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Abstract

The discovery of adipokines has revealed adipose tissue as a central node
in the interorgan crosstalk network, which mediates the regulation of
multiple organs and tissues. Adipose tissue is a true endocrine organ that
produces and secretes a wide range of mediators regulating adipose tissue
function in an auto-/paracrine manner and important distant targets, such
as the liver, skeletal muscle, the pancreas and the cardiovascular system.
In metabolic disorders such as obesity, enlargement of adipocytes leads to
adipose tissue dysfunction and a shift in the secretory profile with an
increased release of pro-inflammatory adipokines. Adipose tissue dysfunc-
tion has a central role in the development of insulin resistance, type 2 dia-
betes, and cardiovascular diseases. Besides the well-acknowledged role of
adipokines in metabolic diseases, and the increasing number of adipokines
being discovered in the last years, the mechanisms underlying the release
of many adipokines from adipose tissue remain largely unknown. To com-
bat metabolic diseases, it is crucial to better understand how adipokines
can modulate adipose tissue growth and function. Therefore, we will focus
on adipokines with a prominent role in auto-/paracrine crosstalk within
the adipose tissue such as RBP4, HO-1, WISP2, SFRPs and chemerin. To
depict the endocrine crosstalk between adipose tissue with skeletal muscle,
the cardiovascular system and the pancreas, we will report the main find-
ings regarding the direct effects of adiponectin, leptin, DPP4 and visfatin
on skeletal muscle insulin resistance, cardiovascular function and p-cell
growth and function.
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Obesity is acknowledged as a global health problem as it
is frequently associated with a number of chronic disor-
ders, such as insulin resistance, type 2 diabetes and
cardiovascular (CV) disease. The intensive research to
find new therapeutic strategies to combat these global
epidemics has led to a deep insight into adipose tissue
(AT) biology and the discovery of its central role in the
interplay with other organs or tissues, the so-called inter-
organ crosstalk. This concept was initially demonstrated
in studies using coculture models of human adipocytes
and myocytes (Dietze et al. 2002). It is now evident that

AT plays a central role in a complex and multidirectional
network of auto-/paracrine and endocrine crosstalk
between organs and tissues such as liver, skeletal muscle,
pancreas or heart. The central role of white AT, and
more specifically visceral AT (VAT), in the pathogenesis
of metabolic diseases is widely acknowledged (Wronska
& Kmiec 2012). However, there are new adipose depots
arising in interorgan crosstalk. Other fat depots such as
the epicardial and perivascular AT may additionally
contribute to the complexity of interorgan crosstalk
(Ouwens et al. 2010).
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Previously regarded as a passive depot for lipid stor-
age and release of energy-rich substrates, AT is nowa-
days considered as major active endocrine organ that
secretes heterogeneous bioactive factors, the so-called
adipokines (Trayhurn & Wood 2004, Scherer 2006).
Adipokines comprise, among others, classical cyto-
kines and chemokines, vasoactive and coagulation fac-
tors, regulators of lipoprotein metabolism and
proteins more specifically secreted by the adipocytes,
such as leptin or adiponectin (Mohamed-Ali ez al.
1998). Since the discovery of leptin, the number of
adipokines has notably increased in the last years with
new molecules such as visfatin, apelin, omentin or
dipeptidyl peptidase 4 (DPP4) among others (Fain
et al. 2010, Lamers et al. 2011). Recently, our group
demonstrated the complexity of the human adipoki-
nome consisting of hundreds of different factors (Lehr
et al. 2012). Despite the extensive research on novel
adipokines characterization, the precise mechanisms
leading to the secretion of many adipokines are still
not fully understood (some of the different adipokine
secretory routes are summarized in Fig. 1).

Adipokines can act locally within the AT, but they
can also reach distant organs through the systemic cir-
culation, where they can exert a wide range of biolog-
ical actions, including the regulation of food intake
and body weight, insulin sensitivity, inflammation,
coagulation or vascular function (Trayhurn & Wood
2004, Guzik et al. 2006). Thus, adipokines represent
key signalling and mediator molecules for AT to
establish a complex network of feedback loops with
other distant target organs or tissues. Importantly, an
imbalanced adipokine production with prominent
secretion of pro-inflammatory adipokines, as observed
in clinical metabolic conditions such as obesity
and type 2 diabetes mellitus, has been proposed to
play a role in the pathogenesis of insulin resistance
(Kahn & Flier 2000). AT inflammation results from
the combination of adipocyte hypertrophy, cellular
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stress, hypoxia and increasing infiltration of pro-inflam-
matory immune cells (Sell et al. 2012). Adipocyte
enlargement is in turn associated with a shift towards a
more pro-inflammatory secretome, with increased
expression and secretion of pro-inflammatory adipokin-
es such as TNF-o, IL-6, IL-8 or MCP-1, while the anti-
inflammatory adipokine adiponectin is
(Skurk et al. 2007; as depicted in Fig. 2).
The association between obesity and the metabolic
syndrome seems to be critically dependent on body fat
distribution. Clinical evidence supports that abdomi-

decreased

nal obesity is more strongly correlated with the devel-
opment of the metabolic syndrome than peripheral
body fat distribution. Thus, visceral fat exerts a prom-
inent role in the development of insulin resistance,
diabetes and CV diseases (Ferrannini et al. 1997).
Firstly, due to its vascularization, it can modulate
peripheral organs through the release of FFA and
adipokines into the portal vein, and secondly, because
this depot is more prone to macrophage infiltration
and inflammation. The visceral and the subcutaneous
compartments are the two most abundant fat depots,
and it has been shown that they produce a unique
profile of adipokines. In this review, we will focus on
the role of AT in interorgan crosstalk analysing the
mechanisms of adipokine secretion, providing an over-
view on the main findings on the auto-/paracrine role
of AT and its endocrine actions on the skeletal mus-
cle, the CV system and the pancreas.

Secretory function of adipose tissue

In the last years, proteomic profiling of the AT secre-
tome has extensively increased the number of newly
identified adipokines (Lehr ez al. 2012). Nowadays
AT is accepted to be a major endocrine organ, which
releases soluble factors, the so-called adipokines.
Proteins that contain a N-terminal signal peptide
are exported via a classical or ER/Golgi-dependent
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Figure 2 Auto-/paracrine role of adipokines and cytokines in the development of AT dysfunction and hypertrophy. AT consists
of different cell types, such as pre-adipocytes, macrophages and mature adipocytes. Under lean conditions, AT displays a normal
metabolic function, AT-resident macrophages have an anti-inflammatory M2 phenotype and adipocytes have a small size, result-
ing in a rather anti-inflammatory secretion profile. Under overnutrition and physical inactivity, obesity starts to develop and
adipocytes become enlarged with increased macrophage infiltration and a switch towards the pro-inflammatory M1 phenotype
resulting in a low-grade chronic inflammation. In the obese state, the secretion profile shifts towards a rather pro-inflammatory
secretion profile, with decreased secretion levels of the insulin-sensitizing adipokine adiponectin and increased release of pro-
inflammatory cytokines and adipokines such as TNF-o. Most of those adipokines which are upregulated in obesity have been
shown to inhibit adipogenesis and thereby further promote AT hypertrophy. On the other hand, factors promoting adipogenesis,
such as adiponectin and SFRP1, are decreased in the obese state.

