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Abstract. Members of the signal transducer and activa- adipocyte differentiation leading to the hypothesis that
the STAT pathway may function in adipogenesis. Thetor of transcription (STAT) family and the mitogen-acti-

vated protein kinase (MAPK) cascade play a major role role of the p42/p44 MAPK pathway in adipocyte differ-
entiation has recently been the subject of contradictoryin the regulation of cell growth and differentiation. This

review concentrates on the role played by these path- reports. Several molecular mechanisms are proposed to
explain the opposing effects of MAPK activation in theways in the development of adipose cells. STATs are

activated by both positive and negative modulators of programme of adipose cell differentiation.

Key words. STAT; MAP kinase; adipocyte.

Introduction

Adipose cell differentiation is a multistep process char-
acterised by a temporally defined sequence of events
during which adipoblasts divide until confluence.
Adipoblasts are fibroblast-like cells, and no specific
genetic markers corresponding exclusively to this cell
type have been identified. However, growth arrest leads
to the emergence of early markers of differentiation,
such as lipoprotein lipase and the a chain 2 of type VI
collagen, and to the formation of preadipose cells that
have not yet accumulated lipids. Upon hormonal addi-
tion, preadipose cells undergo terminal differentiation
leading to the emergence of a large set of proteins
involved in lipid accumulation and mobilisation. Key
events of terminal differentiation have recently been
identified by the characterisation of transcriptional fac-

tors playing a regulatory role in the differentiation
process. The best-characterised factors identified as im-
portant in the development of mature adipocytes are
members of the CCAAT/enhancer-binding protein (C/
EBP) and peroxisome proliferative-activated receptor
(PPAR) families. C/EBPs are nuclear proteins which
have both leucine zipper and basic and acidic functional
domains, whereas PPARs belong to the nuclear hor-
mone receptor superfamily. Although both C/EBPs and
PPARs are expressed by a range of cell types, PPARg is
highly expressed in adipocytes. Indeed, activation of
PPARg in preadipocytes has been shown to trigger the
terminal differentiation process [1]. Generation by ho-
mologous recombination of C/EBPa-negative mice [2]
or C/EBPb/d-negative mice [3] has established an es-
sential role for these factors in the acquisition of
adipocytes both in vitro and in vivo. It is now clear that
these transcriptional factors play an overlapping role in
the adipocyte differentiation process and the upregula-* Corresponding author.
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tion of C/EBPb expression and C/EBPd expression is to
date the earliest known event occurring in preadipose
cells as they traverse the differentiation process.
External inducers are required for the induction of
terminal differentiation of preadipocytes into
adipocytes, although the responsiveness of preadipose
cells to external signals may vary according to the
culture conditions tested and differences in the stage of
development at which clonal lines have been established
[4]. Glucocorticoid, insulin-like growth factor-1 growth
hormone (GH), insulin, long-chain fatty acids, arachi-
donic acid and some of its metabolites, such as the
prostacyclin PGI2, are inducers of differentiation. Mi-
togens and growth factors that stimulate preadipose cell
growth, such as epidermal growth factor (EGF) and
platelet-derived growth factor (PDGF), serve to inhibit
adipocyte differentiation. An increasing body of evi-
dence suggests that adipose tissue is an endocrine organ
and that some factors secreted by the preadipocyte or
the adipocyte may be involved in an autocrine/
paracrine loop playing a role in the development of
adipose cells [5].
Intracellular cAMP-elevating agents, such as prostacy-
clin via binding to its cell surface receptor (IP receptor),
and activators of PPARs, such as fatty acids, promote
the initiation of adipocyte differentiation [6–8]. The
idea that signal transducer and activator of transcrip-
tion STAT and mitogen-activated protein kinase
(MAPK) signalling pathways could be involved in the
regulation of adipocyte differentiation emerged recently
following the observation that adipogenic and anti-
adipogenic factors are potent activators of these two
pathways.

STATs and adipocyte differentiation

STATs are a family of seven members (STAT1, 2, 3, 4,
5a, 5b and 6). STATs have been identified through the
study of interferon induction of transcription. It is now
clear that a wide variety of growth factors, hormones
and cytokines activate the STAT pathway through a
related family of cytokine receptors that activate mem-
bers of the Janus kinase (JAK) family. Cytokine/recep-
tor interactions promote JAK association, tyrosine
phosphorylation of receptors and downstream sig-
nalling components. STATs are transcription factors
located in the cytosol of unstimulated cells which, upon
tyrosine phosphorylation, dimerise and translocate to
the nucleus where they activate target gene transcrip-
tion. STATs themselves are activated by a wide range of
stimuli and their expression has been observed in all
adult tissues tested and during embryogenesis in both
mice and Drosophila [9]. STATs (STATs 1, 3 and 5) are
expressed during differentiation of 3T3-L1 preadi-

