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The adipocyte has pleiotropic functions beyond the
storage of energy in times of nutrient abundance.
Considerable efforts in adipocyte biology within the
past ten years have emphasized the important role of
adipose tissue in processes as diverse as energy
metabolism, inflammation and cancer. Adipocytes are
able to communicate with the brain and peripheral
tissues implementing metabolic signals such as satiety,
food intake and energy expenditure. Despite its huge
pharmacological potential, only a small number of
clinical applications interfere directly with adipocyte
physiology. Here, we want to highlight various areas of
adipocyte physiology that have not yet been explored
pharmacologically and emphasize some of the
limitations associated with these pharmacotherapies.

Excess adipose tissue is accompanied by a dramatically increased risk
for the development of insulin resistance and type 2 diabetes mellitus.
The higher propensity of obese individuals towards the development
of dyslipidemia, hypertension, coronary heart disease and stroke is
well appreciated [1]. In addition, many large-scale epidemiological
studies highlight a relationship between body mass index and the 
incidence of some cancer types. Breast cancer is particularly susceptible
to this interaction [2,3]. Some of the critical adipocyte-derived mole-
cules that stimulate breast cancer growth have recently been identified
[4] and offer great potential for therapeutic intervention, such as 
collagen VIα3.

Paradoxically, not only an excess of adipose tissue, but also the total
absence of fat or the accumulation of adipocytes at the wrong places
is associated with an increased risk for these complications [5]. This
implies that the adipose tissue itself and the lipid and protein deriv-
atives originating from it offer an attractive avenue to treat diseases
related to abnormal adipose tissue mass. Currently available drugs
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stimulate anorexigenic signals in the central nervous system
to suppress appetite or they inhibit nutrient absorption
in the gut [6]. In spite of the growing understanding of
the relationship between fat mass, diabetes and cardio-
vascular risk factors, only a few of the medications on the
market interfere with the adipose tissue directly. The most
prominent examples are the thiazolidinediones (TZDs), a
class of peroxisome proliferator activated receptor γ (PPARγ)
agonists that target the adipocyte at least with some speci-
ficity. Targeting the adipocyte seems particularly challeng-
ing because of its many overlapping functions and its 
integration into complex networks that are necessary for
a proper fine-tuning of energy homeostasis (Table 1,
Figure 1 and 2). As sensors of the body’s metabolic status,
adipocytes and the surrounding stromal cells produce and
secrete a variety of hormonally active factors termed
adipokines. These factors influence many metabolic
processes such as the mobilization of lipids from fat, glucose
production in the liver, as well as glucose and lipid 
utilization in skeletal muscle and β-cell function. Possible
new therapies could involve adipogenesis, differentiation
and proliferation of pre-adipocytes, adipose tissue vascu-
larization, modulation of lipid metabolism, the release of
inflammatory cytokines as well as the secretory pathway,
mitochondrial energy dissipation and the production of
reactive oxygen species by adipocytes (Table 1). Alternatively,
a subset of adipokines secreted by adipocytes, such as 

TABLE 1 

Areas of adipocyte physiology and their therapeutic potential for drug development

Therapeutic target 
area

Putative drugs Advantage Disadvantage Therapeutic 
potential

Refs

Angiogenesis within 
adipose tissue 

Vascular endothelial 
growth factor (VEGF) 
peptide inhibitors

Might inhibit growth of stromal
tumors (e.g. breast cancer), Might 
be effectively inducing weight loss 

Lipotoxicity: might result in  
hepatic steatosis and accumulation
of lipids in muscle

High [30,129] 

Apoptosis of  
adipocytes 

Might be effectively inducing
weight loss 

Might result in hepatic steatosis 
and accumulation of lipids in 
muscle 

High 

Adiponectin 
administration 

Recombinant protein Acute and chronic insulin 
sensitization 

Requires large amounts of 
recombinant protein

Moderate 

Leptin administration Recombinant protein Treatment of acquired and 
inherited leptin deficiency 

Not useful to treat general obesity High [34] 

Anti-inflammatory
strategies in adipocytes 

TZDs Selective targeting of a major 
contributor of systemic
inflammation 

Weight gain when used in the 
context of PPAR� agonists 

High [54] 

Cholesterol synthesis 
within adipocytes 

Statins Might have a positive impact on
signaling and the release of 
inflammatory cytokines 

Might have a negative impact on 
insulin sensitivity 

Unknown [106] 

Lipid metabolism Antisense oligos against 
SCD1 or PTP1B 

Might reduce fat mass and increase 
insulin sensitivity 

Stability and treatment modality  
of antisense oligos

High [115,117]

Glucocorticoid 
metabolism 

11�-HSD1 inhibitors Might reduce fat mass and increase 
insulin sensitivity 

Specificity: difficulty to target 
specifically to adipocytes 

High [60] 

ROS production Antioxidants Will improve insulin sensitivity Specificity: difficulty to target 
specifically to adipocytes 

High [119] 

FIGURE 1

Extracellular, adipocyte-derived targets. Partial overview of areas with potential
for pharmacological intervention: adipokines leptin, adiponectin and resistin as
protein therapeutics or targets for neutralization; local angiogenesis inhibitors as
anti-obesity therapeutics and anti-cancer therapeutics; attraction of macrophages
into the growing fat pads and interference with local paracrine crosstalks between
adipocytes and macrophages; selective neuronal input and output into adipose
tissue as an area leading for a better understanding of adipose tissue crosstalk;
preadipocyte differentiation as a pharmacological target.
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leptin and adiponectin, could be attractive in recombinant
forms as therapeutic modalities for obesity-related compli-
cations (Table 1).

