
lular adipose tissues. Moreover, because collagen IV surrounds
each individual adipocyte as a basement membrane (29), the visu-
alization of collagen IV and perilipin by coimmunostaining clearly
distinguished multilocular adipocytes from unilocular adipocytes.
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Using these reliable and convincing visualization methods, despite
examining more than 900,000 adipocytes in the different adipose
tissues, we found no compelling evidence that any of these GFP*
BMDCPCs transdifferentiated into either unilocular or multilocu-
lar perilipin® adipocytes regardless of their location in the normal,
obese, ROSI-treated, or G-CSF-treated mice, even in regrowing or
wound-healing adipose tissues. Although adipophilin is known to
be expressed ubiquitously in adipose tissue (26-28), our histologi-
cal analyses revealed that only a certain subpopulation of small-
sized adipocytes uniquely and strongly expressed adipophilin in
these tissues. These additional findings enabled us to confirm that
none of the GFP* BMDCPCs transdifferentiated into adipophilin®
adipocytes in the adipose tissues of the normal and obese mice. We
also confirmed these results with the parabiosis model.

Our findings are in marked contrast to those of Crossno etal. (25),
who recently reported that BMDCPCs could transdifferentiate into
multilocular, but not unilocular, adipocytes in the adipose tissues.
They adopted a BMT model similar to the one we used: donor bone
marrow cells from the transgenic mice that express GFP* on a uni-
versal promoter and subjected them to similar protocols of a high-
fatdiet and the ROSI treatment. With this model, the authors found
that BMDCPCs transdifferentiated into multilocular adipocytes and
that these cells constituted approximately 7%-17% and 15%-30% of
total cells in the adipose tissues of the high-fat diet-induced obese
and ROSI-treated mice; these cells constituted about 2%-7% of total
cells in the adipose tissues of the normal mice. However, their con-
clusions were based entirely on data derived from flow cytometric
analysis of adipocyte suspensions and sectioned adipose tissues for
assessment of the GFP* cells, without coimmunostaining of perili-
pin, collagen IV, or macrophage markers. Thus, they may not have
clarified the identity of the “bunch” shape of clustered GFP* cells
(25) and “adipocyte-like” clustered GFP* macrophages adequately
and accurately in the adipose tissues.

Throughout our assessments, we observed approximately 1,000
clustered adipocyte-like GFP* cells in the adipose tissues of obese,
ROSI-treated, and G-CSF-treated mice and in regrowing adipose
tissue. Dissecting image analysis of these cells by confocal micros-
copy, however, revealed that these cells were clustered GFP* macro-
phages rather than GFP* adipocytes. Interestingly, these clustered
GFP* macrophages strongly expressed F4/80, expressed CD45 and
CD11b to a lesser extent, and expressed LYVE-1 at low levels. How-
ever, Crossno et al. (25) likely interpreted these clustered adipocyte-
like GFP* macrophages as GFP* multilocular adipocytes. The clus-
tered macrophages in obese adipose tissues are known to be active
phagocytic macrophages on dead adipocytes (37). In this regard,
F4/80* macrophages could have more enhanced phagocytic activ-
ity than do LYVE-1* macrophages. It is known that increased infil-
tration of F4/80* and CD11b* macrophages in the adipose tissue
contributes to the development of metabolic syndrome (38-40). We
recently found that LYVE-1" macrophages in the tip region of epi-
didymal adipose tissue have an angiogenic role (41). Thus, macro-
phages expressing different markers may have different functions
in the adipose tissue. It is intriguing to note that pharmacological
activation of PPARy with ROSI induced marked and characteristic
multilocularization of adipocytes in most white adipose tissues.
Adipocyte multilocularization can be found in special situations
such as B3-adrenergic stimulation (42, 43), exposure to cold tem-
perature (44), or deletion of translational inhibitor 4E-BP1 (45).
Although the underlying mechanism that creates the adipocyte
multilocularization by the ROSI treatment and the significance of
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adipocyte multilocularization in regulation of lipid storage remain
unclear, the multilocularization process occurs from unilocular
adipocytes within adipose tissue, but not outside ofit.

