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The past twenty years have seen great strides in our un-
derstanding of the molecular regulation of differentia-
tion for a whole host of specific cell types. The develop-
ment of muscle, bone, pituitary, and several hematopoe-
itic lineages have all been probed using a variety of
biochemical and genetic means, and such studies have
yielded both general and tissue-specific insights. Adipose
tissue has also been the subject of intense scrutiny, for
two important reasons. First, the establishment of im-
mortal preadipocyte cell lines (see below) provided an
experimentally accessible system in vitro, many features
of which faithfully recapitulate this process in vivo.
These features include morphological changes, cessation
of cell growth, expression of many lipogenic enzymes,
extensive lipid accumulation, and the establishment of
sensitivity to most or all of the key hormones that im-
pact on this cell type, including insulin. The second rea-
son why adipose tissue has received so much attention is
that this tissue provides a critical link in maintaining
systemic energy balance. The ongoing explosion in the
incidence of obesity and its ugly stepsister, type 2 diabe-
tes, has focused attention on all aspects of adipocyte bi-
ology, including adipogenesis (Must et al. 1999).

A wealth of observations on the development of adi-
pose tissue in vivo in a variety of species have been re-
corded throughout the past century. Early on it was
noted that fat develops in many different sites scattered
throughout the body, generally occurring in areas com-
posed of loose connective tissue, such as the subcutane-
ous layers between the muscle and dermis. However, fat
deposits also form around the heart, kidneys, and other
internal organs. The diffuse nature of adipose differen-
tiation in vivo has made it difficult to dissect out regions
of presumptive precursor cells from embryos and study
these ex vivo. Similarly, a lack of molecular markers
identifying the preadipocytic state has hampered inves-
tigations in living animals.

These difficulties were partially circumvented in the
1970’s when Green and his colleagues established im-
mortal fibroblast lines that readily differentiated into

adipocytes when appropriate hormonal inducers were
added (Green and Kehinde 1974, 1975, 1976). These
lines, designated 3T3-L1 and 3T3-F442A, were isolated
from nonclonal Swiss 3T3 cells and are already commit-
ted (or determined) to the adipocytic lineage. When
treated with an empirically-derived prodifferentiative
regimen that includes cAMP, insulin, and glucocorti-
coids, they undergo differentiation to mature fat cells
over a 4–6 day period. Subsequently, committed preadi-
pocyte lines have been derived independently by others
(Negrel et al. 1978; Chapman et al. 1984); despite minor
differences in their optimal differentiation conditions
they behave very similarly to 3T3-L1 and 3T3-F442A
cells.

More recently, studies have been performed using plu-
ripotent stem cells that can be induced to yield adipose
tissue in addition to several other lineages. Mesenchy-
mal stem cell lines can be differentiated to muscle, car-
tilage, and fat depending upon the chosen conditions
(Taylor and Jones 1979), and marrow-derived stromal
cells can be induced to form both bone cells and fat cells
(Pittenger et al. 1999). Although stem cell technology is
developing rapidly, their recent introduction and the
complexity inherent in these systems has prevented
them from being extensively used in the adipogenesis
field. Almost all work on adipogenesis has utilized either
the aforementioned predetermined clonal cell lines or
cultured preadipocytes isolated from the stromal-vascu-
lar fraction of dissociated fat pads.

Despite the many insights gleaned from these models,
several caveats must be kept in mind when interpreting
results. First, these cell lines are differentiated to white
adipose tissue (WAT) almost exclusively. Mammals
have a second type of fat cell called the brown adipocyte,
which serves primarily to dissipate energy instead of
storing it (Lowell and Flier 1997). This energy wasting is
accomplished by a brown adipose tissue (BAT)-specific
protein called uncoupling protein-1 (UCP-1), which gen-
erates heat by dissipating the proton gradient that is es-
tablished across the inner mitochondrial membrane dur-
ing the passage of electrons along the respiratory chain
(Garlid et al. 1998). In physiological terms, brown fat
functions in adaptation to cold and as protection against
obesity. Cultured cell models of BAT do exist, but most
of these do not mimic their endogenous ortholog quite as
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well as white adipocyte models do, and studies on brown
fat have lagged as a result.

There are other drawbacks to the exclusive use of es-
tablished preadipocytic cell lines in studies of adipogen-
esis, including their aneuploid status, which may influ-
ence their competence to undergo differentiation, and
the fact that they exist out of the context of their normal
extracellular matrix and supporting structures. Another
very important limitation is that they have not, to date,
allowed an assessment of depot-specific differences in fat
cell behavior. In vivo, WAT can be found in a variety of
locations, including perigonadal, omental, retroperitone-
al, and subcutaneous depots. Preadipocytes isolated from
different areas have different adipogenic potential, the
basis for which is completely unknown (Djian et al.
1985; Adams et al. 1997a; Lefebvre et al. 1998). Addition-
ally, the metabolic behavior of mature fat cells differs
from depot to depot. There are, for example, known dif-
ferences in the lipolytic response to adrenergic stimula-
tion between visceral and subcutaneous fat pads (Ost-
man et al. 1979; Morimoto et al. 1997). Regional differ-
ences in fat cell behavior can have very important
clinical consequences; humans (typically male) with in-
creased visceral adiposity have a higher risk of insulin
resistance, dyslipidemia, and cardiovascular disease than
those of equivalent weight but a higher degree of subcu-
taneous adiposity (Reaven 1988).

Adipocyte development in vitro

Adipogenesis in vitro follows a highly ordered and well
characterized temporal sequence. Initially, there is
growth arrest of proliferating preadipocytes, usually
achieved in cultured cell lines after contact inhibition,
although experiments using very low density plating in
serum-free medium (Gregoire et al. 1998) or in suspen-
sion in methylcellulose (Pairault and Green 1979) dem-
onstrate that cell–cell contact is not an absolute require-
ment for growth arrest to occur. In cultured cell models,
initial growth arrest is induced by the addition of a pro-
differentiative hormonal regimen and is followed by one
or two additional rounds of cell division known as clonal
expansion. This process ceases coincident with the ex-
pression of the key transcription factors peroxisome pro-
liferator-activated receptor g (PPARg) and CCAAT/en-
hancer binding protein a (C/EBPa), about which much
more will be said later (Shao and Lazar 1997; Morrison
and Farmer 1999). The induction of these two proteins is
characterized by a second, permanent period of growth
arrest followed by expression of the fully differentiated
phenotype. The exact mechanisms by which PPARg and
C/EBPa bring about this change is unclear, but several
important clues have surfaced recently. In nonconfluent
3T3-F442A cells, activation of PPARg correlates with
loss of DNA binding activity of E2F/DP, a central tran-
scriptional player in the regulation of many genes in-
volved in cell growth (Altiok et al. 1997). This alteration
in E2F/DP binding is secondary to a decrease in the pro-
tein phosphatase PP2A, which results in increased phos-
phorylation of DP-1, blocking DNA binding. The E2F

family of transcription factors promotes cell division in a
variety of models of cellular growth and differentiation.