secretory pathway. This can be blocked by the use of
the inhibitors brefeldin A or monensin. Despite this
classical export route, there is an increasing number
of adipokines that are secreted through alternative
routes. These proteins are characterized by a lack of
the signal peptide sequence and by insensitivity to bre-
feldin A or monensin treatment (Nickel 2003). More-
over, several studies support that adipokines can be
released by constitutive secretion, regulated or both.
The different routes of protein export from the AT
are the topic of the following sections (as summarized
in Fig. 1). As examples of adipokines secreted by the
classical mechanism we have chosen adiponectin and
leptin. On the other hand, adipokines released through
non-classical secretory mechanisms are depicted with
specific examples of transporter-mediated export such

as FGF2, shedding like TNF-o and DPP4, multiple
secretion routes such as IL-18 or yet unknown mecha-
nisms such as visfatin.

Classical or ER/Golgi-dependent pathway

The classical ER/Golgi secretion mechanism comprises
proteins which contain a signal peptide to lead their
translocation to the ER and further secretion (Palade
1975). In summary, mRNA of the respective protein
is translated at the ribosome of the rough ER and
translocated into this compartment. Inside the ER, the
correct folding and assembly of the proteins is assured
(Vitale & Denecke 1999). Via COPII-coated vesicles
proteins exit the ER and enter the Golgi complex,
where they are further processed and sorted for trans-
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port to their destination. Subsequently vesicles fuse
with the plasma membrane and release the proteins
into the extracellular space. Two classical adipokines
such as leptin and adiponectin are classically secreted.
However, the precise mechanisms of adiponectin and
leptin secretion are poorly understood.

Adiponectin

There are three secreted oligomeric isoforms of adipo-
nectin: trimeric, hexameric or high-molecular weight
(HMW). Adiponectin is an insulin-sensitizing adipoki-
ne that reduces glucose production by the liver and
increases fatty acid oxidation in skeletal muscle (Wang
et al. 2008, Dadson er al. 2011). Adiponectin serum
levels, and especially adiponectin HMW levels, are
reduced in obese and type 2 diabetes mellitus patients
(Wang et al. 2008, Dadson et al. 2011). Adiponectin
multimerisation and secretion is initially controlled via
thiol-mediated retention in the transit through the ER.
Via direct interactions with chaperones such as
ERp44, adiponectin is retained, while the oxidoreduc-
tase Erol-La interacts with ERp44 promoting adipo-
nectin release. The expression of both proteins is
tightly regulated by the metabolic state of the cell.
Thus, PPARjy activation enhances Erol-La gene
expression leading to increased HMW-adiponectin
secretion in 3T3-L1 adipocytes (Wang et al. 2008).
Once adiponectin is moving through the Golgi and
trans-Golgi network, a pool of the adipokines is pack-
aged into GGA1l (Golgi localizing y-adaptin ear
homology domain ADP ribosylating factor — ARF —
binding)-coated vesicles and delivered to endosomes
(Xie et al. 2006).

Insulin-stimulated adiponectin release in rat adipo-
cytes may be mediated by activation of the endosomal
membrane recycling with the participation of Rab5 and
Rab11 which are markers for the early sorting and recy-
cling compartments respectively (Xie et al. 2008). A
recent study demonstrated that the novel protein FIP1
(family of interacting proteins 1), an effector of Rab11,
negatively regulated adiponectin trafficking and secre-
tion. Interestingly, FIP1 expression is downregulated
during adipogenesis and by thiazolidinediones stimula-
tion, while TNF-o upregulated FIP1 expression in the
3T3L1 adipocytes. In contrast, FIP1 positively corre-
lated with BMI in humans (Carson et al. 2013).

Leptin

Leptin, the product of the ob gene, was the first adipo-
kine to be identified (Zhang et al. 1994). Leptin is a
multi-functional adipokine with a key role in regulating
food intake, energy expenditure and neuroendocrine
function among others (Ahima & Flier 2000). Localiza-
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tion analysis by velocity and density gradient ultracen-
trifugation revealed that leptin is found in the high-
density microsomes, which are positive for ER markers
(Cammisotto et al. 2005). As a classically transported
adipokine, leptin secretion is abolished by brefeldin A
treatment. The serine/threonine protein kinase D1
(PKD1) has been proposed to mediate the fission at the
trans-Golgi network of leptin transport vesicles to the
plasma membrane (Xie ef al. 2008). Leptin secre-
tion seems to take place through both constitutive and
regulated secretory pathways.

Regulated secretion of leptin in the adipocytes was
highly induced by a cocktail of glucose, insulin and
pyruvate (GIP). The concentrations used mimicked
hyperglycemia and hyperinsulinaemia, and leptin
secretion was stimulated through vesicular exocytosis.
Both the constitutive secretion and the GIP-stimulated
secretion of leptin were Ca** dependent. Moreover,
forskolin, an activator of adenylate cyclase, abolished
the facilitating effects of GIP, suggesting that cAMP/
PKA may act downstream of GIP. In this line, insulin-
stimulated leptin secretion is inhibited by f-agonists
via adenylate cyclase activation (Cammisotto & Buk-
owiecki 2002). Beside other pathways, insulin mainly
acts through the PI3K/mTOR signalling pathway on
the translation and translocation of leptin and thereby
enhancing leptin secretion (Tsai et al. 2012).

Non-classical protein secretion

Proteins secreted by non-classical pathways lack a N-
terminal signal peptide leading to ER/Golgi transport
and are therefore called ‘leaderless’ (Nickel 2003).
Several well-known adipokines, such as TNF-a, visfa-
tin, Prefl or DPP4, are released through non-classical
mechanisms from AT. To date, there are at least three
distinct non-classical release mechanisms known,
namely transporter-mediated export, microvesicle/exo-
some release and the selective post-translational
hydrolysis from the cell surface, which is also termed
‘shedding’ (Hooper et al. 1997). The following section
deals with some representatives for each kind of non-
classical export pathway.

Transporter-mediated export of FGF2

The adipokine FGF2 (fibroblast growth factor 2, also
known as basal FGF) is mainly released by pre-adipo-
cytes and plays a role in adipogenesis (Kakudo et al.
2007, Xiao et al. 2010, Hutley et al. 2011). FGF2 cir-
culating levels negatively correlate with BMI and are
restored by 6-month exercise intervention (Seida et al.
2003). FGF2 lacks a transient signal sequence and is
insensitive to monensin or brefeldin A treatment.
Methylamine, which inhibits exocytosis, showed a
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decrease in FGF2 release, which indicates externaliza-
tion via a mechanism of exocytosis independent of
ER/Golgi complex (Mignatti et al. 1992). Drug treat-
ment with ouabain, which is able to inhibit the
plasma membrane Na*/K*ATPase, points to an export
mechanism through this transporter (Florkiewicz et al.
1995, Dahl et al. 2000). It was also shown that FGF2
is recruited to the inner leaflet of the plasma mem-
brane before it is translocated to the extracellular
space (Schafer er al. 2004). Important factors in the
translocation process seem to be the ECM compo-
nents heparin sulphate proteoglycans, which was
shown by Zehe et al. (2006). So for FGF2 different
export routes still seem to be possible.