Consistent with a wealth of previous findings (30, 46, 47), our
study shows that in vitro cultured GFP* progenitor cells from bone
marrow can transdifferentiate into multilocular, but not into uni-
locular, adipocytes in adipogenic medium. In contrast, however,
we found no compelling evidence that bone marrow stem cells
per se transdifferentiate into adipocytes in the implanted Matri-
gel or in tissues into which they were directly implanted. More-
over, even though the BMDCPCs contained more mobilized bone
marrow-derived mesenchymal stem cells due to the G-CSF treat-
ment, there was no transdifferentiation of BMDCPCs into adi-
pocytes in the adipose tissues in vivo. In comparison, the SVCs
derived from GFP* mice differentiated into unilocular adipocytes
in the implanted Matrigel. Thus, BMDCPCs could have adipo-
genic potential in vitro in a highly calorie-preserving adipogenic
medium, but not in any situations in vivo. To date, controversial
findings from one extreme to the other are still appearing as to
whether BMDCPCs can give rise to cardiomyocytes (20, 21, 48),
smooth muscle (22), skeletal muscle (15), vascular endothelial
cells (17, 18), renal tubular epithelial cells (49), kidney mesangial
cells (19), hepatocytes (16), or cardiac valve interstitial cells (23) in
pathologic and regenerative tissues in vivo. Thus, BMDCPCs may
or may not give rise many different resident cells in every organ,
ranging from differentiated to undifferentiated cells, depending
on the microenvironment. One rare case of reverse adipocyte-to-
epithelium transdifferentiation takes place in the mammary gland
of adult mice during pregnancy and lactation (50).

Regardless of findings in other tissues, our results indicate that
BMDCPCs do not give rise any differentiated resident adipocytes,
even in regenerative adipose tissues and wound-healing dermal tis-
sue. These results have led to some intriguing questions. It is still
unknown whether there are any determined adipocyte stem cells or
progenitors in bone marrow, which can be properly mobilized by
certain stimuli into systemic circulation to become adipoblasts or
preadipocytes via transdifferentiation triggered by further appro-
priate stimuli. If these cells do exist in bone marrow, do adipose
tissues provide an unfavorable environment for their homing or
transdifferentiation? To address this hypothesis, we need to iden-
tify selective markers that can distinguish adipoblasts or preadipo-
cytes in bone marrow, circulating blood, and adipose tissues.

Finally, the parabiosis model used in this study confirmed that
BMDCPCs cannot transdifferentiate into adipocytes. This model
circumvented the disadvantages of the BMT model regarding the
age of the mice, possible loss of mesenchymal stem cell repopula-
tion in bone marrow, and unavoidable radiation injury on bone
marrow. The age of the mice receiving BMT was relatively high at
6-8 months of age when the adipose tissues were analyzed after
several treatments; therefore, the transdifferentiation capability of
BMDCPCs could have been markedly reduced. However, the age of
the mice receiving parabiosis was only 2-3 months when the adi-
pose tissues were analyzed. In the BMT model, it is possible that
a number of mesenchymal stem cells responsible for adipocyte
stem cells could be reduced in bone marrow during repopulation
by procedures of whole-body irradiation and systemic BMT. More-
over, these procedures result in improper mobilization of adipo-
genic bone marrow stem cells from bone marrow. In comparison,
in the parabiosis model, intact donor BMDCPCs derived from the
intact bone marrow are directly circulated into syngeneic recipient
Volume 117 3693
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circulation, homing to several organs including adipose tissues.
Nevertheless, using this parabiosis model, we found no compelling
evidence that BMDCPCs can transdifferentiate into adipocytes.

Taken together, our results provide evidence that BMDCPCs do
not transdifferentiate into either unilocular or multilocular adipo-
cytes in the adipose tissues. Therefore, based on these results, we
conclude that BMDCPCs play a negligible role in expanding the
number of adipocytes in the growth of adipose tissues.