In these systems, E2F activity can also be inhibited by
the binding of the retinoblastoma protein (Rb), which
has been shown to be an important factor in the differ-
entiation of many cell types, including muscle, nerve,
and hematopoeitic lineages (Black and Azizkhan-Clif-
ford 1999; Kaelin 1999). Studies on fat cell development
are consistent with a role for Rb in the differentiation of
this cell type as well. Thus, SV40 large T antigen, which
binds to and sequesters Rb, inhibits adipogenesis (Hig-
gins et al. 1996). Similarly, Rb−/− cells are deficient in
their adipogenic capacity until rescued by an Rb-express-
ing transgene (Chen et al. 1996; Richon et al. 1997).
Physical and functional interactions between Rb and
C/EBP proteins, especially C/EBPa and b, have also been
demonstrated in both white and brown adipocyte model
systems (Chen et al. 1996; Puigserver et al. 1998a). In-
terestingly, Rb−/− cells express PPARg, and the addition
of a ligand for this receptor is sufficient to overcome the
block in adipogenesis displayed by these cells (Hansen et
al. 1999). This result implies that PPARg acts down-
stream of Rb in promoting growth arrest and the estab-
lishment of the differentiated adipocyte phenotype.

Additional mechanisms to account for PPARg and
C/EBPa-induced growth arrest have been proposed. In
3T3-L1 cells, the shift from dividing preadipocytes to
growth-arrested cells to fully differentiated fat cells was
associated with changes in the expression of several cy-
clin-dependent kinase inhibitors, including p18 (INK4c),
p21 (Waf1/Cip1), and possibly p27 (Kip1) (Morrison and
Farmer 1999). The expression of PPARg in NIH-3T3 fi-
broblasts specifically induced p18 and p21. C/EBPa is
also known to have antimitotic properties (Umek et al.
1991), some of which are exerted through expression and
stabilization of p21 (Timchenko et al. 1996).

Although growth arrest is virtually a sine qua non of
the differentiation process, there is some debate about
the requirement for clonal expansion in vivo. Several
studies have shown that the inhibition of cell division in
cultured preadipocytic lines clearly blocks their subse-
quent differentiation. Primary human preadipocytes, on
the other hand, have been shown to undergo differentia-
tion normally even if pretreated with alkylating agents
that powerfully inhibit mitosis (Entenmann and Hauner
1996). Although it is possible that postconfluent mitoses
are an artifact of the cultured cell line system, it is
equally possible that preadipocytes isolated from fat pads
have undergone the requisite cell divisions in vivo, and
are thus already competent to undergo terminal differ-
entiation.

This process of terminal differentiation occurs over
several days in cultured cell lines. A second, permanent
state of growth arrest occurs followed by the accumula-
tion of phenotypic markers of the mature adipocyte. The
earliest events include a morphological rounding up of
the fibroblast-like preadipocytes and the expression of
mRNAs including lipoprotein lipase and the transient
induction of the transcriptional components C/EBPb

and C/EBPd (MacDougald and Lane 1995; Darlington et
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al. 1998). These earliest events are followed by the ap-
pearance of PPARg and C/EBPa, which activate de novo
or enhanced expression of most or all of the genes that
characterize the adipocyte phenotype. These genes in-
clude (to name just a few) glycerophosphate dehydroge-
nase, fatty acid synthase, acetyl CoA carboxylase, malic
enzyme, Glut 4, the insulin receptor, and aP2 (the adi-
pocyte-selective fatty acid binding protein) (Spiegelman
et al. 1993). Throughout this process, lipid-laden droplets
begin to appear in the cytoplasm, and over time they
become quite large and often coalesce into one or a few
major droplets.

Transcriptional control of adipose differentiation

Functionally, cellular differentiation can be thought of
as a shift in gene expression patterns, such that tran-
scripts that determine the primitive, multipotent state
give way to those that define the final phenotype. Mor-
phological changes, such as alterations in cell shape and
the accumulation of lipid that accompany adipogenesis,
result from the actions of genes that are induced as the
cells differentiate. In this sense, changes in transcription
factor expression and activity define the process of dif-
ferentiation. Studies in preadipocytic and fibroblastic
cultured cell lines have yielded a wealth of data on the
transcriptional cascade that drives adipogenesis. More
recently, the models constructed from these observa-
tions have been tested in vivo using transgenic and
knockout mouse technology, with occasional surprising
results.

Three classes of transcription factor have been identi-
fied that directly influence fat cell development. These
include PPARg, C/EBPs, and the basic helix–loop–helix
family (ADD1/SREBP1c). The following sections will
discuss experimental results that have been obtained in
vitro and in vivo, and will attempt to build a compre-
hensive model of the transcriptional control of adipogen-
esis.

PPARg

PPARg is a member of the nuclear hormone receptor
superfamily, and, like many members of this class of
transcription factor, PPARg must heterodimerize with
another nuclear hormone receptor (the retinoid X recep-
tor, or RXR) to bind DNA and be transcriptionally active.
PPARg exists as two protein isoforms generated by al-
ternative promoter usage and alternative splicing.
PPARg2 is 30 amino acids longer at the amino terminus
than PPARg1, and is the dominant isoform found in fat
cells (Tontonoz et al. 1995). PPARg1 is present at lower
levels in adipose tissue and in a variety of other cell
types, including macrophages, type II pneumocytes, and
the epithelia of colon, bladder, breast, and prostate
(Mansen et al. 1996; Michael et al. 1997; Mueller et al.
1998; Sarraf et al. 1998; Tontonoz et al. 1998).