Shedding of TNF-o. and DPP4

It is now widely accepted that tumour necrosis factor
(TNF)-o is one important mediator, which triggers
obesity-related insulin resistance. During obesity, the
expression of TNF-o is upregulated in AT, muscle and
macrophages. In obese mice, it was shown that com-
plete removal or blockade of TNF-o is able to
improve the metabolic profile. TNF-o might act
mainly in an auto-/paracrine fashion at its target sites
in obesity (Xu et al. 2002). By proteolytic cleavage at
Ala76-Val77 in the extracellular part of the trans-
membrane protein, the soluble TNF-o is released. This
process is sensitive to hydroxamic acid-based inhibi-
tors, which are broad spectrum inhibitors for matrix
metalloproteases (MMP). Therefore, TNF-a shedding
seems to involve one or more MMPs. Black and col-
leagues identified TACE (TNF-o converting enzyme;
also known as Adam17) as the major shedding
enzyme of TNFo, by cloning and purification. Down-
regulation of the gene in mouse cells leads to a
marked decrease in soluble TNF-« (Black et al. 1997).

Dipeptidyl peptidase 4 (DPP4) is an ubiquitously
expressed type II transmembrane protease, which
cleaves and inactivates N-terminal dipeptides from a
variety of substrates, including growth factors and
hormones (like the incretin hormones), neuropeptides
and chemokines (Yazbeck et al. 2009). DPP4 is not
only present on the cell surface, but is also found in
the circulation (Cordero et al. 2009). Our group iden-
tified DPP4 as a novel adipokine by proteomic profil-
ing of the adipocyte secretome. Elevated serum levels
of DPP4 were found in obese patients and correlate
with the size of adipocytes and risk factors for the
metabolic syndrome (Lamers et al. 2011). Thus, DPP4
arises as a marker for visceral obesity, insulin resis-
tance and the metabolic syndrome (Sell et al. 2013).
Like most type II transmembrane proteins, DPP4 con-
tains a predicted signal sequence, which is located at
the transmembrane domain (revealed by bioinformatic
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analysis with the SignalP webtool). We were able to
show that DPP4 is insensitive to brefeldin A treatment
in different cell types (Raschke et al. 2013, Rohrborn
et al. 2013). It is most likely that DPP4 is released by
ectodomain shedding, which means that the extracel-
lular part of this type II transmembrane protein is
selectively hydrolysed from the cell surface (Hooper
et al. 1997). Our group showed for the first time that
DPP4 release from human adipocytes is blocked by
the MMP inhibitor batimastat, suggesting the involve-
ment of MMPs. Our results point towards MMP9 as
a potential player in DPP4 shedding in adipocytes
(Rohrborn et al. 2013). Further research will deter-
mine what are the mechanisms behind the enhanced
DPP4 release from AT in patients with the metabolic
syndrome.

Multiple export routes of IL-1f

Since 1987 it is known that IL-1 lacks a classical sig-
nal peptide (Dinarello 1987). There are two isoforms
of IL-1, IL-1a and IL-1f. Both are secreted in an
unconventional way, but much more is known about
IL-1p release. The mechanism of production and mat-
uration of IL-1f was in the focus of many studies dur-
ing the last years and is therefore understood to a
great extent. However, the mechanism by which IL-1
is released into the extracellular space is still very con-
troversially discussed. At least four possible active
export routes are proposed in the literature (as
reviewed by Eder 2009). The group of Rubartelli
could propose three of these routes in several studies
on IL-1f secretion in human macrophages namely via
different kinds of vesicles, which might be lysosomes,
shed plasma membrane vesicles or exosomes from
multi-vesicular bodies (MVB) (Rubartelli et al. 1990,
Andrei et al. 1999, Carta ef al. 2013). Additionally, it
was shown that the ABC transporter inhibitor glybu-
ride selectively inhibits IL-1§ release in murine macro-
phages, which proposes that at least partly IL-1f is
exported via an active, transporter-mediated export
(Hamon et al. 1997, Brough & Rothwell 2007).
The multiple export routes of IL-1§ need to be fur-
ther investigated to elucidate if several mechanisms
are possible or if the used route is cell or species
specific.

Non-classical secretion of visfatin

Visfatin was originally described as an adipokine with
insulin-mimetic properties, although this later affirma-
tion was retracted (Fukuhara et al. 2005, 2007). Visf-
atin is identical to the cytokine pre-B-cell colony-
enhancing factor (PBEF), and the enzyme nicotin-
amide phosphoribosyltransferase (Nampt), catalysing
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the rate-limiting step leading to the synthesis of
nicotinamide adenine dinucleotide (NAD; as reviewed
by Romacho et al. 2013a). In the context of metabolic
diseases, although there are conflicting results, several
studies have reported elevated circulating levels of
visfatin in obesity, type 2 diabetes mellitus and the
metabolic syndrome (Romacho et al. 2013a). Due to
the lack of the signal peptide, visfatin was initially
proposed not to be actively secreted but released by
passive cellular death (Kitani ef al. 2003, Hug &
Lodish 2005, Stephens & Vidal-Puig 2006), although
no evidence for this affirmation was ever provided.
On the contrary, other studies demonstrated that it is
not classically secreted (Revollo et al. 2007, Tanaka
et al. 2007). Tanaka et al. excluded other non-classi-
cal mechanisms for visfatin secretion such as transport
system or microvesicles. Furthermore, other studies
have reported that visfatin is actively secreted from
several cell types such as 3T3-L1, amniotic epithelial
and endothelial cells (Ognjanovic et al. 2005, Tanaka
et al. 2007, Romacho et al. 2013b).

