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An increase in adipocyte number is a major contributor to the increase in adipose tissue mass that is characteristic of
obesity. The identity and regulation of the adipocyte precursor cell (or preadipocyte) and the preadipocyte precursor cell
(or progenitor cell) have been intensely studied for many years. In this issue of the JCI, Crossno et al. report that
progenitor cells originating from outside the adipose tissue, in particular the bone marrow, can contribute to an increase in
adipocyte number (see the related article beginning on page 3220). Their study in mice reveals that treatment with the
thiazolidinedione rosiglitazone or exposure to a high-fat diet promotes the trafficking of circulating bone marrow—derived
progenitor cells into adipose tissue, where they become multilocular adipocytes. This adds a new and unexpected
dimension to this research arena.
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injected (see Figure 1, G and H, in ref. 20);
even in the most highly chimeric mouse
(approximately 95% chimeric), the increase
in survival time to 231 days was mod-
est when compared with that of 167 + 1.2
days for the control mice. These observa-
tions point to the need for a vast improve-
ment of the lentivector to achieve more
efficient transfection of neurons and much
higher levels of sShRNA expression in those
cells that are transfected. A safe and effec-
tive protocol also needs to be developed to
allow brain-wide lentivector transfection.
Combined therapeutic strategies, such as
application of both RNAi and PPS or other
effective compounds (such as porphyrins),
may hold real promise for the effective ther-
apy of prion disease in the near future.
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An increase in adipocyte number is a major contributor to the increase in
adipose tissue mass that is characteristic of obesity. The identity and regu-
lation of the adipocyte precursor cell (or preadipocyte) and the preadipo-
cyte precursor cell (or progenitor cell) have been intensely studied for many
years. In this issue of the JCI, Crossno et al. report that progenitor cells
originating from outside the adipose tissue, in particular the bone marrow,
can contribute to an increase in adipocyte number (see the related article
beginning on page 3220). Their study in mice reveals that treatment with the
thiazolidinedione rosiglitazone or exposure to a high-fat diet promotes the
trafficking of circulating bone marrow-derived progenitor cells into adi-
pose tissue, where they become multilocular adipocytes. This adds a new and
unexpected dimension to this research arena.

Historical perspective

Early investigations noted that the full
range of cells common to red bone marrow,
including monocytes, reticular cells, lym-
phocytes, normoblasts, erythroblasts, and
basophils, were observed in developing adi-
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pose tissue (1). In particular, a wide range of
cell phenotypes common to red bone mar-
row, including endothelial cell precursors,
pericytes, macrophages, immature macro-
phages, fibroblast-like perivascular reticu-
lar cells, and perivascular mesenchymal
cells, were among those implicated as the
adipocyte precursor cell (1). Adipose tissue
and bone marrow-derived mesenchymal
cells have a similar protein expression phe-
notype based on cell-surface markers (2, 3).
Furthermore, adipogenic differentiation
of both adipose tissue and bone marrow-

http://www.jci.org ~ Volume 116

Number 12

derived mesenchymal cells are similarly
characterized by increases in the expression
of key adipocyte markers such as fatty acid-
binding protein, lipoprotein lipase, PPARY,
and CCAAT/enhancer-binding protein o
(C/EBPa) (4, 5). Bone marrow-derived adi-
pocytes also secrete the adipocyte-specific
factors leptin and adiponectin, indicating
functional similarity between bone mar-
row-derived and adipose tissue-derived
adipocytes (4). Interestingly, clusters of red
bone marrow cell types have been observed
in developing adipose tissue (6). The num-
ber of these cell types was associated tempo-
rally and spatially with the development of
large clusters of multilocular (comprising
many compartments) adipocytes represen-
tative of an immature stage of adipocyte
development in white adipose tissue. These
observations would seem to counter the
long-held belief that new adipocytes arise
solely from resident preadipocyte progeni-
tors and hint that progenitor cells from tis-
sues outside adipose depots could contrib-
ute to the formation of new adipocytes. In
support of the latter concept, in this issue
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Figure 1