PPARg was cloned independently by several groups
with different goals in mind. While searching for homo-
logues to PPARa (then simply called PPAR), three groups
found two additional family members in Xenopus and

mice that were called PPARb (also called PPARd, NUC-
1, and FAAR) and PPARg (Dreyer et al. 1992; Zhu et al.
1993; Kliewer et al. 1994). These receptors were shown
to activate the acyl CoA oxidase promoter in response to
a variety of xenobiotic and hypolipidemic agents. In con-
trast, members of our own laboratory were looking for
transcription factors that promoted fat cell development.
Using the adipose cell-selective fatty acid binding pro-
tein aP2 as a model, a 58 flanking region was identified 5
kb upstream of the start of transcription. This enhancer
was shown to be sufficient to direct gene expression
from a minimal promoter specifically to fat cells in cul-
ture and in transgenic mice (Graves et al. 1992). Further
definition of this region revealed cis-acting elements
termed ARE6 and ARE7 that bound to a factor called
ARF6. Cloning of this factor identified it as a heterodi-
mer consisting of PPARg and its obligate partner, RXR
(Tontonoz et al. 1994a,b).

In addition to its role in inducing aP2 expression,
PPARg activates the promoters of many other fat-cell
specific genes. The expression of PEPCK in fat cells, for
example, requires PPARg binding (Tontonoz et al. 1995).
This is true in cultured adipocytes as well as in vivo,
where the analysis of transgenic mice has demonstrated
that activation of this promoter in fat is dependent on a
PPARg binding site, while expression in other tissues is
not (Devine et al. 1999).

Nuclear hormone receptor superfamily members are
ligand-activated transcription factors, and PPARg is no
exception. PPARg can be activated by synthetic com-
pounds called thiazolidinediones (TZDs), which are used
clinically as antidiabetic agents (Lehmann et al. 1995).
These compounds were developed as drug candidates to
treat hyperlipidemia and insulin resistance without
knowledge of their mechanism of action; only later was
their link to PPARg discovered. They bind to PPARg

with reasonably high affinity (KD = 50–700 nM), and the
rank order of their potency in reversing hyperglycemia in
vivo is generally well correlated with their binding affin-
ity for PPARg (Lehmann et al. 1995). As might be ex-
pected of a PPARg ligand, treatment of preadipocytes
with TZDs increases both the extent and the rate of adi-
pogenesis (Kletzien et al. 1992; Sandouk et al. 1993). This
occurs in vivo as well as in vitro, although it is not clear
if the adipogenic potential of these agents is related to
their antidiabetic actions.

Despite the utility of TZDs as investigative and thera-
peutic tools, no endogenous PPARg ligand has been dis-
covered with clear physiological relevance. The search
for such a compound has, in fact, identified some natural
ligands, including 15 deoxy-D12,14 prostaglandin J2, or
15dPGJ2 (Forman et al. 1995; Kliewer et al. 1995). This
eicosanoid is able to bind to and activate PPARg, and can
promote adipogenesis when added to cultured fibro-
blasts. Other natural fatty acids, including linoleic acid,
can bind PPARg as well (Forman et al. 1997; Kliewer et
al. 1997). However, it is important to note that all of
these natural ligands bind with affinities in the KD = 2–
50 µM range, well below the published affinities of most
other nuclear hormone receptors for their ligands. Addi-
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tionally, 15dPGJ2 has been shown to potently inhibit IkB
kinase (Castrillo et al. 2000; Rossi et al. 2000); this ac-
tivity accounts for many if not all of the anti-inflamma-
tory effects of this compound in murine macrophages
and cultured cell lines. This provokes concern that some
of the biological effects of this compound that have been
ascribed to PPARg activation may in fact be mediated
via other routes. Thus, the search for a natural, high
affinity PPARg ligand continues in a variety of academic
and commercial laboratories.

The first “gain-of-function” experiments that linked
PPARg to fat cell development utilized retrovirally-ex-
pressed PPARg in nonadipogenic, fibroblastic cells. Us-
ing the relatively nonspecific ligands available at the
time, activation of PPARg was shown to strongly induce
adipogenesis (Tontonoz et al. 1994c). These observations
have been made more robust through the use of high
affinity, selective PPARg agonists, such as TZDs (Kletz-
ien et al. 1992; Sandouk et al. 1993). The effect of PPARg

activation is seen on all aspects of the mature fat cell
phenotype, including morphological changes, lipid accu-
mulation, and the acquisition of insulin sensitivity.
PPARg is such a potent inducer of adipogenesis, in fact,
that it can promote the transdifferentiation of cultured
myoblasts to adipocytes, particularly when coexpressed
with C/EBPa (Hu et al. 1995). Finally, a role for PPARg

in adipogenesis in humans is suggested by the results of
ongoing clinical trials of PPARg agonists in liposarcoma,
a malignant tissue of adipose origin. These tumors ex-
hibit a strong differentiative response to these agents
(Tontonoz et al. 1997); whether this leads to improved
patient outcome is currently the subject of active inves-
tigation.

Several loss-of-function studies in adipogenesis have
now been performed. These argue convincingly that
PPARg is necessary as well as sufficient to promote fat
cell differentiation. The traditional approach to answer-
ing this question involves the production of a mouse
with homozygous targeted disruptions of the relevant
gene. Mice made nullizygous for PPARg do not survive
past embryonic day 10–10.5, however, because of a de-
fect in placental development (Barak et al. 1999; Kubota
et al. 1999). This occurs prior to the formation of iden-
tifiable fat cells in mice. Three separate labs circum-
vented this problem in different ways. One approach was
to create chimeric mice derived from both wild-type ES
cells and cells with a homozygous deletion of PPARg

(Rosen et al. 1999). This strategy allows one to measure
the contribution of PPARg null cells to adult tissues in
healthy animals. By showing exclusion of null cells from
WAT, but not several other tissues, PPARg was demon-
strated to be required for adipogenesis in vivo. PPARg is
also required for the differentiation of adipose cells from
ES cells (Rosen et al. 1999) or from embryonic fibroblasts
in vitro (Kubota et al. 1999). Another approach was to
create chimeric embryos using a combination of wild-
type tetraploid cells that allow rescue of the placental
defect and PPARg-null cells that are the sole contributor
to the embryo proper (Barak et al. 1999). Using this strat-
egy, one homozygous mutant mouse developed to term,

though it died shortly after birth. Nevertheless, it was
clear that this neonate lacked significant brown fat de-
pots. No conclusion was drawn regarding WAT, as this
tissue develops postnatally in mice, and this animal died
prior to the time it would have formed. Interestingly,
animals with only one PPARg allele exhibit resistance to
diet-induced obesity, although this results at least in part
from elevated serum leptin levels and decreased food in-
take in these mice (Kubota et al. 1999; Miles et al. 2000).