Auto- and paracrine crosstalk within adipose
tissue

AT is composed of different cell types. In addition to
mature adipocytes, other cell types such as pre-adipo-
cytes, vascular cells and macrophages are present in
AT (as depicted in Fig. 2). Adipokines and cytokines
secreted from these different AT-resident cell types
influence each other in an intra-organ crosstalk sce-
nario. It is well described that cytokines secreted
from macrophages, like TNF-o, influence adipocyte
metabolic and secretory function. This crosstalk is
bidirectional, as adipocyte-derived factors, such as
leptin, also modulate function of AT-resident immune
cells (Ouchi ez al. 2011). The risk to develop type 2
diabetes and other
increased in obesity and related to AT dysfunction.

metabolic complications is
Furthermore, the degree of macrophage infiltration
positively correlates with adipocyte size (Xu et al.
2003), and adipocyte size itself is linked with meta-
bolic dysfunction (Gustafson ef al. 2013). Enlarged
adipocytes may contribute to the development of
metabolic dysfunction by a decreased lipid buffering
capacity, leading to ectopic fat accumulation (Goos-
sens 2008). Additionally, there is a shift towards a
more  pro-inflammatory  secretion  profile  with
increased adipocyte size (Skurk etz al. 2007). There is
a constant turnover of the number of adipocytes dur-
ing life with ~10% of all adipocytes being renewed
per year (Spalding et al. 2008). Thus, de novo adipo-
genesis is crucial to maintain adipocyte number and
to provide new adipocytes in case of excess energy
supply. Interestingly, both the ability to recruit and
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differentiate new adipocytes are impaired in indivi-
duals with hypertrophic AT (Gustafson et al. 2013).
Adipocyte size seems to be a pivotal factor, and
understanding the mechanisms which regulate adipo-
cyte differentiation is therefore essential to prevent
AT hypertrophy and dysfunction.

Differentiation into adipocytes requires a tempo-
rally regulated transcriptional cascade. Key transcrip-
tion factors in adipogenesis are the nuclear receptor
peroxisome proliferator-activated receptor y (PPARY)
and the CCAAT-enhancer-binding proteins (C/EBPs)
(Rosen & Macdougald 2006). The transcriptional cas-
cade can be influenced by several pro- and antiadipo-
genic extracellular factors. Bone morphogenetic
proteins (BMP) promote adipogenesis (Bowers & Lane
2007, Schulz & Tseng 2009), while TGF-B inhibits
adipogenesis (Zamani & Brown 2011). Another inhib-
itory pathway in the regulation of adipocyte differenti-
Wnt-signalling pathway, which is
activated by the Wnt family of secreted glycoproteins
(Ross et al. 2000).

The auto-/paracrine modulation of AT inflamma-

ation is the

tion and metabolic function of AT by adipokines has
been thoroughly reviewed (Karastergiou & Mohamed-
Ali 2010), and we will not focus on that in this part.
The important role of impaired adipogenesis in the
development of hypertrophic obesity and metabolic
dysfunction has been recently summarized (Gustafson
et al. 2013). However, the auto-/paracrine regulation
of adipogenesis has not been so extensively explored.
Secretion of a more pro-inflammatory adipokine pro-
file occurring in obesity does not only impair other
organs, but also adipogenesis within AT. Cytokines
released from macrophages and hypertrophic adipo-
cytes, such as TNF-o and IL-6, have been shown to
inhibit adipocyte differentiation. The classical adipoki-
ne leptin inhibits adipogenesis (Rhee e al. 2008),
while adiponectin has been described to promote adi-
pogenesis (Fu et al. 2005, do Carmo et al. 2008).
Most of the adipokines which are upregulated in the
obese state inhibit de novo adipogenesis, while pro-
moters of adipogenesis such as adiponectin are down-
regulated (Fig. 2). This section will focus on novel
AT-derived factors regulating adipogenesis in an
auto-/paracrine manner. More specifically, we will
address the auto-/paracrine effects of several adipokin-
es which are upregulated in obesity and exert a nega-
tive effect on adipogenesis such as RBP4, WISP2 and
the recently identified adipokine HO-1. On the other
hand, we summarize here the main effects of novel
adipokines that may positively regulate adipogenesis
such as SFRPs and chemerin. For all these factors,
both the role in adipogenesis and their regulation in
AT by intra-organ crosstalk will be described in the
following section (Fig. 2).
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Retinol-binding protein 4 (RBP4)

RBP4 belongs to the lipocalin family of transport pro-
teins and is the only retinol transporter in the circula-
tion (Quadro ef al. 1999). The primary site of RBP4
synthesis is the liver, followed by AT (Tsutsumi et al.
1992). Within AT, mature adipocytes represent the
main source of RBP4 (Cheng et al. 2013). RBP4 was
identified as an adipokine in 2005, and serum RBP4
levels are elevated in several obese and diabetic mouse
models (Yang et al. 2005). However, the relation
between RBP4 serum levels and insulin resistance in
human clinical studies remains controversial (Kotnik
et al. 2011). Circulating RBP4 is about 90% bound to
retinol (holo-RBP4), and 10% is present in the
unbound form (apo-RBP4). As sole retinol transport
protein, RPB4 coordinates cellular retinol uptake
(Quadro et al. 1999). Retinoids are retinol derivates
and activate the nuclear receptor retinoid acid recep-
tor (RAR) and retinoid X receptor (RXR), which are
also involved in the regulation of adipogenesis (Ziou-
zenkova & Plutzky 2008). RBP4 overexpression in
primary porcine pre-adipocytes has been shown to
decrease adipogenesis, mediated by impaired AKT and
mTOR phosphorylation (Cheng et al. 2013). In addi-
tion to insulin signalling, RBP4 might also affect
adipogenesis by activating RAR. Differentiation of
3T3-L1 pre-adipocytes treated with retinol-bound
holo-RBP4 is blocked, accompanied by increased
RARa activation. This effect was dependent on reti-
nol, as treatment of 3T3-L1 pre-adipocytes with the
retinol-free  apo-RBP4 increased retinol efflux and
2013).
Expression of RBP4 in AT is regulated by several adi-

enhanced differentiation (Muenzner et al.
pocyte- and macrophage-derived factors in an auto-/
paracrine manner. Thus, RBP4 protein expression is
downregulated in primary human adipocytes by TNF-o
(Sell & Eckel 2007, Kotnik et al. 2013) and IL-1pB
(Kotnik et al. 2013). Leptin, which is mainly secreted
from mature adipocytes, increases RPB4 protein level
in human AT explants (Kotnik et al. 2011). The insu-
lin-sensitizing PPARY agonists troglitazone and pioglit-
azone have been shown to increase RBP4 expression
in human adipocytes (Sell & Eckel 2007, Yao-Boreng-
asser et al. 2007). It is likely that RBP4 is dysregulat-
ed in states of AT inflammation, and indeed, a
positive association between expression of RBP4 and
the macrophage marker CD68 was found in subcuta-
neous human AT (Yao-Borengasser et al. 2007). In
addition to its effects on adipogenesis, RBP4 impairs
macrophage secretory function. Macrophages chal-
lenged with apo-RBP4 or holo-RBP4 express
increased levels of MCP1, IL-6 and TNF-o, which
was independent of retinol and the RBP4 receptor
STRA6 (Norseen et al. 2012). In conclusion, the

T Romacho et al. * An adipocentric view of organ crosstalk

adipokine RBP4 may contribute to the development
of metabolic dysfunction by impairing adipocyte
differentiation and increasing secretion of pro-inflam-
matory cytokines by macrophages. The RBP4-medi-
ated induction of TNF-o may further inhibit
adipocyte differentiation. However, it is surprising
that RBP4 expression in adipocytes is decreased by
TNF-o and increased by PPARYy agonists. Moreover,
some of the described effects of RBP4 are dependent
on retinol and some are not, complicating the role
of RBP4 in AT function.