Targeting adipocyte differentiation: a promising
approach?
Blocking the differentiation of adipocytes seems at first
sight a very attractive and straightforward concept to 
regulate the amount of adipose tissue. This idea is based
on the assumption that the presence of excess amounts
of fat represents a health hazard. Many studies focusing
on in vitro differentiation paradigms have described specific
ways by which adipogenesis can be inhibited [7]. However,
two fundamental issues curb the enthusiasm for this type
of approach. First, adipogenesis is required to maintain
the ‘healthy’ functions of adipose tissue. Clinically, it is
well established that not only an excess of fat but also the
lack (lipoatrophy) or an abnormal regional distribution
of adipose tissue (lipodystrophy) is closely associated with
insulin resistance, diabetes and cardiovascular disease [8].
Therefore, the localization and amount of adipose tissue
is an important determinant of related metabolic compli-
cations. Excessive accumulation of visceral fat in the 
abdominal cavity is thought to be more harmful than the
deposition of metabolically less active subcutaneous fat
[9]. The presence of adipose tissue helps to sustain an 
insulin-sensitive state. This observation has been confirmed
in rodent models of generalized lipoatrophy where the
development of adipose tissue is blocked at the embryonic
stage [10,11]. Such fatless mice are severely insulin 
resistant with defects in insulin signaling in the liver and
skeletal muscle [12]. When these mice receive a transplant
of fat tissue from a normal mouse, the phenotype is seem-
ingly reversed. Detailed studies of fatless mouse models
led to the conclusion that the absence of adipose tissue
causes deleterious lipid depositions in liver, muscle and
pancreas. The consequences are liver steatosis and fibrosis,
insulin resistance and possibly β-cell dysfunction [13–15].
Triglycerides and free fatty acids (FFAs) have a negative
impact on insulin sensitivity when they accumulate in
tissues other than fat, a phenomenon that has been 
described as lipotoxicity. The lack of a sufficient number
of adipocytes during excess caloric intake might, there-
fore, be detrimental. The issue is further complicated in
constitutively fatless mice because of the lack of adipocytes
during late embryonic development and in the early post-
natal phase [10]. A more recent mouse model that we
have developed in our laboratory permits the inducible
ablation of adipocytes, thereby allowing an assessment of
adipocyte function at a more acute time scale. This model
will be discussed more extensively below [16].

The second reason why targeting adipogenesis might
be of limited practicality is the very slow turnover of
adipocytes in adults. Whereas estimates of adipocyte life
span vary, there is a general consensus that adipocytes are
very long-lived cells under normal physiological conditions.

They might turn over within months or years [17,18], or
might in fact not turn over at all. This suggests that during
stable weight maintenance, interfering with adipogenesis
could have a minimal impact within the limited time
span, during which such a pharmacological approach
could be sustained. However, during periods of significant
and acute weight gain, interfering with de novo adipoge-
nesis could be effective. Adipocyte mass is defined by the
average size and the overall number of adipocytes. Long-
term changes in adipocyte mass involve both the size and
number of cells. Whereas existing adipocytes become 
engorged with lipids and increase in size, further exposure
to caloric excess prompts de novo differentiation of
adipocytes, a process that occurs throughout adult life
[19]. However, as mentioned before, blocking deposition
of lipids in adipose tissue might partition these lipids to
tissues such as skeletal muscle and liver, which is not desir-
able due to their toxic effects on insulin sensitivity [20].

Targeted apoptosis of adipocytes
De novo differentiation of adipocytes from precursor cells
is virtually irreversible. One of the reasons for the slow or
non-existing turnover is the adipocyte’s remarkable resist-
ance to apoptosis [21]. The underlying mechanisms for
the hardiness of this cell type are not clear, but can be 
explained in part by the very high Akt/protein kinase B
levels in mature adipocytes. Furthermore, the levels of the
anti-apoptotic factors Bcl-2 and neuronal apoptosis-inhibitory

REVIEWS

FIGURE 2

Intracellular targets for pharmacological intervention in the
adipocyte. A better understanding of PPARγ agonist action will
continue to contribute greatly to our understanding of adipocyte
physiology. Statin action (HMG-COA inhibitors) remains vastly
unexplored in adipocytes.Therapeutic approaches towards an
improvement of mitochondrial dysfunction and lowering ROS levels
are likely to have a great impact on local insulin sensitivity. Stress in the
endoplasmic reticulum might not only affect pancreatic β cells, but also
the adipocyte. Processes enhancing lipolysis might be targets to reduce
adipose tissue mass. Caveolae and their major structural and regulatory
components, caveolins, are attractive targets for the manipulation of a
vast number of processes (e.g. signaling, FFA uptake, protein trafficking).
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protein increase during adipogenesis, imparting resistance
to cell death [22,23]. Caloric restriction leads to reduction
of fat mass, but it does not necessarily involve a reduction
of the number of fat cells. However, conditions of patho-
logical fat wasting can involve loss of adipocytes through
apoptotic mechanisms. For example, apoptotic events
were observed in fat tissue of patients with tumor cachexia.
Apoptosis was also implicated in the fat remodeling
processes associated with highly active antiretroviral ther-
apy in HIV infected patients with lipodystrophy [24–27].
Targeted and moderate induction of apoptosis in adipocytes
could be an attractive approach to reduce the number of
fat cells, particularly when coupled with a reduction of
caloric intake to avoid spill over of lipids into other 
tissues. However, at this time little is known about the
apoptotic machinery in adipocytes and thus therapeutic
modalities relying on a selective induction of apoptosis
within this cell type remain a distant prospect.