The results of these genetic studies have been comple-
mented by experiments using recently developed phar-
macological inhibitors of PPARg. These studies demon-
strate that PPARg antagonists can reduce adipogenesis
induced by the usual hormonal treatments or by agonist
ligands of PPARg (Oberfield et al. 1999; Wright et al.
2000). In addition, a dominant-negative allele of PPARg

has been developed that binds to ligand and DNA nor-
mally, but that fails to interact with several coactivator
proteins (see below) (Gurnell et al. 2000). The expression
of this allele in human preadipocytes blocks TZD-in-
duced differentiation.

Heterozygous mutations in PPARg have also been dis-
covered recently in a small number of patients with se-
vere insulin resistance (Barroso et al. 1999). The mutant
alleles in these patients have been shown to exhibit
dominant-negative activity when expressed in vitro as
well. Interestingly, these patients have normal fat con-
tent, indicating that the dosage of PPARg required for fat
cell formation in humans might be different from that
required for normal insulin sensitivity.

C/EBP family

The C/EBPs belong to the basic-leucine zipper class of
transcription factors. Six isoforms have been described,
all of which act as homo- and/or heterodimers formed
via a highly conserved bZIP domain (Lekstrom-Himes
and Xanthopoulos 1998). Their tissue distribution is not
restricted to fat cells, and a role for C/EBP proteins has
been demonstrated in the terminal differentiation of
granulocytes (Zhang et al. 1997) and hepatocytes (Wang
et al. 1995; Flodby et al. 1996), for example. C/EBPs also
play an important role in resistance to infection (Ya-
manaka et al. 1997) and the tissue response to injury
(Flodby et al. 1996) in addition to transactivating a wide
variety of target genes.

C/EBPs can be regulated at many levels, including
transcriptionally, as measured by mRNA levels in cells.
Indeed, cAMP, a well-known inducer of adipogenesis in
vitro and a component of most prodifferentiative regi-
mens, can enhance expression of both C/EBPa and
C/EBPb (Cao et al. 1991; Tang et al. 1999). In addition,
alternative translational start sites yield multiple iso-
forms of some of the C/EBPs, including C/EBPa and b.
For example, the 42-kD C/EBPa isoform is a stronger
transcriptional activator than the 30-kD isoform, and the
p42/p30 ratio increases during the course of adipogenesis
(Lin et al. 1993). Although experiments such as these do
not prove that translation is a regulated step in fat cell
formation, they at least open that possibility. Similarly,
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the amount of the 20-kD inhibitory isoform of C/EBPb

decreases during adipogenesis relative to the 32-kD ac-
tive isoform (Bachmeier and Loffler 1997). Post-transla-
tional regulation of C/EBPs, particularly changes in
phosphorylation, can modify the activity of C/EBP pro-
teins as well. Finally, the activity of C/EBPs can be
modulated by the presence of other family members;
C/EBPz (also known as CHOP or Gadd 153), for example,
can not bind DNA by itself but does dimerize with other
C/EBPs, thus acting as a natural dominant-negative in-
hibitor of C/EBP activity (Ron and Habener 1992).

Regulated expression is seen for several C/EBP family
members during adipogenesis, and recent gain- and loss-
of-function studies indicate that these proteins have a
profound impact on fat cell development. In cultured
preadipocytic cell lines that have been induced to differ-
entiate, C/EBPb and d mRNA and protein levels rise
early and transiently (Cao et al. 1991; Yeh et al. 1995).
C/EBPa, on the other hand, is induced later in the dif-
ferentiation process, slightly preceding the induction of
most of the end-product genes of fat cells. The inhibitory
C/EBPz, on the other hand, is suppressed during the in-
duction of differentiation, but returns when differentia-
tion has progressed almost to completion (Darlington et
al. 1998). This isoform may therefore act as a brake on
the adipogenic program after important events have been
initiated.

The proadipogenic role of C/EBPb and d was originally
made clear in gain-of-function experiments in vitro. Ec-
topic expression of C/EBPb is sufficient to induce the
differentiation of 3T3-L1 cells without the addition of
hormonal inducers; similar experiments with C/EBPd

reveal that prodifferentiative agents are still required,
but adipogenesis is accelerated (Yeh et al. 1995). C/EBPb

may also be able to determine cells to the adipocytic
lineage as well as promote their differentiation; ectopic
expression of C/EBPb (but not d) in NIH-3T3 fibroblasts
is permissive for adipogenesis in the presence of hor-
monal inducers (Wu et al. 1995). Embryonic fibroblasts
lacking either C/EBPb or d showed slight reductions in
adipogenic potential, but cells lacking both C/EBPb and
d were severely impeded from developing into adipocytes
(Tanaka et al. 1997). In vivo results from mice lacking
these factors are more ambiguous, although they still
generally support a role in fat cell development. Mice
lacking either C/EBPb or d have normal WAT, although
their BAT shows reductions in lipid accumulation and
UCP-1 expression. Mice that lack both C/EBPb and d,
however, have a more dramatic phenotype. Approxi-
mately 85% of these animals die in the perinatal period
of unknown causes; the remaining 15% that survive
have sharply reduced BAT and smaller decreases in WAT
(Tanaka et al. 1997). Interestingly, the reduction in BAT
appears to be a result of reduced lipid accumulation,
whereas the reduction in WAT is reported to involve
hypoplasia, with normal size, morphology, and gene ex-
pression profiles in those white adipocytes that do develop.

The involvement of C/EBPa in adipogenesis is also
strongly supported by in vitro data. Overexpression of
C/EBPa in 3T3-L1 preadipocytes induces their differen-

tiation into mature fat cells (Freytag et al. 1994; Lin and
Lane 1994), and the expression of C/EBPa antisense
RNA in these cells blocks this process (Lin and Lane
1992). Animals that carry a homozygous deletion of the
C/EBPa gene have dramatically reduced fat accumula-
tion in WAT and BAT pads (Wang et al. 1995). However,
since these mice succumb to hypoglycemia within the
first week of life as a result of a failure to activate glu-
coneogenesis in the liver, their reduced adiposity needs
to be considered in light of their severe metabolic de-
rangement. Indeed, the reduction in adiposity appears to
be primarily a result of depressed lipogenesis, as markers
of fat cell differentiation are still expressed in the fat
pads of these animals.