Heme oxygenase-1

Heme oxygenases (HO) cleave heme to biliverdin,
iron and carbon monoxide (CO) and are present in
two isozymes. While HO-2 is constitutively expressed
in several tissues, HO-1 is a stress responsive isoform
inducible by oxidative stress, cytokines, UV-Light and
other factors. Increased HO-1 activity protects against
oxidative stress, as present in diabetes and atheroscle-
rosis (Abraham & Kappas 2008). HO-1 is secreted
from primary human adipocytes, and HO-1 protein
levels increase during adipocyte differentiation. As
HO-1 protein abundance is substantially higher in
adipocytes compared with macrophages, this adipoki-
ne is rather an adipocyte-derived factor in AT (Lehr
et al. 2012). The protein level of HO-1 is increased in
SAT and VAT from obese patients compared with
matched lean controls (Lehr et al. 2012). Moreover,
serum HO-1 levels are upregulated in human obesity
(Lehr et al. 2012) and type 2 diabetic subjects (Bao
et al. 2010). Recently, positive effects of HO-1 on AT
have been reported. Induction of HO-1 by cobalt pro-
toporphyrin IX (CoPP) injection reverts AT inflamma-
tion in Zucker obese rats (Kim et al. 2008) and
lowers weight gain and body fat content (Kim ez al.
2008, Nicolai et al. 2009), indicating a role for HO-1
in the regulation of adipogenesis. In line, adipogenic
differentiation is increased in mesenchymal stem cells
(MSCs) from HO-2-deficient mice, which display
lower HO-1 protein expression. Treatment of HO-2-
deficient MSCs with CoPP decreases adipogenesis,
reduces lipid droplet size and improves adipokine
secretion profile (Burgess ef al. 2012). Similar effects
on adipogenesis and adipokine secretion were
observed in human MSCs. Human MSCs treated with
the HO-1 inducer CoPP show an increased number of
small lipid droplets, while large lipid droplets are
reduced. Moreover, the secretion of adiponectin was
increased and TNF-o release strongly decreased by
CoPP (Vanella ef al. 2013). The inhibitory effect of
HO-1 on adipogenesis has been proposed to be medi-
ated by increased expression of the WNT-signalling
components Wnt10b and B-catenine (Vanella et al.
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2013). Although inhibiting adipogenesis, HO-1 seems
to improve the adipokine secretion profile and prevent
HFD-induced obesity in animal models (Kim et al.
2008, Nicolai et al. 2009). However, a recent study
showed that AT-specific overexpression of HO-1
could not prevent HFD-induced obesity and insulin
resistance and did not affect expression of pro-inflam-
matory cytokines or adipocyte size (Huang et al.
2013). Thus, HO-1 is likely to be important in the
early induction of adipogenesis, as HO-1 induction in
pre-adipocytes decreases adipogenesis (Tanaka et al.
2009, Burgess et al. 2012, Vanella et al. 2013). On
the other hand, aP2 gene promotor driven expression
of HO-1, which does not increase HO-1 expression in
pre-adipocytes, does not impair adipogenesis (Huang
et al. 2013).

WNT ! inducible signalling pathway protein 2 (WISP2)

WISP2, also known as CCNS, belongs to the CCN
(connective tissue growth factor/cysteine-rich 61/neph-
roblastoma overexpressed) family (Brigstock 2003)
and is induced by Wnt/B-catenine signalling (Jackson
et al. 2005). Canonical WNT/B-catenine signalling is
activated by several extracellular WNT ligands, lead-
ing to B-catenine stabilization and interaction with the
nuclear transcription factors TCF/LEF. The inhibition
of WNT/B-catenine signalling is necessary to induce
adipogenic differentiation. Thus, harmine-mediated
promotion of 3T3-L1 pre-adipocyte differentiation is
accompanied by suppression of Wisp2 and other com-
ponents of the Wnt-signalling pathway, suggesting a
role for Wisp2 in the regulation of adipogenesis (Waki
et al. 2007). Recent evaluation of the fat cell secre-
tome, regarding the expression of adipokines during
adipogenesis and their regulation in obesity, revealed
Wisp2 as a top candidate which is upregulated in
obesity (Dahlman ez al. 2012). Wisp2 has recently
been validated and characterized as novel adipokine
(Hammarstedt et al. 2013). Expression of Wisp2
mRNA in subcutaneous AT from human subjects cor-
relates positively with adipocyte size and waist cir-
cumference. Knockdown of Wisp2 in 3T3-L1 cells
induces spontaneous differentiation, while treatment
with recombinant Wisp2 suppresses adipogenesis
(Hammarstedt et al. 2013). Thus, Wisp2 is a potent
new regulator of adipocyte differentiation. Interest-
ingly, the positive regulator of white adipocyte differ-
entiation BMP4 (Schulz & Tseng 2009) is able to
revert the inhibitory effect of Wisp2 on adipogenesis
(Hammarstedt et al. 2013). Other Wnt ligands such
as WntSa are secreted from macrophages and inhibit
adipocyte differentiation in a paracrine manner (Bil-
kovski et al. 2011). Future studies will determine
whether Wisp2 is secreted by other AT-resident cells
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and how secretion is regulated in states of AT inflam-
mation.

Secreted frizzled-related proteins

WNT-signalling inhibits adipogenesis and can be regu-
lated on several levels. Members of the family of
secreted frizzled-related proteins (SFRPs) are extracel-
lular regulators of Wnt-signalling, by binding and
modifying the activity of Wnt ligands (Park et al.
2008). The SFRP family comprises five members in
mammals (SFRP1-5). SFRP1 is induced during adipo-
genesis and primarily expressed in mature adipocytes,
indicating a role in the regulation of adipogenesis
(Lagathu et al. 2010). Overexpression of SFRP1
in 3T3-L1 pre-adipocytes inhibits the canonical
WNT-signalling pathway and promotes adipogenesis.
Interestingly, the stimulatory effect of SRFP1 on adi-
pogenesis was only observed when differentiation was
induced with a mild differentiation cocktail, but not
with a maximal differentiation cocktail (Lagathu et al.
2010). SFRP1 seems to play an important role in the
regulation of adipocyte number during progression of
Thus, SFRP1
expression in AT initially rises in mice under HFD to
compensate the increased demand for fat storage, but

AT hypertrophy and dysfunction.