Schematic representation of the basic features of adipose tissue expansion. The major processes at work within adipose tissue are the prolif-
eration of a progenitor cell population within the stromal vascular cell pool and the differentiation of these cells into adipose or vascular cells.
These processes are regulated by stimulatory and inhibitory endocrine, neural, and paracrine/autocrine controls (17). Monoclonal antibodies
raised against adipocyte surface proteins identify preadipocyte progenitors and closely associated developing blood vessels in developing adi-
pose tissues (24). These observations were substantiated by examination of the preadipocyte progenitor cells and endothelial cells by electron
microscopy and studies of the major extracellular components (25, 26). The study by Crossno et al. (7) in this issue of the JC/ indicates that
progenitor cells may also be delivered to adipose tissue by trafficking from extra-adipose sources, such as bone marrow, and that this trafficking
my be upregulated by high-fat diet and TZD administration. TZDs also promote mobilization and homing of bone marrow—derived circulatory
endothelial progenitor cells to various tissues in the process of endothelial regeneration (12, 13). The green cells in this figure represent cells
originating from bone marrow that differentiate within adipose tissue to form clusters of multilocular adipocytes.

of the JCI Crossno et al. (7) provide evidence
that bone marrow-derived progenitor cells
do indeed contribute to new adipocytes in
adipose tissue. The authors exposed GFP-
labeled bone marrow-transplanted mice
to 2 known inducers of new fat cell forma-
tion, either a high-fat diet or treatment with
the thiazolidinedione (TZD) rosiglitazone.
Subsequent examination demonstrated the
presence of GFP* multilocular adipocytes
within adipose tissue that were significantly
increased in number by both high-fat feed-
ing and TZD treatment. Furthermore, the
GFP* multilocular adipocytes expressed
many genes that are known markers of the
adipocyte phenotype, providing additional
evidence that the bone marrow-derived
progenitor cells had trafficked to adipose
tissue where they differentiated into multi-
locular adipocytes.

TZDs, adipogenesis, and

endothelial cells

TZDs are PPARy ligands currently used
in the treatment of type 2 diabetes mel-
litus. In vitro, TZDs consistently induce
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adipogenesis, although in many instances
the accompanying lipid accretion is mini-
mal (8,9). TZD treatment in vivo typically
increases the number of small multilocu-
lar adipocytes and decreases the number
of larger adipocytes (10). As a result, adi-
pose tissue undergoes “remodeling,” since
clusters of small multilocular adipocytes
develop throughout the tissue (10). The
morphological results of TZD treatment
observed by Crossno et al. (7) are consistent
with these previous findings. Similar clus-
ters of multilocular adipocytes were also
reported in adipose tissue of mice treated
with P3-adrenergic receptor agonists that
exert antidiabetic effects in rodents (11).
Although transitory in nature, clusters
of multilocular adipocytes in developing
adipose tissue and those induced by TZDs
(10) and B3-adrenergic receptor agonists
(11) may share some biochemical charac-
teristics. TZDs also promote mobilization
and homing of bone marrow-derived cir-
culatory endothelial progenitor cells to
various tissues in the process of endothelial
regeneration (12, 13). Do TZDs direct cir-
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culatory endothelial progenitor cells to adi-
pose tissue as well? Or, since TZDs enhance
migration of endothelial progenitor cells
(12), could TZDs influence migration of
endothelial progenitor cells in situ in addi-
tion to increasing the number of nonresi-
dent progenitor cells? The demonstration
of preadipocyte trafficking from non-
resident sources has stimulated these and
many other intriguing questions, which
will undoubtedly be addressed as mecha-
nisms and regulatory influences on adipose
tissue expansion are further defined.

High-fat feeding

Calorie-dense diets, including high-fat
diets, increase adipocyte number and size
in rodents. In mice fed high-fat diets from
birth, increases in fat pad weight were asso-
ciated with a greater fat cell size through
18 weeks of age, followed by an increase in
fat cell number through 52 weeks of age
(14). High-fat feeding-induced obesity in
adult rodents is also characterized by an
increase in fat cell size (7, 15), followed by
an increase in fat cell number, which is a
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consequence of proliferation of resident
preadipocyte progenitors, as demonstrat-
ed by increased rates of progenitor cell [*H]
thymidine incorporation (16). Crossno
et al. (7) have shown that trafficking of
bone marrow-derived circulating progeni-
tors to adipose tissue represents an addi-
tional and novel mechanism of expanding
the number of preadipocyte progenitors
in response to calorie-dense diets. Future
studies will determine the role or contri-
bution of nonresident preadipocyte pro-
genitors in obesity caused by factors other

than high-fat feeding.