Prevention of adipose tissue vascularization
Is it possible to regulate adipose tissue mass by targeting
its vasculature? This type of approach is based on the trials
to inhibit tumor growth by inhibiting its neovascular-
ization [28]. Angiogenesis inhibitors could be deployed
to ablate the blood vessels that supply adipose tissue with
the necessary nutrients [28]. Adipose tissue is highly vascu-
larized and expansion involves the formation of new 
capillaries. Initially, Folkman and colleagues demonstrated
that systemic treatment of obese mice with anti-angiogenic
agents induced a loss of white adipose tissue [28]. These
results suggested that neovascularization is required for
adipose tissue maintenance and that there might be a
constant remodeling process sustaining the viability of
the tissue [29]. Therefore, adipose tissue vasculature might
be responsive to anti-angiogenic agents in the absence of
additional growth. These results (systemic exposure to
anti-angiogenic agents) provided a proof of principle for
the feasibility of the approach, but are clearly not practical
as a therapeutic modality because of their lack of specificity.
To address this problem, Kolonin et al. [30] used the

phage-display technique to identify selective targets
within the adipose tissue endothelium. They delivered
proapoptotic molecules specifically to the vasculature of
white adipose tissue and managed to induce a highly 
significant weight loss in obese mice that was accompanied
by a reduction of lipid depositions in liver and muscle.
These results are very promising and represent examples
of potential new classes of future therapeutic agents.

Adipokines: viable drug targets?
The therapeutic potential of adipose tissue-derived factors
was initially recognized upon the discovery of leptin.
Leptin is an adipocyte-specific protein that acts as satiety
signal from fat to the brain [31]. In addition, several 
hormonally active factors have been discovered that are
produced uniquely in adipocytes and might serve directly
as drug targets (Table 2) [32]. Many of these proteins, referred
to as adipokines, play a role in obesity-related metabolic
complications. The release of adipokines from fat is regu-
lated as a function of the system’s metabolic state and in
response to inflammatory signals. Therefore, conditions
of abnormal adipose tissue mass result in the dysregulation
of adipokines [33]. Replenishment of recombinant forms
of adipokines that are downregulated in obesity or the 
depletion of selective adipokines that are produced in 
excess in the obese state might have a powerful therapeutic
impact. Alternatively the stimulation or the reduction
of the release of these proteins from adipocytes could 
represent an additional approach to alter circulating levels
of these proteins.

Leptin
To date, the success of adipokine therapy has been some-
what limited [34]. Leptin supplementation is currently
used clinically to treat patients with congenital leptin 
deficiency. These patients are hyperphagic and morbidly
obese and the administration of recombinant leptin leads
to a dramatic reduction of body weight [35]. Leptin defi-
ciency is also found in acquired and inherited lipodystrophy
that is accompanied by fat loss in selective areas of the

TABLE 2

Function and therapeutic potential of adipokines released from adipose tissue

Adipokine Function Therapeutic potential

Adiponectin Hepatic insulin sensitizer Protein therapeutic

Resistin, RELM� Hepatic insulin desensitizers Therapies targeted toward neutralization

Leptin Lipostat Protein therapeutic

IL-6 Inflammatory cytokine, inducer of lipolysis Unknown 

TNF� Inflammatory cytokine Therapies targeted toward local neutralization

PAI-1 Hemostasis Unknown

SAA3 Acute phase reactant Unknown

�1-Acid Glycoprotein Acute phase reactant Unknown

24p3 Lipocalin Unknown

Pentraxin-3 Acute phase reactant Unknown

Collagen VI�3 Extracellular matrix protein, mitogen Anti-cancer therapies



DDT • Volume 10, Number 18 • September 2005

Re
vi

ew
s 

•K
EY

N
O

TE
 R

EV
IE

W

1223www.drugdiscoverytoday.com

body. These rare conditions are associated with severe 
insulin resistance, dyslipidemia and hepatic steatosis [14].
Leptin-replacement therapy in these patients leads to a
correction of the hyperglycemia and a reduction in plasma
lipids, thus helping to minimize the risk of metabolic com-
plications [36]. Nevertheless, the results of clinical trials
with recombinant leptin as anti-obesity drugs remained
disappointing. In generalized obesity, administration of
leptin is ineffective because leptin levels increase in pro-
portion to adipose mass and are relatively high in obese
patients. Leptin resistance rather than lack of circulating
leptin is the underlying reason, such that leptin replace-
ment therapy is of limited value in this context [37].