decreases again at later time points when animals start
to develop AT dysfunction metabolic complications
(Lagathu ef al. 2010). In line, SFRP1 expression in
subcutaneous AT is increased in mild obese humans
and falls to levels equal to lean subjects in morbidly
obese humans (Lagathu ez al. 2010). However, a
recent study showed a negative correlation between
SFRP1 expression in subcutaneous AT and BMI and
no effect of SFRP1 on differentiation of primary
human adipose-derived stem cells (hADSCs) (Ehrlund
et al. 2013). In addition to SFRP1, SFRP2 has been
shown to promote adipogenic differentiation of mur-
ine bone marrow stromal cells (Cianferotti & Demay
2007) and SFRP4 increases differentiation of hADSCs
(Park et al. 2008). Again, the recent study of Ehrlund
et al. (2013) could not observe any effect of SFRP2
and SFRP4 and adipogenesis in hADSCs. The role of
SFRPS as an adipokine is very controversial. SFRPS
expression has been reported to be decreased in sev-
eral obese mouse models and in VAT of obese
individuals (Ouchi et al. 2010). SfrpS~'~ mice under
high-fat diet develop insulin resistance and AT inflam-
mation and have enlarged adipocytes, suggesting that
SFRPS promotes adipogenesis and has anti-inflamma-
tory properties (Ouchi et al. 2010). However, another
study showed increased SFRPS expression in AT of
obese mouse models and Sfrp59275*°P mutant mice with
a non-functional SfrpS5 allele have less fat under high-
fat diet and a lower percentage of large adipocytes
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(Mori et al. 2012). Moreover, SFRP5 has been shown
to be expressed in human AT but is not secreted
time-dependently from human AT explants and there-
fore not a real adipokine (Ehrlund et al. 2013). In
summary, most studies observed a positive effect of
SFRPs on adipogenesis, suggesting that they are
negative regulators of WNT signalling. The different
results on the regulation of SFRPs in obesity may be
explained by a potential gradual regulation during pro-
gression of obesity, as described for SFRP1 (Lagathu
et al. 2010). SFRPs seem to be promising targets, and
their regulation and function in AT has to be further
investigated.

Chemerin

The chemoattractant protein chemerin (RARRES2 or
TIG) binds to chemokine-like receptor 1 (CMKLR1)
and plays a role in innate and adaptive immunity
(Bondue ef al. 2011). White AT, liver and placenta
express high levels of chemerin mRNA, and chemerin
has recently been identified as a novel adipokine
secreted by 3T3-L1 adipocytes (Goralski et al. 2007).
Chemerin is mainly derived from mature adipocytes,
as expression of chemerin mRNA is strongly upregu-
lated during differentiation of 3T3-L1 adipocytes
(Bozaoglu er al. 2007, Roh et al. 2007) and human
pre-adipocytes (Sell et al. 2009). As many other
adipokines, chemerin is dysregulated in obesity and
has been proposed as a potential link between obesity
and T2DM (Roman et al. 2012). Thus, expression of
chemerin and its receptor CMKLR1 are increased in
AT from obese rats compared with lean counterparts
and positively correlate with BMI (Bozaoglu et al.
2007). Moreover, chemerin serum levels are increased
in obese human subjects (Bozaoglu et al. 2007), and
secretion of chemerin is higher from human AT ex-
plants of obese subjects (Sell et al. 2009). Chemerin is
another factor regulating adipogenesis in an auto-/
paracrine manner. Knockdown of chemerin in 3T3-L1
pre-adipocytes (Goralski et al. 2007) and human
multi-potent bone marrow-derived stromal cells
(BMSCs) (Muruganandan et al. 2010) abrogates adi-
pogenesis, suggesting that chemerin is necessary for
adipocyte differentiation. Chemerin mainly impacts
the mitotic clonal expansion phase in the first days of
differentiation (Muruganandan ef al. 2011) and has
no effect on adipogenesis when knocked down in later
(Goralski et al. 2007,
Muruganandan et al. 2011). Interestingly, chemerin is

phases of differentiation
differentially regulated in pre-adipocytes and mature
adipocytes. PPARy agonists enhance chemerin
expression in pre-adipocytes (Muruganandan et al.
2011), while treatment of mature adipocytes with
PPARY agonists decreases chemerin mRNA expression
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(Muruganandan et al. 2011) and release (Sell er al.
2009). Furthermore, chemerin release from human
adipocytes is increased by the pro-inflammatory cyto-
kine TNF-a (Sell et al. 2009). Lipid loading of 3T3-
L1 adipocytes by treatment with oleic acid and pal-
mitic acid during differentiation increases chemerin
protein levels (Bauer et al. 2011). In conclusion,
chemerin is a positive regulator of adipogenesis and is
upregulated in obesity. Enhanced expression of chem-
erin in adipocytes with enlarged lipid droplets may be
a physiological stimuli in AT to promote adipogenesis
and thereby provide new adipocytes.

Endocrine crosstalk by adipose tissue

Through the release of adipokines, AT establishes a
crosstalk with other key target tissues and organs such
as the central nervous system, the liver, skeletal mus-
cle, the CV system and the pancreas. On the other
side, factors released from these targets of AT can
interact with AT itself. The identification of novel
mediators released from the heart such as cardiokines,
or the skeletal muscle such as myokines, further com-
plicates the picture of this bidirectional interorgan
crosstalk. In this section, we will specifically focus on
the crosstalk between AT and skeletal muscle, the vas-
cular wall and the pancreas from an adipocentric
point of view (as summarized in Fig. 3). As outlined
in previous sections, we will focus on the effects of
two classical adipokines such as adiponectin and lep-
tin on these crosstalk scenarios. On the other hand,
we will summarize the current main findings of two
novel adipokines with enzymatic activity such as
DPP4 and visfatin that may play beneficial or detri-
mental roles depending on the crosstalk scenario.

The adipo-myocyte axis

Skeletal muscle plays a key role in insulin sensitivity
as a main target for insulin-stimulated glucose dis-
posal. Increased AT mass and insulin resistance are
closely related. In metabolic diseases, skeletal muscle
insulin resistance results from an increased release of
pro-inflammatory adipokines, cytokines and chemo-
kines and free fatty acids (FFA) as a result of AT dys-
function (as reviewed in Sell et al. 2006b). In a
pioneer coculture model with human adipocytes and
myocytes, our group demonstrated that adipocytes
directly induced insulin resistance in human skeletal
muscle cells (Dietze et al. 2002). The coculture
insulin-mediated Akt  phosphorylation,
GLUT4 translocation and glucose uptake (Dietze et al.
2002) in a similar way to what reported in skeletal
muscle of diabetic patients (Krook et al. 2000).
Conditioned medium (CM) from adipocytes increased

reduced
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Figure 3 Endocrine role of adipose tissue in interorgan crosstalk. Through the release of adipokines, adipose tissue can exert a

positive or negative regulation on the function of other distant targets such as the cardiovascular system, skeletal muscle and the

pancreas. On the other hand, these targets can also affect adipose tissue function through the release of their specific “-kines’

such as cardiokines, myokines, hormones like insulin or cytokines. Adipokines that are upregulated in obesity such as leptin,

visfatin and potentially DPP4 exert a deleterious effect on cardiovascular function, while adiponectin whose levels are downreg-

ulated in obesity exerts an anti-inflammatory and antiatherogenic effect in the vascular wall. Adiponectin promotes insulin sensi-

tivity in skeletal muscle while pathological concentrations of leptin impair insulin sensitivity in this tissue. While adiponectin

and visfatin have been proposed to exert beneficial effects on f-cell function, other adipokines and cytokines upregulated in
obesity such as leptin, TNF-o, IFNy and potentially DPP4 negatively affect f-cell mass and function.