Methods
Mice. Specific pathogen-free C57BL/6] (C57BL/6] genetic background)
mice were purchased from The Jackson Laboratory. GFP* mice (C57BL/6]
genetic background) were a gift from M. Okabe (Osaka University, Osaka,
Japan). Mice were bred in our pathogen-free animal facility, and male mice
aged about 8-9 weeks were used for this study unless otherwise indicated.
Animal care and experimental procedures were performed under approval
from the Animal Care Committees of KAIST and Dankook University. All
animals were fed a standard normal diet (PMI LabDiet; Purina Mills Inc.)
ad libitum with free access to water.

Isolation of bone marvow cells and BMT. Bone marrow cells (2 x 10°) were har-
vested from the femurs and tibias of GFP* mice by flushing with ice-cold
Dulbecco’s PBS (DPBS; Sigma-Aldrich). The recipient mice (C57BL/6J),
8 weeks old, were sublethally irradiated at a dose of 4.5 Gy with a gamma irra-
diator (Gammacell 3000; MDS Nordion Inc.). Bone marrow cells were then
injected intravenously into the recipient mice 16 hours after irradiation. The
indicated tissues of BMT mice were examined at the indicated times (41).

Treatments. All treatments were performed at approximately 2 months
after BMT. For studies of obesity induced by a high-fat diet, mice were
fed with a high-fat diet (34.9%, wt/wt, catalog no. D12492; Research Diets
Inc.) for the 2-month period. For ROSI treatment, the mice were fed nor-
mal diet food containing ROSI (SmithKline Beecham Pharmaceuticals) ad
libitum (15 mg/kg/d) for 4 weeks. To further mobilize mesenchymal stem
cells from bone marrow to BMDCPCs, the mice were treated with G-CSF
(intraperitoneal injection, 10 ug/kg/d; Choongwae Pharma Corporation)
for 2 weeks. To develop a regenerative adipose tissue model, we anesthe-
tized the mice by intramuscular injection of a combination of anesthetics
(80 mg/kg ketamine and 12 mg/kg xylazine) and dissected without macro-
scopic bleeding the proximal portion (20% of the total length) of the left-
side epididymal adipose tissue. To produce a regenerative dermal tissue
model, we made a 2.0-mm hole in the center of both ears of each mouse
using a metal ear punch (Harvard Apparatus) (51).

Mesenchymal stem cell isolation and culture. Bone marrow was collected from
8- to 10-week-old C57BL/6 and GFP* mice by flushing femurs and tib-
ias with ice-cold DPBS (Sigma-Aldrich). The cells were then washed twice
in complete medium (52) consisting of DMEM-low glucose (Cambrex),
2 mM L-glutamine, 10% fetal bovine serum (Hyclone), and penicillin/strep-
tomycin (5 U/ml; Invitrogen) and plated on a Petri dish at a density of
2 x 10° cells/cm?. After 5 days, nonadherent cells were removed by 2-3
washes with DPBS and adherent cells further cultured in the complete
medium. The cultured mesenchymal stem cells were differentiated into
adipocytes using the Mesenchymal Stem Cell Adipogenesis Kit (Chemicon
International Inc.) according to the manufacturer’s instructions.

Implantation of bone marrow cells and SVCs. Bone marrow cells and SVCs
from epididymal adipose tissue were harvested from GFP* mice as previ-
ously described (41). Briefly, to obtain SVCs, the tip portion of epididymal
adipose tissue (41) was harvested and incubated with Hanks’ balanced salts
solution (Sigma-Aldrich) containing 0.2% type 2 collagenase (Worthing-
ton) for 1 hour at 37°C. After inactivation of collagenase activity with
bovine serum, the cell suspension was filtered through a 100-um nylon fil-
ter (BD Biosciences) and centrifuged at 400 g for 5 min. The floating adipo-
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cytes were separated from pelleted SVCs, and both cell types were washed
and resuspended with DPBS. Lack of perilipin*-differentiated adipocytes
in the suspended SVCs was confirmed by immunofluorescence staining. A
total of 3 x 10° bone marrow cells or SVCs were mixed with Matrigel (100
ul; BD Biosciences) and implanted into the flank region subcutaneously
and directly implanted into the epididymal adipose tissue, foot pad, and
intradermal region of the ear skin of 8-week-old C57BL/6] mice.