Adiponectin
A promising therapeutic adipokine is adiponectin.
Adiponectin (also known as Acrp30) is a complex protein
secreted specifically from adipocytes. Low serum levels of
adiponectin are causally linked to insulin resistance and
are predictive for the development of diabetes and cardio-
vascular disease [38]. A sexual dimorphism exists for plasma
adiponectin levels with significantly higher concentrations
in the serum of females [39]. Obesity is associated with
decreased adiponectin levels [40]. Promising results have
been obtained for adiponectin as a therapeutic agent in
numerous animal experiments and human epidemiological
studies. Adiponectin is a multifunctional protein with pro-
tective roles against the development of insulin resistance,
dyslipidemia, nonalcoholic fatty liver disease, atheroscle-
rosis, cardiac hypertrophy and ischemic injury [32,41,42].
Beyond that, adiponectin has been shown to act in the
brain to decrease body weight [43]. However, the under-
standing of the molecular mechanisms by which adiponectin
achieves these effects is still poor. The production of 
recombinant adiponectin is challenging because of the
complex tertiary and quaternary structure of the protein
and the distinct activities of the different isoforms.
Adiponectin, like other adipokines (such as resistin), is s
ecreted from the adipocyte as distinct complexes [44].
Adiponectin can form trimers (the basic building block
for the higher-order complexes), hexamers consisting of
two trimers, and higher molecular-weight forms (HMW)
consisting of up to 12–18 subunits [45]. Proper folding
and assembly into these higher-order structures depend
on posttranslational modifications that can be achieved
only in mammalian production systems. Adiponectin
contains a collagenous tail domain and a globular head
domain. The subunits are linked through intermolecular
cysteine bonds. A globular form of adiponectin produced
in Escherichia coli possesses biological activity distinct from
the mammalian produced full-length protein. Whereas a
pharmacological dose of the latter improves hepatic insulin
sensitivity in lean mice and even more effectively in obese
animals [46], the former was shown to activate fat oxidation
in skeletal muscle [47]. Interestingly, a mutant version of
adiponectin that lacks a critical cysteine residue in the

collagen domain is considerably more bioactive than
wild-type adiponectin [45]. Mice overexpressing this 
mutant form of adiponectin (Cys39Ser) in a genetically
obese background (leptin deficient ob/ob mice) display
massive adipose tissue accumulation (unpublished obser-
vations from our laboratory). These morbidly obese animals
are however metabolically very healthy with nearly 
normal glucose and lipid levels. These observations suggest
a processing step in the activation cascade for adiponectin
that converts the HMW form into the smaller short-lived
trimer, possibly involving a serum reductase or protease.
Clearly, many fundamental questions remain to be answered
on the relationship between structure and function of
adiponectin [45].

Resistin and resistin-like molecules
Resistin has been proposed as another adipokine involved
in the complex etiology of insulin resistance [33]. In 
rodents the cysteine-rich 10 kDa protein resistin is 
secreted mainly from adipocytes, whereas in humans its
main source is peripheral-blood mononuclear cells [48].
In contrast to adiponectin, resistin levels increase approx-
imately twofold in mice fed a high-fat diet, leading to 
severe hepatic insulin resistance [49]. The neutralization
of resistin with a specific antibody or the downregulation
of resistin to normal levels via antisense technology is 
effective in re-establishing normal insulin sensitivity in
these rodent models [49, 50]. Although the unusual hexa-
meric tail-to-tail conformation of resistin and its closest
family member resistin-like molecule (RELM) β suggests
a receptor clustering mechanism of activation, the discov-
ery of corresponding receptors remains elusive [44].
Intriguingly, infusion of the intestinally produced RELMβ
has similar effects on hepatic insulin sensitivity as does
the infusion of the adipocyte-derived resistin, suggesting
related signaling mechanisms between nutrient absorbing
tissues and nutrient-storing tissues [51]. Although the
functional role of resistin in humans is not well estab-
lished, this small hormone represents an interesting 
candidate from a pharmacological perspective. As it is the
case for adiponectin, minor variations in the circulating
levels of these adipokines might have potent therapeutic
effects.

Unraveling the thiazolidinediones
The most prominent examples of drugs favoring a ‘healthy’
adipokine profile are the TZDs. TZDs are the first class of
agents that directly target the adipocyte. These drugs
(rosiglitazone and pioglitazone) are widely used to amelio-
rate insulin sensitivity in patients with type 2 diabetes.
They are potent inducers of adipogenesis, and many meta-
bolically relevant adipocyte-derived proteins are regulated
in response to TZDs (adiponectin, resistin, tumor necro-
sis factor α (TNFα), 11β-hydroxysteroid dehydrogenase 
type 1 (11β-HSD1), the fatty acid-binding protein aP2,
and others). TZDs are selective ligands of the nuclear 
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transcription factor PPARγ. PPARγ is expressed at highest con-
centrations in adipocytes and it is considered the ‘master
switch’ of adipocyte differentiation [52,53]. Several endoge-
nous, mostly hydrophobic ligands for PPARγ have been
identified with various affinities for the receptor. Although
the precise mechanisms of the insulin sensitizing action
of TZDs are not well understood, it is clear that adipose
tissue is the critical tissue for the glucose-lowering effects
of TZDs. Most certainly, a reduction of lipotoxicity in
other tissues by partitioning lipids into adipose tissue is
one aspect of TZD action [54]. However, an indirect mech-
anism, i.e. through the induction or repression of adipokines
such as adiponectin and resistin, is another likely mech-
anism of action. Clinical studies have shown that improve-
ments in insulin sensitivity after treatment with rosigli-
tazone are strongly associated with an increased release
of the HMW form of adiponectin [55,56]. The ratio 
between the HMW over the total amount is directly related
to the biological activity of adiponectin [55]. The hypoth-
esis that adiponectin might be a mediator of TZD action
is underlined by the observation that a chronic elevation
of adiponectin in a mouse model has many features similar
to prolonged TZD treatment in diabetic patients [57].
These might include wanted and unwanted effects such
as increased weight gain or, on the beneficial side, reduced
liver fat content, increased lipid clearance, reduction of
inflammatory markers and protection of the vascular 
endothelium from the development of atherosclerotic
plaques. TZDs as well as adiponectin might exert direct
effects on lipid metabolism and the vascular wall. Low
levels of PPARγ are found in macrophages, endothelial
cells, vascular smooth muscle cells and other cell types.
These low levels can change under pathophysiological
conditions. For instance, PPARγ is elevated in macrophage
foam cells of atherosclerotic lesions and appears to be 
directly involved in the regulation of both the anti- and
pro-atherogenic genes [58,59]. The only FDA-approved
clinical indication for the prescription of TZDs is type 2
diabetes, however the range of TZD effects might be con-
siderably wider than just regulating insulin sensitivity [54].