pocytes and in rat epididymal fat pad. The set of
STATs activated in adipose cells differs from those
activated in other cell types leading to the hypothesis
that the STAT pathway may play a function in
adipocytes [10, 11].
STATs can be activated by factors inducing opposite
effects in adipocytes. Leptin is an adipocytokine in-
volved in body weight homeostasis [12] which acts
through the long form of the leptin receptor (OB-Rb)
present in the hypothalamus and in certain peripheral
organs including adipose tissue. Activation of OB-Rb in
adipocytes induces an increase in the rate of lipolysis
and it was proposed that this effect could be mediated
via activation of STAT1 [13]. The subgroup of STATs
activated by leptin seems to depend on the cellular
context, as it was previously shown that only STAT3 is
activated by leptin in the hypothalamus. In addition to
activation of the STAT pathway, leptin can activate the
p42/p44 MAPK pathway in transfected cells [14]. The
entire complement of signalling pathways modulated by
leptin in adipocytes is not fully known and the require-
ment of STAT1 for transducing the leptin signal in
adipocytes has not yet been demonstrated.
Tumor necrosis factor (TNF)-a is a negative modulator
of adipocyte differentiation. TNF-a has no effect on the
activation of the JAK-STAT pathway in adipocytes
[15]. However, the level of STAT1 protein is down
regulated by TNF-a in mature adipocytes leading to the
hypothesis that STAT1 may contribute to the effect of
TNF-a in adipose cells [16]. The role of STAT1 in
mediating TNF-a effects in adipose cells remains to be
addressed experimentally.
STATs are also activated by factors playing a positive
role in the development of the programme of adipocyte
differentiation. Activation of STAT1 and STAT3 is
induced by leukaemia inhibitory factor (LIF) in 3T3-L1
preadipose cells [11] and in 3T3-F442A and Ob1771
preadipose cells [J. Aubert and C. Dani, unpublished
data]. Activation of STAT3 by LIF is required for
self-renewal and maintenance of undifferentiated em-
bryonic stem cells [17], differentiation of neuroepithelial
precursors into astrocytes [18] and differentiation of
myeloid leukaemic M1 cells [19]. However, the physio-
logical consequences of STAT3 activation in preadipo-
cytes are not yet determined. Identification of genes
regulated by STATs in preadipose cells should be a first
step to address this question. We have observed that
LIF stimulates expression of the adipogenic transcrip-
tion factors C/EBPb and C/EBPd and promotes termi-
nal differentiation of Ob1771 preadipose cells in serum
free-conditions [J. Aubert, N. Belmonte and C. Dani
unpublished data]. The role of the STAT pathway
in LIF-induced adipocyte differentiation remains to
be analysed. GH promotes the differentiation of pre-
adipocytes into adipocytes both in vitro and in vivo
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[20–22]. The GH receptor belongs to the cytokine re-
ceptor superfamily and activates JAK2 tyrosine kinase
and consequently STAT proteins [23]. Activation of
JAK2 mediates GH effects in preadipose cells, as deple-
tion of JAK2 using anti-sense oligodeoxynucleotides
severely attenuates the ability of GH to promote
adipocyte differentiation of 3T3-F442A preadipose cells
[24]. Detailed studies have been performed in adipose
cells showing that GH is a potent inducer of STAT5
activation [10]. Interestingly, a functional role of
STAT5 in the inhibition of PPARa transcriptional ac-
tivity induced by GH in COS cells has been reported
[25]. This observation suggests that STAT and PPAR
signalling pathways may cross-talk in preadipose cells
and could be involved in the adipogenic effect of GH.
However, the GH receptor can also activate other sig-
nalling pathways in preadipose cells, such as the protein
kinase C (PKC) pathway [26] and the p42/p44 MAPK
pathways [27]. Activation of STAT, MAPK and PKC
pathways by GH depends on the cell type [28]. Cross-
talk between these pathways is likely to exist in
preadipose cells [29]. The role played by STAT and
MAPK pathways in regulating the adipogenic effect of
GH has recently been clarified. A serum-free medium
has been developed in which GH priming of cells is
required before terminal differentiation of 3T3-F442A
preadipocytes. In this system, activation of p42/p44
MAPKs is not essential for GH priming but is neces-
sary for terminal differentiation. In contrast, depletion
of STAT5a and STAT5b completely abolishes the abil-
ity of GH to promote adipocyte differentiation [24].
Previously, GH-receptor deficient mice or STAT5a- and
STAT5b-deficient mice were generated by homologous
recombination and fat deposition was reduced [30].
Together, these results point to a role for the STAT
pathway activated by GH in the development of
adipose cells.