ADD1/SREBP1c

Adipocyte determination and differentiation factor 1
(ADD1) is a member of the basic helix-loop–helix
(bHLH) family of transcription factors. This family has
been implicated in tissue-specific gene regulation, par-
ticularly in muscle, which shares a mesodermal origin
with fat. ADD1 was isolated from a rat adipocyte cDNA
expression library based on its ability to bind to an E-box
motif (CANNTG), the DNA recognition site for bHLH
proteins (Tontonoz et al. 1993). It is most highly ex-
pressed in brown fat, followed by liver, white fat, and
kidney. This same transcription factor was indepen-
dently purified and cloned based on its ability to bind to
a sterol regulatory element, and named SREBP-1 (for ste-
rol regulatory element binding protein-1) (Yokoyama et
al. 1993). ADD1 corresponds at the amino terminus to
the human SREBP-1c isoform, which predominates in
animal tissues (Shimomura et al. 1997). The dual binding
specificity of ADD1/SREBP1c to both E boxes and SREs
is conferred by a critical tyrosine residue in the DNA
binding region of the protein, which replaces the canoni-
cal arginine found in other bHLH family members (Kim
et al. 1995). In liver cells, a mechanism has been de-
scribed in which SREBPs embedded in the endoplasmic
reticulum are cleaved in response to cholesterol deple-
tion, and the amino-terminal fragments containing the
DNA-binding domain are translocated to the nucleus
(Brown and Goldstein 1997). It is currently unknown if
this mechanism is recapitulated in the adipogenic and/
or lipogenic program in fat cells.

A role for ADD1/SREBP1c in adipogenesis was sug-
gested by the observation that the expression of mRNA
encoding this factor is induced dramatically as cultured
preadipocytic cell lines are stimulated to undergo differ-
entiation (Kim and Spiegelman 1996). In fact, the ex-
pression profile is similar to that for PPARg. Overexpres-
sion of ADD1/SREBP1c in 3T3-L1 cells in the presence
of hormonal inducers of differentiation results in el-
evated adipocyte marker expression and lipid accumula-
tion as compared to control cells. On the other hand,
ectopic expression of ADD1/SREBP1c in undetermined
fibroblasts results in some adipose conversion, but only
under conditions strongly permissive for adipogenesis.
Interestingly, expression of a dominant-negative ADD1/
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SREBP1c (a non-DNA-binding mutant targeted to the
nucleus) completely abolishes the ability of preadipo-
cytes to undergo differentiation. These results suggest
that, in vitro at least, ADD1/SREBP1c activity is re-
quired for adipogenesis, but unlike PPARg, is not
strongly adipogenic on its own.

The mechanism by which ADD1/SREBP1c exercises
its adipogenic function remains unknown, but several
insights have been made that point to a relationship with
PPARg. Coexpression of ADD1/SREBP1c with PPARg

in a PPARg reporter system resulted in greater transcrip-
tional activity, whereas ADD1/SREBP1c alone had little
effect (Kim and Spiegelman 1996). One interpretation of
this result is that ADD1/SREBP1c is responsible for gen-
erating some factor that enhances PPARg activity. This
notion was corroborated by the finding that the block in
adipocyte differentiation mediated by dominant-nega-
tive ADD1/SREBP1c could be completely overcome by
the addition of a TZD ligand for PPARg (Kim et al.
1998b). Further support came from the observation that
conditioned media from fibroblasts transfected with
ADD1/SREBP1c contained a factor that could both bind
to and activate a GAL4–PPARg ligand binding domain
fusion protein. Taken together, these results suggest that
ADD1/SREBP1c is involved in the production of an en-
dogenous PPARg ligand. More recently, it has been pro-
posed that PPARg itself is a direct target gene of ADD1/
SREBP1c (Fajas et al. 1999), providing alternative but not
mutually exclusive mechanisms by which ADD1/
SREBP1c and PPARg could cooperate to enhance adipo-
genesis.

Experiments in which ADD1/SREBP1c levels have
been manipulated in the fat tissue of mice have been less
clear in elucidating a role for this transcription factor in
adipogenesis. Overexpression of a constitutively active
ADD1/SREBP1c from the adipose-specific aP2 promoter
would be expected to promote fat cell development, but
instead resulted in the opposite phenotype: lipodystro-
phy (Shimomura et al. 1998). White fat depots in these
mice were undersized, containing poorly differentiated
adipocytes. Brown fat depots were enlarged, but more
closely resembled white fat, with greater lipid accumu-
lation. The mice were also diabetic and had fatty livers,
phenotypes present in humans with lipodystrophy as
well. Interestingly, this metabolic dysregulation was cor-
rectable with leptin infusion (Shimomura et al. 1999b).
Clearly, lipodystrophy is an unexpected phenotype based
on the in vivo cell culture results discussed above. How-
ever, the aP2 promoter generally produces very high
transgene expression; indeed, aP2 accounts for several
percent of total adipocyte protein. Furthermore, these
experiments used a truncated, constitutively active form
of ADD1/SREBP1c. Therefore the effects seen may have
less to do with the normal program of differentiation but
may reflect a dysregulated adipogenic program due to
aberrantly high levels of ADD1/SREBP1c expression,
perhaps causing non-specific promoter interactions. Ef-
fects on adipose tissue from a much lower level of
ADD1/SREBP1c expression driven by the PEPCK pro-
moter are apparently undetectable (Shimano et al.

1997a). On the other hand, in mice where both copies of
the ADD1/SREBP1 gene have been disrupted, there is
little effect on either the adipose tissue mass or gene
expression, although most mice die in utero (Shimano et
al. 1997b).

In contrast to the uncertainty concerning effects on
adipogenesis, ADD1/SREBP1c clearly stimulates the ex-
pression of many of the genes necessary for lipogenesis
in vivo. These genes include lipoprotein lipase, fatty acid
synthase, and glycerol phosphate acyltransferase (Kim
and Spiegelman 1996; Ericsson et al. 1997). The expres-
sion of ADD1/SREBP1c in fat is stimulated by refeeding
after a fast, when lipogenesis is promoted (Kim et al.
1998a). This lipogenic response to feeding is blunted in
ADD1/SREBP1c knockout mice (Shimano et al. 1999).
The effect of refeeding is likely mediated by insulin,
which strongly regulates ADD1/SREBP1c expression in
fat and liver (Kim et al. 1998a; Foretz et al. 1999; Shimo-
mura et al. 1999a).