oxidative stress, ceramide content, reduced mitochon-
drial capacity and potentiated the lipotoxic potential
of palmitate in skeletal muscle cells (Sell et al. 2006a).
These findings underpin the crucial role of adipokines
in skeletal muscle dysfunction and in the pathogenesis
of type 2 diabetes. Skeletal muscle has been identified
as a real endocrine organ, and novel skeletal muscle-
derived mediators termed myokines are being identi-
fied (Hartwig et al. 2013, Raschke et al. 2013). Inter-
estingly, some of these factors overlap with the
adipocyte secretome and may also contribute to the
circulating levels of some adipokines (as reviewed in
Raschke & Eckel 2013).

Adiponectin and leptin

The circulating levels of adiponectin are downregulat-
ed in obesity and are inversely correlated with insulin
resistance (Kadowaki & Yamauchi 2005). Thus,
adiponectin improves whole body insulin sensitivity
(Turer & Scherer 2012). This adipokine has also been

reported as a myokine released from L6 muscle cells
(Liu et al. 2009). Adiponectin directly prevented insu-
lin resistance in myocytes cocultured with adipocytes
(Dietze-Schroeder et al. 2005). One proposed mecha-
nism is that the globular C-terminal fragment of
adiponectin can reduce glucose levels by increasing
fatty acid oxidation in myocytes (as reviewed in Turer
& Scherer 2012). Interestingly, Iwabu et al. demon-
strated that decreased levels of adiponectin and the
adiponectin receptor AdipoR1 in obesity may have
causal roles in mitochondrial dysfunction and insulin
resistance observed in diabetes. Adiponectin increased
PGC-1ua expression and mitochondrial content in myo-
cytes via the AdipoR1 receptor. Analogously, a trans-
genic mouse with skeletal muscle-specific disruption of
AdipoR1 displayed a decreased expression of PGC-1a,
mitochondrial content and detoxifying enzymes in
skeletal muscle, which were associated with insulin
resistance and decreased exercise endurance in these
mice (Iwabu et al. 2010). Most of the reported effects
of adiponectin in skeletal muscle have been mediated
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by globular adiponectin, which may have a reduced
contribution to overall circulating adiponectin (Bluher
2012). Therefore, the real physiological impact of
adiponectin on skeletal muscle needs to be further
explored.

Leptin circulating levels positively correlate with fat
mass (Schwartz et al. 1996). Leptin has been proposed
to be an adipomyokine, as it is secreted both from
adipocytes and myocytes. However, data from our
group showed that leptin is rather a true adipokine
(Raschke & Eckel 2013). Leptin receptors are abun-
dant in human skeletal muscle (Guerra et al. 2007),
and their expression is upregulated by both exercise
and atrophy (Chen et al. 2007). Leptin promotes insu-
lin sensitivity by enhancing fatty acid oxidation and
decreasing triglyceride storage in muscle (Ahima &
Flier 2000). Several studies with murine models sup-
port an anabolic role for leptin in the regulation of
muscle mass. A novel mouse model lacking all func-
tional leptin receptor isoforms, the POUND mouse
(Lepr®®™) showed increased body weight and
decreased muscle mass. In POUND mice, myogenic
differentiation was probably impaired due to an
increase in muscle-wasting myostatin and decreased
IGF-1 and Akt expression in skeletal muscle (Aroun-
leut ef al. 2013). On the contrary, leptin treatment
increased skeletal muscle mass in aged mice (Hamrick
et al. 2010). Only future research will determine
whether leptin could be a therapeutic target to
improve declined skeletal muscle function in degenera-
tive diseases and ageing.

DPP4 and visfatin impact on skeletal muscle

Our group has characterized DPP4 as an adipokine
potentially linking obesity to the metabolic syndrome
(Lamers ef al. 2011) and has recently validated it as a
myokine (Raschke et al. 2013). In mice lacking DPP4,
both insulin secretion and glucose tolerance are
improved (Marguet ef al. 2000). In a recent study,
DPP4 inhibition with sitagliptin upregulated GLUT4
expression in the skeletal muscle of spontaneous
hypertensive rats (SHR) (Giannocco et al. 2013). Nev-
ertheless, the impact of adipose-derived DPP4 on skel-
etal muscle remains fully unknown.

Little is known on the potential impact of this
adipokine on skeletal muscle. Visfatin may have a del-
eterious effect on skeletal muscle since it induced oxi-
dative stress in C2C12 myotubes through nuclear
factor (NF)-kB activation independently of MAPK and
Akt phosphorylation (Oita et al. 2010). Costford
et al. have demonstrated that exercise increases intra-
cellular Nampt (iNampt) expression in human skeletal
muscle and that iNampt induction correlates with an
enhancement of mitochondrial content and PGC-1a

T Romacho et al. * An adipocentric view of organ crosstalk

expression (Costford et al. 2010). Visfatin has been
also identified as a myokine in chicken and rat (Krzy-
sik-Walker ef al. 2008, Wang et al. 2010), although
in humans the potential role of visfatin as an adipo-
myokine remains to be further explored (Scheler et al.
2013).

The adipo-vascular axis

Vascular complications are the main cause for morbi-
mortality in obese and type 2 diabetic patients. Indeed,
obesity is an independent risk factor for atherosclerosis
(Williams et al. 2002). Endothelial dysfunction is a
key initial step in the development of atherosclerosis,
which is characterized by reduced bioavailability of
the anti-atherogenic molecule nitric oxide (NO),
impaired vascular homeostasis leading to increased
vasoconstriction, leucocyte adherence, platelet activa-
tion, smooth muscle proliferation, permeability, proox-
idation, coagulation and inflammation (Verma et al.
2003). Atherogenesis is a complex process beginning
with endothelium activation. The increased expression
of adhesion molecules promotes leucocyte adhesion
and transmigration. After lipid accumulation, activated
monocytes become foam cells. Later they are joined by
smooth muscle cells that migrate and proliferate
towards the intima layer and increase extracellular
matrix secretion and the release of pro-inflammatory
cytokines leading to fibrous cap formation. When the
fibrous cap weakens by the action of MMPs, the pla-
que becomes unstable and breaks leading to thrombus
formation and ischaemic accidents (Ross 1999). NF-xB
plays a pivotal role in atherothrombotic diseases, as it
regulates the expression of other key molecules in this
process such as adhesion molecules, pro-inflammatory
cytokines and the inducible form of NO synthase
(iNOS), a key enzyme related to impaired vascular
reactivity in diabetes (Gunnett et al. 2003). A pro-
inflammatory secretion profile of AT has been associ-
ated with chronic systemic inflammation and endothe-
lial dysfunction (Karastergiou & Mohamed-Ali 2010).
Adipocytokines such as TNF-o, several interleukins
and many other adipokines lead to the activation of
pro-inflammatory signalling pathways in vascular cells.
AT can additionally affect vascular homeostasis
through the release of classical vasoactive factors such
as NO or angiotensin II, agents controlling fibrinolysis
such as PAI-1 and vasoactive adipokines (Lau et al.
2005, Guzik er al. 2006). Several adipokines are now
considered as markers or predictors of CV disease (Ta-
ube et al. 2012), but more importantly, adipokines are
starting to be acknowledged as active promoters of
atherothrombotic diseases. The main direct CV effects
of adiponectin, leptin, DPP4 and visfatin will be
addressed here.
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Adiponectin and leptin: two opposite players in the
vascular wall?