The p42/p44 MAPK pathway and adipocyte
differentiation

MAPKs are a group of serine/threonine-specific protein
kinases which are activated by a wide spectrum of
extracellular stimuli. Activation of MAPK family mem-
bers is achieved through kinase cascades that serve to
connect cell surface receptors to specific transcription
factors and other regulatory proteins [31]. The activa-
tion of p42/p44 MAPK plays a crucial role in cell
growth and differentiation [32, 33]. Reports in the liter-
ature concerning the role of the MAPK pathways in
adipocyte differentiation have been contradictory. p38
MAPK, a stress-activated MAPK, was recently re-
ported to promote terminal differentiation of 3T3-L1
preadipose cells, in part through its effect on the activity

of the adipogenic transcriptional factor C/EBPb [34].
Equally, it has been suggested that p38 MAPK medi-
ates the lipolytic effect of b-adrenergic agonists in ma-
ture adipose cells [35]. Sale et al. [36] have shown that
depletion of p42/p44 MAPK using an anti-sense
oligonucleotide strategy blocked the ability of 3T3-L1
preadipocytes to undergo differentiation in response to
insulin. More recently, activation of p42/p44 MAPK
was reported as required for terminal differentiation of
3T3-F442A preadipose cells induced by the combina-
tion of EGF, triiodothyronine and insulin in serum-free
conditions [24]. In agreement with these results, we have
observed that addition of PD98059, a specific inhibitor
of the MAPK kinases MEK-1 and -2, inhibits LIF-in-
duced adipocyte differentiation in serum-free conditions
[unpublished data]. In contrast, Font de Mora et al. [37]
have reported that inhibition of p42/p44 MAPK activa-
tion by PD98059 has no inhibitory effect on differentia-
tion of 3T3-L1 preadipose cells in serum-supplemented
medium. Moreover, adipocyte differentiation is inhib-
ited in transfected 3T3-L1 cells constitutively expressing
active MAPK. Several mechanisms could be proposed
to explain these opposing effects of MAPK activation
on adipogenesis. It has been shown that p42/p44
MAPKs are only activated during the early stages of
adipocyte differentiation [34]. Therefore, the inhibitory
effect of constitutive p42/p44 MAPK activation upon
adipocyte differentiation could be stage dependent. Ac-
tivation of this pathway in the inappropriate stage
could render 3T3-L1 transfectants unable to undergo
terminal differentiation.
An alternative mechanism favouring either positive or
negative modulation of adipocyte differentiation by the
p42/p44 MAPK pathway is the extent and the duration
of p42/p44 MAPK activation. In CCL39 fibroblasts, the
mitogenic activity of growth factors is only associated
with a prolonged stimulation of MAPKs [38]. In PC12,
EGF triggered cell proliferation or differentiation de-
pending on the duration and extent of p42/p44 MAPK
activation [39, 40]. Therefore, it is possible that consti-
tutive activation of the MAPK pathway in 3T3-L1
transfectants promotes cell overproliferation, which is
known to antagonise adipocyte differentiation [41]. In-
terestingly, the phosphorylation and activation of
PPARg by p42/p44 MAPK, which should trigger termi-
nal adipocyte differentiation, has been associated with
two opposing functional outcomes: on the one hand,
phosphorylation of PPARg by mitogen activated
MAPKs, leads to the inhibition of adipogenesis, and
direct phosphorylation of PPARg following activation
of MAPK by anti-adipogenic factors has been shown
[42, 43]. On the other hand, activation of MAPKs by an
adipogenic factor, i.e. insulin, enhanced adipogenesis
and increased phosphorylation of PPARg, although di-
rect phosphorylation of PPARg by MAPK in this case
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remains to be demonstrated [44]. An activation of the
p42/p44 MAPK pathway by different stimuli leading to
opposite effects (proliferation or differentiation) in the
case of preadipose cells has been previously reported for
PC12 cells which can be induced to either proliferate or
differentiate in response to a temporally distinct activa-
tion of p42/p44 MAPK [45]. Together, these results
reflect the role played by the MAPK pathway in regu-
lating the balance between cell growth and differentia-
tion and indicate that the role of this signalling pathway
should be studied under conditions where the additional
effects of unidentified serum factors can be minimised.
Detailed comparison of p42/p44 MAPK activation by
adipogenic and anti-adipogenic factors in preadipose
cells, including the extent and duration of the activation
as well as nuclear translocation events [46], in associa-
tion with PPARg stimulation should bring further in-
sights into the regulatory role played by the MAPK
pathway in adipogenesis. The generation of mice mu-
tant for p42 and/or p44 MAPK has not yet been
reported but should shed new light on the role of the
MAPK pathway in the development of adipose tissue.
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