A transcriptional network

Cumulative consideration of the experiments just de-
scribed has led to a model for a transcriptional network
in adipogenesis involving the sequential activation of
C/EBPs and PPARg (see Fig. 1). In this model, one major
function of C/EBPb and d is to induce the expression of
PPARg. As stated earlier, the endogenous expression of
C/EBPb and d precedes that of PPARg, and ectopic ex-
pression of the former leads to induction of the latter
(Wu et al. 1996). This induction is likely to be a direct
transcriptional effect through C/EBP binding sites in the
PPARg promoter (Zhu et al. 1995; Fajas et al. 1997).
PPARg, in the current model, is then responsible for in-
ducing C/EBPa. Evidence for this arm of the cascade
comes first from the temporal sequence of PPARg and
C/EBPa expression during adipogenesis, as well as from
gain-of-function experiments in which ectopic expres-
sion of PPARg or the application of specific PPARg li-
gands induces C/EBPa mRNA. Genetic proof of this re-
lationship was obtained from experiments in which cells
(embryonic fibroblasts or embryonic stem cells) that are
homozygous null for PPARg were exposed to a prodiffer-
entiative regimen. These cells do not become adipocytes
and they express C/EBPa very poorly despite normal lev-
els of C/EBPb and d (Kubota et al. 1999; Rosen et al.
1999). Interestingly, fibroblasts made from C/EBPa−/−

embryos have reduced levels of PPARg and do not form
fat readily when exposed to hormonal inducing agents in
culture (Wu et al. 1999b). When C/EBPa is added back to
these cells with a retroviral vector, the expression of
PPARg (and the ability to differentiate) is restored. This
reveals a positive feedback loop within the cascade, in
which there is mutually reinforcing expression of PPARg

and C/EBPa; this feature ensures that, once initiated, the
cascade will maintain the expression of these critical
factors and, therefore, the terminally differentiated state.

There must be other important branches of this tran-
scriptional network, however, to account for all of the
available data. WAT and BAT of C/EBPb and d double
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knockout mice express normal levels of PPARg and
C/EBPa, implying that there must be a C/EBPb- and
d-independent mechanism for inducing PPARg (Tanaka
et al. 1997). As described earlier, this may involve
ADD1/SREBP1c, which can induce PPARg gene expres-
sion as well as PPARg activation via the production of an
endogenous ligand. Additionally, the clear defects in ei-
ther lipid accumulation (in BAT, see above) or in fat cell
hyperplasia (in WAT, see above) in these mice indicates
that C/EBPb and d must play a role in other aspects of
terminal adipocyte differentiation besides the mere in-
duction of PPARg. This conclusion is consistent with
data from liposarcoma cells that express a fusion protein
that includes a dominant negative form of C/EBP called
TLS-CHOP. These cells are deficient in adipogenesis de-
spite a normal complement of PPARg (Tontonoz et al.
1997).

There is also some uncertainty about whether the ac-
tions of C/EBPs and PPARg represent parallel, reinforc-
ing pathways of adipogenesis, or whether there is really
one factor that drives adipogenesis, with the other fac-
tors serving primarily to “fine-tune” the process. It is
already known that PPARg can stimulate most, but not
all, aspects of adipogenesis in C/EBPa-deficient cells
(Wu et al. 1999b). Fat cells lacking C/EBPa accumulate
lipid and express most adipogenic markers, but they
have poor insulin sensitivity. This is a result of dimin-
ished levels of insulin receptor and one of its primary
substrates (IRS-1), as well as an uncharacterized
postreceptor defect in insulin signaling. The converse
experiments have not yet been performed but it will be
interesting to know whether cells lacking PPARg can be
induced to differentiate into fat via expression of one or
more of the C/EBP isoforms. Additionally, it is also clear

that PPARg and C/EBPa can act synergistically to acti-
vate differentiation-linked gene expression (El-Jack et al.
1999). The molecular basis for this synergy is not known,
but it is worth noting that many fat cell genes have bind-
ing sites for both C/EBP proteins and PPARg/RXR, in-
cluding PEPCK (Park et al. 1990; Tontonoz et al. 1995)
and aP2 (Christy et al. 1989; Tontonoz et al. 1994b), per-
haps suggesting an interaction with a common transcrip-
tional mediator. Another possibility to explain this synergy
would be the involvement of C/EBP proteins in inducing
the expression of enzymes that produce PPARg ligands,
although there is no direct evidence for this scenario.

Although no transcription factors have been identified
that are expressed specifically in brown fat cells, PPARg

and C/EBPa are induced during brown adipogenesis in a
similar fashion to white cell differentiation. As already
mentioned, brown fat development was retarded in a
PPARg knockout mouse that was generated through tet-
raploid rescue of placental insufficiency (Barak et al.
1999). In addition, activation of PPARg by TZD ligands
in brown adipocyte cell lines such as HIB1 and HB2 re-
sults in robust differentiation, and the administration of
TZDs to rodents induces the accumulation of inter-
scapular BAT (Tai et al. 1996). A role for C/EBP proteins
in BAT adipogenesis is also evident, as mice lacking
C/EBPa or both C/EBPb and d have reduced lipid accu-
mulation in this cell type and decreased UCP-1 (Wang et
al. 1995; Tanaka et al. 1997). PPARa is also expressed at
relatively high levels in BAT, although there are no data
to support a role in lineage development for this protein.
PPARa is known to be important for the b-oxidation of
fatty acids in tissues other than BAT (Dreyer et al. 1992),
and as this process is very important in brown fat, it is
likely that PPARa plays this role here as well.

Figure 1. The transcriptional control of
adipogenesis involves the activation of
several families of transcription factors.
These proteins are expressed in a network
in which C/EBPb and C/EBPd are de-
tected first, followed by PPARg, which in
turn activates C/EBPa. C/EBPa exerts
positive feedback on PPARg to maintain
the differentiated state. ADD1/SREBP1
can activate PPARg by inducing its ex-
pression as well as by promoting the pro-
duction of an endogenous PPARg ligand.
All of these factors contribute to the ex-
pression of genes that characterize the ter-
minally differentiated phenotype. See text
for further details.
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Other transcription factors

There have been reports of several other transcription
factors that are temporally and/or functionally linked to
adipogenesis. Although none of these have been shown
to affect fat cell development as profoundly as PPARg

and the C/EBPs, it is quite possible that some of these
will be found to act as important modulators of certain
aspects of fat cell development and function.

PPARd is expressed rather ubiquitously in vivo (Brais-
sant et al. 1996). Some reports suggest that PPARd can
promote adipogenesis when expressed ectopically in cer-
tain fibroblastic cells (Amri et al. 1995). However, these
studies utilized only nonselective PPAR activators, so
that activation of PPARg confounds the interpretation of
these experiments. In other studies, activating ectopi-
cally expressed PPARd with a variety of ligands did not
promote adipogenesis. One study made use of a PPARd

selective agonist in 3T3-L1 cells, which express endog-
enous PPARd, and found no induction of fat cell forma-
tion (Berger et al. 1999). Although the precise biological
function of PPARd remains to be determined, a major
role in adipogenesis seems very unlikely.