Adipose tissue depot—

dependent traits

Alarge number of characteristics distinguish
adipose tissue locations or depots from each
other, including adipocyte number and size,
insulin signaling, glucose and lipid metabo-
lism, lipolytic rates, and cytokine expression
and secretion (17, 18). Depot-dependent
blood flow and innervation density may be
the most important depot-dependent traits,
since they are associated with adipocyte
growth patterns and adipocyte metabolism
(17, 18). Subcutaneous adipose tissue and
internal (mesenteric) adipose tissue repre-
sent extremes in blood flow and innerva-
tion density (17). In humans, internal or
visceral adipose tissue is associated with
the insulin resistance syndrome to a greater
degree than is subcutaneous adipose tissue
(18). The abundance of non-adipocyte cell
types and their differentiation potential
are very depot dependent in rat adipose
tissue (19). These studies indicate that adi-
pose tissue-derived stromal vascular cells
(progenitor cells) give rise to osteoblasts,
endothelial cells, and hematopoietic cells,
depending on culture conditions and depot
(19). In particular, the number of resident
bone progenitor cells was highest in white
adipose tissue and lowest in brown adipose
tissue (19). Could there be a depot-depen-
dent influence on nonresident progenitor
cell pools as well? The results presented
by Crossno et al. (7) further hint that this
may be the case, as they demonstrated that
bone marrow-derived adipocyte progeni-
tors (nonresident) were distributed as large
clusters in white adipose tissue (omental),
but as single cells in brown (interscapular)
adipose tissue.

Adipocyte development

and angiogenesis

It is important to consider adipocyte devel-
opment in relation to vasculogenesis and
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angiogenesis (Figure 1), since adipocyte
development (adipogenesis) and vasculo-
genesis/angiogenesis are reciprocally regu-
lated events (20). For instance, vasculogen-
esis and angiogenesis either precede or are
coincidental with adipogenesis during fetal
adipose tissue development (20). There are
many other lines of evidence of develop-
mental or autocrine/paracrine relation-
ships between capillaries/endothelial cells
and preadipocytes (Figure 1; ref. 20).

Implanting murine preadipocytes in a
dorsal skin-fold chamber has been shown
to induce angiogenesis and formation of fat
pads (21). The induced blood vessels sub-
sequently developed and remodeled into a
mature vasculature associated with differ-
entiated adipocytes (21). The vasculature
development and remodeling demonstrat-
ed by Fukumura et al. (21) were virtually
identical to those observed during adipose
tissue development in vivo (20). Implanta-
tion of murine preadipocytes transduced
with a recombinant adenovirus encoding a
PPARy-dominant-negative mutant recep-
tor in a dorsal skin-fold chamber markedly
reduced adipocyte differentiation but also
markedly reduced angiogenesis compared
with the effects of implanting preadipo-
cytes transduced with a mock adenovirus
(21). Furthermore, blocking angiogenesis
with an antibody to VEGFR-2 (a transduc-
er of the major signals of angiogenesis via
tyrosine kinase activity) reduced angiogen-
esis and inhibited adipocyte differentiation
(21). Conversely, neovasculature induced
with injections of Matrigel supplemented
with basic FGF recruited and induced
migration of preadipocyte progenitors
from adjacent connective tissue, which
ultimately resulted in the formation of a
fat pad at the injection site (22).

Related studies have demonstrated that
adipose tissue can be effectively regulat-
ed by its vasculature (23). For instance,
treatment with angiogenesis inhibitors
selectively inhibits adipose tissue growth
and prevents high-fat feeding-induced
and genetic obesity in mice (23). This and
other studies indicate that vascular stabili-
ty, i.e., vascular maturity, per se can dictate
adipocyte development and adiposity.

Considering the reciprocal relation-
ship between blood vessel and adipocyte
development and the intriguing results
presented by Crossno et al. (7) provokes
many additional questions: What is the
relationship, if any, between nonresident
bone marrow-derived preadipocyte pro-
genitors and vasculogenesis/angiogene-
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sis? Do bone marrow-derived progenitors
home in on newly formed adipose tissue
vasculature? Or, conversely, can nonresi-
dent (bone marrow-derived) preadipo-
cyte progenitors induce adipose tissue
neovascularization? Does the maturity of
adipose tissue blood vessels play a role in
homing and incorporation of bone mar-
row-derived progenitor cells?