Inhibition of 11-ββhydroxysteroid dehydrogenase
type 1
11-β hydroxysteroid dehydrogenase enzymes (11β-HSD)
type 1 and 2 regulate the activity of glucocorticoids and
mineralocorticoids at the pre-receptor level [60]. The type
1 isoform (11β-HSD1) has received increasing attention
recently thanks to its putative role in the development of
the metabolic syndrome. 11β-HSD1 expression is rather ubiq-
uitous throughout the body, with highest levels in the liver,
adipose tissue and the brain, and protein levels are subject
to regulation by inflammatory mediators such as TNFα
and interleukin (IL) 1β [61,62]. The enzyme functions pri-
marily as a reductase converting hormonally inactive corti-
sone into the high-affinity ligand cortisol. Glucocorticoids
are potent inducers of adipocyte differentiation in in vitro

systems and 11β-HSD1 activity increases during adipoge-
nesis. Accordingly, an excess of glucocorticoids is associated
with the development of obesity. This becomes apparent
in patients with the Cushing’s syndrome, a condition of
pathophysiologically elevated glucocorticoids resembling
the metabolic syndrome [63]. Transgenic mice overex-
pressing 11β-HSD1 selectively in adipose tissue also display
the features of the metabolic syndrome [64]. Interestingly,
11β-HSD1 knockout mice are resistant to high-fat diet-
induced obesity and have reduced resistin and elevated
adiponectin levels, suggesting a possible indirect insulin-
sensitizing effect of a pharmacological inhibition of this
enzyme [65]. Clinical studies to test selective 11 β-HSD1
inhibitors are to be expected in the near future and will
help to further elucidate the role of this enzyme in regu-
lating fat mass and insulin sensitivity.

Paracrine roles of adipocytes: therapeutic
implications
The recognition that adipocytes are active endocrine 
entities requires reconsideration of the role of adipocytes
residing within tissues that are not conceptually designed
as fat depots. The effects of adipocyte-derived hormonal
factors on neighboring cells in the local environment is
of particular interest in obesity and, as appreciated only
recently, in bone related diseases as well [66]. In most con-
ditions associated with bone loss, adipogenesis occurs at
the expense of osteogenesis and the amount of adipocytes
within the bone marrow is reciprocally related to bone
mass [67]. This is true for all conditions with an imbal-
ance between osteoblast formation and bone resorption,
including age-related osteoporosis, treatment with gluco-
corticoids, prolonged immobility or menopause [68–71].
Bone marrow adipocytes and bone-forming osteoblasts
originate from common multipotent mesenchymal stem
cells [72]. PPARγ is a major regulator committing these
cells towards adipogenesis while inhibiting osteogenesis
and promoting osteoblasts apoptosis [73]. In this context,
the safety of TZD treatment has to be considered as it
might accelerate bone loss in some cases [74,75]. By 
contrast, the statin drugs that are widely used to lower
cholesterol in the circulation have been shown to prevent
bone loss possibly by suppressing PPARγ activity [76].
Mesenchymal stem cells are precursors not only for fat
and bone but also for muscle cell lineages [72]. PPARγ
ligands were shown to promote transdifferentiation of
myoblasts towards an adipocyte-like phenotype, most
probably by inhibiting the myogenic factor MyoD1
[77,78]. Adipocyte cells themselves can disperse and 
expand within skeletal muscle fibers [79]. This is of 
pharmacological interest, because intra-muscular adipocytes
might modulate the insulin sensitivity of neighboring
myocytes through their local release of adipokines, 
cytokines and FFAs, emphasizing the potential and the
limitations of interfering with adipogenesis in specific
areas of the body [80,81].
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Selective targeting of inflammation in adipose tissue
Inflammation and atherosclerosis
Recent research efforts have reinforced the concept that
inflammation is a common component of many obesity-
related co-morbidities [33]. There is a subtle but signifi-
cant elevation of baseline inflammation in patients with
obesity and diabetes [82]. This chronic increase in the 
inflammatory tone is strongly associated with an increased
risk for the development of cardiovascular disease [83].
Chronically elevated lipid and glucose levels present in
obese and diabetic patients pose a permanent stress on
the vascular endothelium that is aggravated by inflam-
matory proteins and ultimately promotes the development
of atherosclerosis. In recognition of this phenomenon,
the American Heart Association recently examined whether
the measurement of inflammatory markers is useful and
applicable for routine risk assessment of cardiovascular
complications in public health practice [84]. Adipose 
tissue is most certainly a major contributor to systemic
inflammation and the expression of inflammatory cytokines
is increased in obesity. Among the many other cytokines,
adipose tissue produces and secretes TNFα, IL-6 and IL-1β
(Table 2). In addition, adipocytes secrete high levels of
acute-phase proteins including serum amyloid A3 (SAA3),
plasminogen activator inhibitor-1 (PAI-1), C-reactive pro-
tein (CRP), the lipocalin 24p3, pentraxin-3, and α1-acid
glycoprotein [85,86]. It remains to be demonstrated
whether increases in baseline levels of these proinflam-
matory factors are directly causative of or merely correl-
ative to cardiovascular problems. The correction of lipid
abnormalities either through dietary changes or using lipid-
lowering drugs, such as statins or fibrates, is the primary
goal to control the risk of cardiovascular disease. However,
the reduction of inflammation is likely to prevent the pro-
gression of already established atherosclerotic lesions and
the fatal event of plaque rupture and artery occlusion.