Other transcription factors regulated during adipogen-
esis include the orphan nuclear receptors RORg (Austin
et al. 1998) and ERRa (Sladek et al. 1997), as well as
various STAT proteins (Stephens et al. 1999; Stewart et
al. 1999). NFAT (nuclear factor of activated T cells) is
present in cultured adipocytes and can bind and activate
the aP2 promoter (Ho et al. 1998). Certain high-mobility-
group (HMG) proteins, which are important in chroma-
tin modeling and transcriptional regulation, have also
been shown to be components of fusion proteins that
cause benign tumors of fat tissue called lipomas (Ashar
et al. 1995), and mice nullizygous for certain HMGI iso-
forms are resistant to obesity (Anand and Chada 2000).
Finally, the cyclic AMP response element binding pro-
tein (CREB) has been shown recently to be both neces-
sary and sufficient for adipogenesis in vitro (Reusch et al.
2000). This may partially explain the requirement for
cAMP in the prodifferentiative cocktail used to promote
adipogenesis in 3T3-L1 cells. The functional significance
of most of these proteins in inducing or maintaining the
terminally differentiated phenotype in vivo has not yet
been extensively explored.

Coactivators of transcriptional regulation by PPARg

and C/EBPs

In order for transcription factors to activate gene expres-
sion, they must open up tightly wound chromatin struc-
tures and recruit elements of the basal transcription ap-
paratus. This set of activities is executed by a group of
proteins called coactivators, the study of which has sim-
ply exploded in the last five years (Freedman 1999; Glass
and Rosenfeld 2000). The interaction of multiple coacti-
vators with transcription factors in different temporal
and spatial contexts provides another possible level of
regulation to gene expression. Nuclear hormone recep-
tors such as PPARg, for example, can interact with co-

activators like the p160 family, CBP/p300, and others.
These proteins bind to the carboxy-terminal transcrip-
tional activation function-2 (AF-2) domain of nuclear
hormone receptors in the presence of ligand binding. The
sites within coactivators that mediate this binding are
usually characterized by a hydrophobic stretch of amino
acids containing an LXXLL motif. Although no one tran-
scriptional coactivator has been shown to be absolutely
specific for any member of the nuclear receptor family,
functional specificity could be achieved by cell-type se-
lective expression or by regulation of receptor-coactiva-
tor interactions by diverse signaling pathways.

Two dominant classes of coactivator complex have
been reported to be recruited to nuclear hormone recep-
tors: the p160/CBP/p300 complex and the DRIP/TRAP
complex. The first type is represented by SRC-1/NCoA1,
TIF2/GRIP1/NCoA2, and pCIP/ACTR/AIB1 (Leo and
Chen 2000). In addition to binding the AF-2 domain of
PPARg, these proteins also interact with CBP/p300 (Yao
et al. 1996). CBP/p300 can also interact directly with
PPARg, thus providing potential stability to the complex
through multiple contact points (Gelman et al. 1999).
The p160 proteins and CBP/p300 both possess intrinsic
histone acetyltransferase (HAT) activity, which is nec-
essary to open the chromatin structure to allow full ac-
tivation of transcription. Despite a wealth of experi-
ments demonstrating a requirement for coactivator bind-
ing for maximal PPARg activity in vitro, data linking
these coactivators to adipogenesis in vivo have so far
proved difficult to come by. Mice lacking SRC-1, for ex-
ample, have apparently normal fat development, sug-
gesting functional redundancy within the p160 family
(Xu et al. 1998). Mice lacking CBP or p300 die in utero
before the appearance of fat (Yao et al. 1998). Other strat-
egies will be required to determine the specific role in fat
development for coactivators such as CBP/p300 whose
presence is necessary for embryonic viability, such as
tissue-specific tissue knockouts or chimeric analysis.

The second class of coactivators that interact with
nuclear receptors in a ligand dependent manner is the
DRIP/TRAP/ARC complex (Fondell et al. 1996; Naar et
al. 1999; Rachez et al. 1999). One of the critical compo-
nents of this complex for transcriptional activation is
DRIP205/TRAP220. Interestingly, DRIP205/TRAP220
shares identity with PBP (PPARg binding protein),
cloned using a yeast two-hybrid screen with PPARg as
bait (Zhu et al. 1997). Interestingly, the PBP null muta-
tion is embryonic lethal because of defects in placental
development that are reminiscent of the pathology seen
in PPARg null embryos (Zhu et al. 2000). However, since
PPARg transcriptional activity is only modestly affected
in cells lacking PBP, the requirement for this factor in
PPARg-mediated adipogenesis remains to be deter-
mined.

Two coactivators of PPARg that are not ligand depen-
dent, but which show considerable biological selectivity,
are PPARg coactivator-1 and -2 (PGC-1,-2). PGC-1 was
cloned from brown fat in a yeast two-hybrid screen using
PPARg as a bait (Puigserver et al. 1998b). PGC-1 is de-
void of homology to other known coactivators, except
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for a typical LXXLL domain. Interestingly, the carboxyl
terminus of this protein contains motifs linked previ-
ously to RNA processing, suggesting that PGC-1 could
provide a link between transcriptional activation and
splicing. Although it does not appear that PGC-1 has
endogenous HAT activity, it does interact through its
amino terminus with p160/CBP/p300, proteins that do
possess such activity (Puigserver et al. 1999). One of the
most interesting aspects of PGC-1 is its tissue distribu-
tion, in that it is expressed in brown but not white fat. Its
expression can be induced dramatically in brown fat and
skeletal muscle in response to cold exposure or changes
in nutritional status, and when expressed ectopically in
white fat cells in vitro, PGC-1 induces genes that are
associated with the brown fat phenotype, including
UCP-1 and components of the electron transport chain.
It also induces mitochondrial biogenesis, likely through
the coactivation of a non-nuclear hormone receptor tran-
scription factor, nuclear respiratory factor-1 (NRF-1) (Wu
et al. 1999a). Studies on transgenic mice expressing
PGC-1 in white fat and mice with targeted PGC-1 dele-
tions are currently ongoing.