Parabiosis model. Pairs of 6- to 10-week-old wild-type and GFP* mice were
subjected to parabiotic surgery. Mice were anesthetized by intramuscular
injection of the combination of anesthetics (80 mg/kg ketamine and 12
mg/kg xylazine), then surgically joined from shoulder to femur. At the
indicated number of weeks after parabiotic surgery, GFP* cells in the adi-
pose tissues of wild-type mice were examined.

Histological and morphometric analysis. Mice were anesthetized by intra-
muscular injection of the combination of anesthetics, and adipose tis-
sues were fixed by vascular perfusion of 1% paraformaldehyde in PBS and
whole-mounted or cryo-embedded and sectioned. Whole-mount tissues
and cryosections (20 wm thickness) were prepared and incubated for 1 h
at room temperature with blocking solution containing 5% goat serum
(Jackson ImmunoResearch Laboratories Inc.) in PBST (0.3% Triton X-100
in PBS). After blocking, the whole-mounted tissues and cryosections were
incubated overnight at 4°C with one or more of the following primary
antibodies: (a) for adipocytes, guinea pig anti-perilipin antibody (diluted
1:1,000; Research Diagnostics) and guinea pig anti-adipophilin antibody
(diluted 1:1,000; Research Diagnostics); (b) for blood vessels, hamster
anti-PECAM-1 antibody (clone 2H8, diluted 1:1,000; Chemicon Inter-
national); (c) for macrophages and leukocytes, rat anti-mouse CD11b
antibody (clone M1/70, diluted 1:1,000; BD Biosciences — Pharmingen),
rat anti-mouse F4/80 antibody (clone Cl:A3-1, diluted 1:1,000; Serotec),
rat anti-mouse LYVE-1 antibody (clone Han-1, diluted 1:1,000; Aprogen),
and rat anti-mouse CD45 (clone 30-F11, diluted 1:1,000; BD Biosciences
— Pharmingen); and (d) for basement membrane of individual adipocytes,
rabbit anti-collagen IV antibody (diluted 1:1,000; Cosmo Bio Co. Ltd.).
After several washes in PBST, whole-mounted tissues and cryosections
were incubated for 1 h at room temperature with one or more secondary
antibodies: (a) Cy3- or CyS-conjugated anti-guinea pig antibody (Jackson
ImmunoResearch Laboratories); (b) Cy3- or Cy5-conjugated anti-rat anti-
body or anti-rabbit antibody (diluted 1:500; Jackson ImmunoResearch
Laboratories); or (c) Cy3- or CyS-conjugated anti-hamster IgG antibody
(diluted 1:500; Jackson ImmunoResearch Laboratories). For control exper-
iments, the primary antibody was omitted or substituted with preimmune
serum. Signals were visualized, and digital images were obtained using
a Zeiss ApoTome microscope and a Zeiss LSM 510 confocal microscope
equipped with argon and helium-neon lasers (Carl Zeiss). For determining
the GFP* unilocular and multilocular adipocytes, double-immunostained
color images for perilipin and collagen IV were captured with a Zeiss LSM
510 confocal microscope. Using Image] software (http://rsb.info.nih.
gov/ij), we selected the clustered GFP* area as a region of interest from
macrophage/GFP*-stained images, and macrophage/GFP*-stained images
were converted to 8-bit gray scale. Area densities of the macrophage/GFP"-
stained images were measured from the pixels in the region of interest;
only pixels exceeding a certain level (>50 intensity value) were taken to
exclude background fluorescence.

Statistics. Values presented are means + SD. Significant differences between
means were determined by analysis of variance followed by the Student-
Newman-Keuls test. Statistical significance was set at P < 0.05 or P < 0.01.
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