Inflammation and insulin resistance
Targeting inflammation also might be an attractive approach
for the treatment of insulin resistance. There is no doubt
that low-grade inflammation plays a key role in the 
development of insulin resistance [87]. In recent years,
great progress has been made towards understanding the
mechanisms that link inflammation with metabolic path-
ways. Proinflammatory signals can interfere with early
steps of the insulin signal-transduction cascade at the
level of the insulin receptor and its downstream target 
insulin receptor substrate-1 (IRS-1) [88]. Intriguingly, dele-
tion of distinct proinflammatory mediators primarily 
results in a phenotype affecting the adipose tissue. For 
instance, c-Jun N-terminal kinase knockout mice gain less
weight than the wild-type controls and are more resistant
to high-fat diet-induced insulin resistance [89]. Furthermore,
mice lacking TNFα display insulin-sensitive adipocytes
and are also protected against obesity-induced insulin 
resistance [90]. Increased insulin sensitivity at the level of

the adipocyte is beneficial in several aspects. Beyond the
insulin-dependent inhibition of lipolysis with a subsequent
reduction of serum FFAs, the release of proinflammatory
proteins into the circulation is reduced as well. High doses
of aspirin targeted towards inhibition of the nuclear factor
kappa B (NFκB) pathway might be useful to prevent obesity-
induced insulin resistance [91]. NFκB signaling is enhanced
in the livers of genetically obese mice and mice with diet-
induced obesity [92,93]. Any pharmacological approach
targeted towards inhibiting inflammation selectively in
adipose tissue has the potential to improve systemic 
insulin sensitivity. The most prominent examples are
once again the TZDs. These drugs, in addition to their 
antidiabetic effects, have potent anti-inflammatory proper-
ties, although the precise mechanisms are still unknown.
The reduction of the local inflammatory environment
within the adipose tissue might alter the expression profile
of adipokines. Adiponectin transcription is highly suscepti-
ble to some types of inflammatory stimuli [38]. The reduc-
tion of local levels of TNFα and IL-6 might therefore signif-
icantly upregulate the secretion of adiponectin complexes.

In addition, inhibition of intrinsic adipose tissue inflam-
mation might lead to decreased levels of systemic inflam-
mation. The overall efficacy and potential risks of targeting
systemic inflammation with respect to improving insulin
sensitivity remain to be further evaluated. For example,
although blocking of TNFα in the circulation of mice has
beneficial effects on insulin sensitivity, two early studies
in humans using either a single injection of a TNFα
antibody or a TNFα receptor fragment to block its activity
have failed to improve insulin sensitivity [94,95]. Similarly,
a study in morbidly obese subjects found little effect on
insulin sensitivity, presumably because of the ineffective
neutralization at the local level in adipose tissue and muscle
[96]. More recent observations with the TNFα antibody
infliximab, currently prescribed to treat rheumatoid arthri-
tis, point to a possible benefit regarding insulin sensitivity.
These studies suggest that a chronic treatment rather than
a single administration with TNFα blocking agents is 
required to affect insulin sensitivity [97].

Involvement of the adipocyte in selective infectious
disease states
Previous studies have indicated that hyperglycemia 
significantly increases parasitemia and mortality in mice
infected with Trypanosoma cruzi [98]. We recently specifically
focused on the consequences of adipocyte infection 
in vitro and in vivo [99]. Cultured 3T3-L1 adipocytes can
be infected at high efficiency with T. cruzi. Similarly, high
levels of parasites can be found in primary adipocytes 
in vivo. The intracellular parasites cluster around lipid
droplets, suggesting that the parasites have a high affinity
for the surface of these lipid droplets. The adipocyte is
therefore an important target cell during acute Chagas’
disease. Infection of adipocytes by T. cruzi has an effect
on the expression pattern of adipokines [99]. During
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chronic infection, adipocytes are an important long-term
reservoir for parasites from which relapse of infection can
occur. The acute infection manifests a unique metabolic
profile, with a high degree of local inflammation in 
adipose tissue, hypoadiponectinemia, hypoglycemia and
hypoinsulinemia [99]. The adipocyte could therefore be
a significant player in the initial proliferative phase of par-
asite infection, in the chronic phase of infection as well as
an integral contributor to the host inflammatory response.

Targeting adipose tissue macrophages
Even though the adipocyte itself expresses many proinflam-
matory cytokines and acute phase reactants, macrophages
residing within the adipose tissue play a considerable role
in the inflammatory response observed in obesity [100].
There is great plasticity between adipocytes and macrophages
[101]. Adipose tissue of obese individuals is subject to 
increased infiltration of macrophages [102,103]. Whereas
the signals responsible for the infiltration of macrophages
into adipose tissue remain to be analyzed in further detail,
there is little doubt that these macrophages have a pro-
found impact not only on the local proinflammatory 
environment but also on the net levels of systemic inflam-
mation. We have recently developed a mouse model of
inducible lipoatrophy [16]. Interestingly, in these mice we
observe a significant drop in systemic inflammatory mark-
ers after the acute ablation of adipocytes. This effect is
even more pronounced after stimulation with endotoxin,
revealing that the lipoatrophic state is associated with a sig-
nificantly reduced systemic inflammatory response. This
leads to the provocative, yet untested, hypothesis that in
the context of acute sepsis a repression of local inflamma-
tion in adipose tissue might be therapeutically beneficial.