Domain swap experiments between PPARg and
PPARd show that a significant fraction of the adipogenic
action of PPARg resides in the amino-terminal AF-1 do-
main (Brun et al. 1996). Using this amino-terminal re-
gion as bait in a two-hybrid screen utilizing a white fat
library led to the discovery of PGC-2 (Castillo et al.
1999). PGC-2 is a small 26-kD protein that does not
share homology with PGC-1 or other coactivators. Ecto-
pic expression of PGC-2 in preadipocytes, however,
causes a dramatic increase in fat cell differentiation at
both the morphological and molecular levels. PGC-2 it-
self does not have domains suggestive of intrinsic HAT
activity; this may suggest that it can help recruit other
HAT-containing coactivators to PPARg in a manner
analagous to PGC-1.

Little is known about coactivator complexes interact-
ing with C/EBP family members. Two types of coacti-
vators have been reported to interact with C/EBPb. One
is the chromatin remodeling SWI/SNF complex that is
recruited in myeloid cells to activate certain target genes
(Kowenz-Leutz and Leutz 1999). The second type is the
CBP/p300 coactivator (Mink et al. 1997). Because it is
also a potent activator of PPARg, it is possible that CBP/
p300 is important in the synergistic effects seen between
C/EBP proteins and PPARg.

Unresolved issues and future prospects

Years of intensive study have definitively identified sev-
eral key molecules that regulate the process of adipogen-
esis, and a reasonable working model of the network of
interactions between these factors is in place. Despite
these advances, it is likely that the cast of characters
involved in inducing and maintaining the differentiated
fat cell phenotype will grow, and further levels of regu-
lation will be uncovered.

There are important questions surrounding, for ex-
ample, the differentiation of white vs. brown fat. It is

currently unknown whether BAT and WAT derive from
the same preadipocytic precursors or whether they arise
independently from undetermined mesenchymal stem
cells that also retain myogenic and/or chondrogenic po-
tential. Available data do not address this issue, although
the former model seems most likely given the similarity
in the transcriptional cascade that is operational both in
BAT and WAT (Fig. 2). Additionally, observations indi-
cating that UCP-1 content can be increased by stimula-
tion with b-adrenergic agonists (Bouillaud et al. 1984)
raise the issue of whether BAT can be formed by trans-
differentiation of mature WAT. This question awaits
studies utilizing the conditional expression of potential
BAT-promoting factors, such as PGC-1, in mature white
fat.

Other important questions center on the identification
of transcription factors that regulate the development of
early mesenchymal precursors, prior to determination to
the adipocytic lineage. Very little is known about these
pathways presently, although the introduction of tran-
scriptional profiling microarrays and stem cell technol-
ogy promises to provide insights in this area.

Finally, there is an enormous body of literature de-
scribing extracellular factors and intracellular signal
transduction pathways that influence the adipogenic po-
tential of cells in vitro and in vivo. These include the
identification of hormones that induce adipogenesis,
such as insulin-like growth factor-1 (IGF-1), insulin,
growth hormone, glucocorticoids, and thyroid hormone,
as well as intracellular pathways involving cAMP and
p38 MAP kinase (Mandrup and Lane 1997; Engelman et
al. 1998, 1999; Gregoire et al. 1998). There is an equally
impressive body of studies that identify agents that in-
hibit fat cell formation, including cytokines such as IL-1
and TNF-a, cell surface proteins such as the preadipo-
cyte-specific protein Pref-1, and intracellular pathways
involving MAP kinases such as Erk1, Erk2, and JNK
(Gregoire et al. 1998). The link between these varied fac-
tors and the transcriptional components that regulate
adipogenesis remains tenuous at best, although some re-
lationships have become more clear recently. For ex-
ample, the well-documented inhibition of adipogenesis
by MAP kinases can be at least partially explained by the
phosphorylation of specific residues of PPARg (Hu et al.
1996; Adams et al. 1997b; Camp and Tafuri 1997; Font de
Mora et al. 1997; Camp et al. 1999) and RXR (Solomon et
al. 1999), which inhibits their activity. Further investi-
gation will be necessary to unite the myriad observations
on hormonal influences on adipogenesis with signal
transduction pathways and ultimately with changes in
transcriptional activity.

Despite these and other uncertainties, it has become
possible to contemplate manipulating the process of adi-
pogenesis in vivo. One could imagine reducing adipose
cell mass with, for example, a PPARg antagonist or an-
tisense oligonucleotides to one or several C/EBP iso-
forms. Assuming this is possible, it remains to be ascer-
tained whether this would yield medical benefits. Since
obesity represents an excessive accumulation of adipose
tissue, a genetic or pharmacological reduction in adipose
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cells might seem an attractive approach to this disorder.
However, it must be remembered that obesity is funda-
mentally a disorder of energy balance, where energy in-
take exceeds energy expenditure. Any attempt to ma-
nipulate adipogenesis without addressing the dysregu-
lated energy balance of the organism would simply
require that excess calories be deposited elsewhere, with
potentially deleterious effects. In fact, this is exactly
what is seen in transgenic mice that do not make fat,
such as the ADD1/SREBP1c overexpression model de-
scribed earlier (Shimomura et al. 1998). This has also
been seen in mice expressing a dominant negative
C/EBP allele (Moitra et al. 1998). The consequences of
this forced leanness are hepatomegaly (because the liver
takes up and stores fatty acids if circulating levels be-
come elevated), hyperlipidemia, and diabetes; this mim-
ics the situation in human lipoatrophic diabetes. Hence,
there is no evidence to date that direct reduction of adi-
pogenesis has any beneficial effects. In fact, it has already
been pointed out that TZDs, which are synthetic activa-
tors of PPARg and potent stimulators of adipogenesis,
are used clinically to reduce hyperglycemia in type 2
diabetic patients. On the other hand, it is possible that

increasing brown fat adipogenesis could be metaboli-
cally useful. Pharmacologic strategies to increase the
amount or activity of PGC-1 could be useful, if this can
be done without deleterious effects. Of course, the like-
lihood of success depends upon a better understanding of
the function of PGC-1 in non-thermogenic tissues such
as the heart and brain.

The next few years bring the promise of more com-
plete knowledge of the basic processes underpinning the
differentiation of adipocytes and development in general.
This promise continues to fuel excitement in this area of
research, and bouys the hope that future discoveries may
one day yield therapeutic benefits.
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Figure 2. White and brown adipocytes derive from fibroblastic precursor cells via the concerted action of extracellular signals and
intrinsic transcription factors and coactivators. Questions surround several issues in brown fat development, including the identity of
specific factors that promote brown fat adipogenesis, and whether brown fat and white fat share common precursor cells or derive
separately from stem cells via brown- and white-specific preadipocytes (broken line). It is also unclear if brown and white fat cells can
be transdifferentiated to one another. See text for further details.
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