Finally, the study by Crossno et al. (7)
has ushered in terminology distinguishing
nonresident and resident preadipocyte pro-
genitors and has clearly expanded the pos-
sibilities in the search for the preadipocyte
progenitor cell.
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Selectins revisited: the emerging role of
platelets in inflammatory lung disease
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Neutrophil infiltration into the lung is considered a crucial step in the patho-
genesis of acute lung injury, yet data on the underlying mechanisms have
been ambiguous: although selectin-mediated leukocyte rolling is absent in
lung capillaries, therapeutic strategies targeted at selectin-mediated cell-cell
interactions yield partial protection. The study by Zarbock and coworkers in
this issue of the JCI solves this apparent contradiction by identifying selec-
tin-mediated platelet-neutrophil interaction as a critical step in the mutual
activation of leukocytes and endothelial cells (see the related article begin-
ning on page 3211). The emerging role of platelets may be of broad clini-
cal relevance in lung inflammatory disorders, including asthma, chronic
obstructive pulmonary disease, and cystic fibrosis.

Forty years after its first clinical descrip-
tion, acute lung injury (ALI) and its most
severe form, the acute respiratory distress
syndrome (ARDS), remain life-threaten-
ing conditions with reported age-adjusted
incidences as high as 86.2 per 100,000 per-
son-years and in-hospital mortality rates
ranging between 31% and 38% (1, 2). The
pathogenesis of ALI and ARDS is closely
linked to intrapulmonary and systemic
inflammatory responses. Neutrophils in
particular have been implicated in the
onset of both diseases based on the rapid
accumulation of these cells observed in his-
tologic lung specimens and bronchoalveo-
lar lavage fluid from affected patients (3,

Nonstandard abbreviations used: ALI, acute lung
injury; ARDS, acute respiratory distress syndrome;
TXA,, thromboxane A;.
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4). In many experimental models, a role for
neutrophils in lung injury was supported
by partial protection against injury follow-
ing neutrophil depletion. Yet the causative
role of neutrophils in ALT or ARDS has also
been challenged by the clinical observa-
tion that even profound neutropenia does
not protect patients from ALI and ARDS
(5). Although the question of how many
neutrophils are required to induce tis-
sue injury remains unanswered, the latter
observation suggests that neutrophil accu-
mulation is not imperative for the onset of
these diseases and that other inflamma-
tory cells may be involved and compensate
for neutropenia.

Neutrophil kinetics in the lung

In principle, neutrophil accumulation and
subsequent tissue injury are the result of
a multistep process comprising the initial
tethering of circulating blood cells to the
vessel wall and their subsequent rolling
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along the wall, followed by firm adherence
and finally extravasation. This sequence of
events is mediated by consecutive involve-
ment of different families of adhesion mol-
ecules; while neutrophil rolling is mediated
by selectins interacting with their respec-
tive glycoprotein counterligands, firm
adherence results from the interaction
of neutrophilic Bz-integrins with ICAMs
expressed on the endothelium. In the sys-
temic circulation, this sequence of events
is predominantly confined to the venular
compartment. In contrast, the prevalent
site of leukocyte accumulation and emigra-
tion in the lung is the pulmonary capillary
bed (6, 7). In lung capillaries, neutrophils
do not roll but are temporarily retained at
distinct sites of the alveolar capillary net-
work for periods ranging from less than
1 second to more than 20 minutes (8).
This phenomenon has been attributed to
mechanical retention of circulating neutro-
phils in the narrow segments of the alveo-
lar capillary network. Following mechani-
cal arrest, the propelling blood flow slowly
deforms neutrophils into an elongated
shape, ultimately allowing them to con-
tinue their passage (9). In accordance with
this notion, excessive accumulation of neu-
trophils in lung capillaries in systemic or
pulmonary inflammation has been attrib-
uted to increased neutrophil stiffening by
polymerization of monomeric to filamen-
tous actin and subsequent firm adhesion
to the endothelium via f,-integrins (10).
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