Adipose tissue macrophages have a unique expression
profile compared to macrophages in other tissues because
of their proximity with surrounding adipocytes. Upon
acute ablation of the adipocytes in our inducible lipoat-
rophic model, the remnant adipose pad is infiltrated with
a large number of macrophages. These macrophages do
not manifest the proinflammatory characteristics of their
counterparts in intact adipose tissue [16]. Within the 
limits of an in vitro system this can be mimicked efficiently
by exposing macrophages to conditioned medium from
adipocytes [104]. Adipocyte-conditioned medium has
unique proinflammatory properties on macrophages that
are not observed with the medium from other cell types.
The components responsible for this inflammatory 
response remain to be characterized, but these observa-
tions suggest that conceptually the inhibition of inflam-
mation within the adipose tissue might be a powerful
pharmacological strategy to lower systemic inflammation.

Statins and inflammation: is the adipocyte in the
picture?
Statins are widely used for the management of plasma
cholesterol levels in patients at risk for cardiovascular 

disease. This class of drugs comprises inhibitors of 3-hydroxy-
3-methylglutaryl coenzyme A (HMG-CoA) reductase, an
enzyme involved in cholesterol synthesis primarily in the
liver. The scope of statin action however is not limited to
the lowering of blood cholesterol [105]. Several recent
studies highlight the importance of anti-inflammatory 
aspects of statin action [106]. As outlined above, the 
reduction of general inflammatory markers is advisable
for the reduction of cardiovascular events along with an
improvement of the lipoprotein profile. The levels of CRP
correlate with the risk for the development of cardiovas-
cular disease [107]. While statins have been shown to 
efficiently lower CRP, it is still a matter of debate whether
the reduction of CRP per se leads to a reduction of cardio-
vascular events or whether it merely serves as a sensitive
but indirect indicator for other inflammatory factors that
have a more direct impact on disease progression [108].
CRP is expressed in adipose tissue, but adipose tissue is
unlikely to be a major systemic source for this protein. An
alternative explanation is that statins target adipocytes
directly and might achieve some of their beneficial effects
by altering the composition of adipocyte plasma mem-
branes or adipokines. This is an area that has remained
relatively unexplored to date. Hauner and colleagues 
analyzed differentiated adipocytes in vitro after statin treat-
ment and found a reduction of IL-6 secretion [106]. It is
possible that lowering the local production of cholesterol
in adipocytes can have an impact on adipocyte signaling.
Lipid raft structures that form caveolar invaginations in
the plasma membrane are highly abundant in adipocytes
(making up to 20% of the cell surface of adipocytes) [109].
These membrane domains critically depend on cholesterol,
which is highly enriched in raft structures [110]. Lipid
rafts serve as important relay stations for signal trans-
duction events by concentrating signaling receptors. In
addition, lipid rafts are the major sites for the translocation
of FFAs, as suggested recently by Stralfors and colleagues
[111], and because of their unique lipid composition they
might help to maintain the stability and integrity of the
plasma membrane while FFA travel across the plasma
membrane. The translocation of FFA is facilitated by bind-
ing to transport proteins such as caveolin-1, fatty acid
binding protein (FABP-1) and fatty acid translocase
(FAT/CD36) [112]. These proteins are recruited to the lipid
rafts and regulate the storage and the mobilization of FFA
from the adipocytes. Adipocytes isolated from caveolin-1
deficient mice have decreased insulin receptor levels and an
impaired response to β3 adrenergic stimulation of lipolysis
[113]. The role of lipid rafts in the pathogenesis of insulin
resistance remains to be further investigated. Perturbations
within these caveolar structures have a profound impact
on many signaling pathways and therefore they offer 
attractive pharmacological targets. It remains to be exam-
ined whether statins have an effect on adipocytes, and if
they do, whether the effects can be linked to local 
cholesterol levels.
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Modulating adipocyte lipid metabolism by antisense
oligonucleotides
Adipocytes provide a unique machinery to respond to
metabolic challenges by rapidly providing energy in the
form of FFAs during fasting and exercise and preserving
excess energy through re-esterification of FFA and depo-
sition in lipid droplets. Recently, pharmacologic approaches
to modulate lipid metabolism have received intense 
interest from the pharmaceutical industry. Emerging drug
targets within adipocytes include enzymes involved in
lipolysis (hormone-sensitive lipase and perilipin) and lipo-
genesis (diacylglycerol acyltransferase, DGAT). Besides 
natural and synthetic small molecule inhibitors, the phar-
macologic application of antisense oligonucleotides (ASOs)
has evolved as a novel strategy to treat obesity and asso-
ciated metabolic diseases. Improved chemistry and mod-
ifications of the backbone enhance stability in vivo and
provide good tissue distribution and decreased toxicity of
these molecules, thus effectively inhibiting the expression
of target genes [114]. In animal models, ASOs were used
successfully to reduce fat mass, liver steatosis and increase
insulin sensitivity in mice treated with ASOs specifically
inhibiting stearoyl-CoA desaturase -1 (SCD-1) [115].
Furthermore, the treatment of obese and hyperglycemic
ob/ob mice with ASOs directed against protein typrosine
phosphatase-1B (PTP1B), an important regulator of insulin
signaling, resulted in reduced adiposity and a reduced 
expression of lipogenic genes in fat [116,117]. These ASOs
(ISIS-113715) are undergoing initial clinical trials for the
treatment of diabetes and hyperlipidemia [118].

Nutrient excess and the role of reactive oxygen
species in the cellular homeostasis of the adipocyte
The secretory pathway
Adipocytes fail to downregulate basal glucose uptake in
response to hyperglycemic conditions. Excess nutrients
that enter adipocytes under these conditions lead to the
production of reactive oxygen species (ROS). Like in 
endothelial cells, oxidative stress induces an inflammatory
response in adipocytes and is associated with reduced 
insulin sensitivity [119,120]. Decreasing the levels of ROS
leads to a decrease in the inflammatory status of the cell
and consequently is associated with improved insulin 
sensitivity. A pharmacological approach targeted towards
the prevention of ROS production or aimed at the quench-
ing of excess ROS levels in adipocytes might therefore be
relevant for generalized systemic improvements of metabolic
parameters in obesity. In addition, excessive ROS disturbs
the cellular glutathione homeostasis, which might have
an impact on the efficiency of the secretory apparatus.
The secretory apparatus of adipocytes is very active and
therefore quite susceptible to such disturbances. Furthermore,
metabolic changes that alter the efficiency of protein 
assembly by the secretory apparatus tend to affect highly
active secretory cells like adipocytes. These include changes
in the levels of chaperones, the reduced ability to reshuffle

disulfide bonds or additional changes that lead to the 
induction of the unfolded protein response (UPR) in the
secretory pathway [121]. Adipokines, such as adiponectin
and resistin, critically depend upon proper folding and
assembly of critical disulfide bonds. Clearly, the rate at
which the various isoforms of these proteins are generated
and released from the adipocyte is governed by chaper-
ones, some of which are among the most highly induced
proteins within the cell upon exposure to TZDs [122].
Mutations in the UPR pathway as well as in thioredoxin-
interacting protein lead to phenotypes in the liver and in
insulin-secreting pancreatic β cells, but they have also an
adipocyte-specific phenotype [123,124]. A pharmacolog-
ical approach enabling the secretory pathway in the 
endoplasmic reticulum (ER) to sustain a healthy envi-
ronment for protein folding under conditions of stress is,
therefore, a promising option. It is known that obesity 
per se triggers enhanced ER stress in liver and in the
adipocytes [123].

The hexosamine pathway
Excess nutrients also cause the induction of the hexosamine
biosynthetic pathway. This pathway has been proposed
to act as a nutrient-sensing pathway, protecting cells against
abundant fuel supply [125]. The accumulation of hex-
osamines is one of the biochemical mechanism by which
hyperglycemia and hyperlipidemia induce insulin resistance
[126,127]. The acetylated aminosugar nucleotide uridine
5′-diphospho-N-acetylglucosamine (UDP-Glc-NAc) is the
end product of this pathway and the donor substrate for
N-acetylglucosamine (O-GlcNAc) modification of nucle-
ocytoplasmic proteins at serine and threonine residues.
Transgenic overexpression of the rate limiting enzyme for
hexosamine synthesis (glutamine:fructose-6-phosphate
aminotransferase, GFAT) in adipose tissue results in skeletal
muscle insulin resistance and altered regulation of key
adipokines [128]. The cellular effects are primarily medi-
ated through O-GlcNAc modification of key proteins in
the insulin signal-transduction cascade, such as IRS-1, Akt
and glycogen synthase. Approaches that impair the O-GlcNAc
modification of proteins or enhance the deglycosylation
of modified polypeptides in adipocytes can be considered.
However, it is not clear whether these modifications have
a role in normal cellular homeostasis and whether inhi-
bition of this process can have other side effects.

Conclusions
The adipocyte as a drug target has tremendous potential
due to its intricate involvement in a vast array of physi-
ological processes (Table 1). There is overwhelming evidence
that the adipocyte is at the center of dysfunctional regula-
tory cascades in many disease states, ranging from obesity,
diabetes, cancer, infectious disease and inflammation.
Many aspects of this involvement can be explained on
the basis of adipocyte-derived secretory proteins. Some of
the extracellular, adipocyte-derived targets are highlighted
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in Figure 1. Targeting of the adipocyte as a cell remains
more challenging. Possible intracellular targets are high-
lighted in Figure 2. In the case of TZDs high expression
levels of PPARγ in adipocytes is taken advantage of. The
presence of triglycerides will concentrate hydrophobic 
agonists preferentially in adipose tissue. However, this is
frequently more of a disadvantage than an advantage 
because these lipid-soluble agonists might be unavailable
within the aqueous remainder of the cell. The relative
paucity (in fact, the complete absence) of adipocyte-
specific cell surface markers makes the targeting through
antibodies very difficult. Perhaps most importantly, there
are no markers that will identify a given fat pad specifically.
The gene expression pattern between a subcutaneous and

a visceral fat pad shows distinct differences, however, they
are quantitative rather than qualitative in nature. These
issues remain major challenges for the development of
cell- and fat pad-specific approaches to drug therapy in
the adipocyte. Neverthrless, the large number of possible
target molecules with important physiological impact
continues to make the adipocyte and its products an 
attractive area of research.
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