Considered the cardioprotective adipokine par excel-
lence, adiponectin circulating levels are downregulated
in patients suffering cardiometabolic diseases (Kumada
et al. 2003). This adipokine inhibits the initial steps of
the atherogenic process by downregulating TNF-o
induction of adhesion molecules, preventing macro-
phage-to-foam cell transformation and smooth muscle
1999, Arita et al.
2002). The adipokine prevents endothelial activation
by inhibiting NF-«B signalling and directly ameliorat-
ing endothelial dysfunction by increasing nitric oxide
(NO) production (as reviewed in Taube ez al. 2012).
The anti-atherogenic effect of adiponectin has been

cell proliferation (Ouchi et al.

further demonstrated in adiponectin knockout models
(Ouedraogo et al. 2007).

Leptin receptors are expressed in both endothelial
cells and smooth muscle cells and thus leptin can exert
direct actions on the vascular wall. The correlation
between leptin levels and CV diseases remains contro-
versial; therefore, it has been proposed that the positive
or negative correlations reported may depend on the
absence or presence of the specific CV pathophysiology
(Koh ez al. 2008, Sweeney 2010). Leptin also increases
the expression of PAI-1, CRP and caveolin-1 in human
coronary artery endothelial cells (Singh et al. 2007,
2010, 2011). Within physiological concentrations, lep-
tin promotes the release of vasodilator factors such as
NO and endothelium-derived hyperpolarizing factor
(EDHEF) (Vecchione et al. 2002, Beltowski 2012) while
at concentrations in the pathophysiological range
(hyperleptinaemia), leptin impairs NO-mediated vaso-
dilation by acetylcholine both in vitro and in vivo
(Knudson et al. 2005). However, the in vivo effects of
leptin on atherogenesis remain elusive. Leptin-deficient
hyperlipidaemic mice develop less atherosclerosis than
the proatherogenic apoE ™'~ mice on an atherogenic
diet. On the contrary, low-density lipoprotein—receptor
knockout mice (LDLR ") lacking leptin develop more
atherosclerotic lesions than LDLR ™~ control mice
(Hasty et al. 2001). The conflicting results from in vivo
clinical and animal studies demonstrate that the contri-
bution of leptin to obesity-related CV complications is
complex and may depend on the pathological scenario,
the degree of hyperleptinaemia and the progression of
the CV disease.

DPP4 and visfatin: promising therapeutic targets in
cardiovascular diseases

DPP4 is an exoprotease that cleaves and inactivates
several substrates such as the members of the incre-
tin family glucagon-like peptide-1 (GLP-1) and gastric
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inhibitory polypeptide (GIP) (Drucker & Nauck
2006). On the other hand, DPP4 is associated with
immunomodulatory functions (Augustyns et al. 1999,
Iwata ef al. 1999). The soluble form of DPP4 displays
enzymatic activity and is found in plasma (Iwaki-Ega-
wa et al. 1998), but its direct effects on the vascular
wall remain unknown. Our group demonstrated that
DPP4 directly induces proliferation of human vascular
smooth muscle cells (Lamers et al. 2011). DPP4
increases superoxide generation and the receptor of
advanced glycation end products (AGEs) gene expres-
sion in HUVEGC:s in a concentration-dependent manner
(Ishibashi ef al. 2013). AGEs are products of non-
enzymatic glycation and oxidation of proteins and lip-
ids that accumulate in hyperglycaemia. Thus, both
AGEs and its receptor RAGE play a key role in dia-
betic-related vascular complications. Both DPP4 phar-
macological inhibition and genetic deletion have been
proposed to upregulate cell survival pathways in car-
diomyocytes and endothelial cells through a GLP-1
dependent mechanism (Bose e al. 2005, Sauve et al.
2010). However, increasing evidence suggests that
DPP4 inhibitors exert vasoprotective effects indepen-
dent of GLP-1, through endothelial repair, anti-inflam-
matory effects and inhibition of ischaemic injury
(Fadini & Avogaro 2013). Thus, DPP4 inhibition
delays the onset of atherosclerosis in a murine model
of atherosclerosis and insulin resistance (Shah et al.
2011). On the contrary, it has been described that loss
of DPP4 enzymatic activity in HUVEC can induce a
prothrombotic status (Krijnen ef al. 2012). Although
DPP4 inhibition represents a promising therapeutic
approach, further research on the direct action of
DPP4 on the vascular wall is required.

Visfatin circulating levels are increased in obesity,
type 2 diabetes mellitus and athero-thrombotic diseases.
This adipokine promotes angiogenesis, smooth muscle
cell proliferation and triggers endothelial cell prolifera-
tion and migration. Furthermore, in the latter cell type,
visfatin upregulates adhesion molecules, cytokine secre-
tion and NADPH oxidase activation via NF-xB, while
in vascular smooth muscle cells it activates the ERK1/2-
NF-xB-iNOS axis. Visfatin promotes atheroma plaque
destabilization through MMP-2 and 9 in both endothe-
lial cells and monocytes. Regarding effects on the vascu-
lar tone, visfatin induces relaxation in rat aortic rings,
while in bovine coronary arteries, human and murine
microvessels visfatin impairs endothelium-dependent
relaxation to ACh (as reviewed in Romacho et al.
2013a). On the contrary, visfatin has an anti-apoptotic
effect on cardiomyocytes, and its proangiogenic proper-
ties are beneficial in peripheral limb ischaemia (Roma-
cho et al. 2013a). Both clinical and basic research
evidence support a role for visfatin as a promising ther-
apeutic target in metabolic-related CV diseases.
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The adipo-insular axis

Type 2 diabetes results from pancreatic f-cell failure
to secrete enough insulin to compensate for increasing
insulin resistance (Leahy et al. 2010). In early stages
of the disease, insulin resistance is compensated by
increasing f-cell function and mass. Over disease pro-
gression, there is an increased deterioration of both 8-
cell function and mass partially due to accelerated
apoptosis. The main factors contributing to this loss
of f-cell function and mass are glucotoxicity, lipotox-
icity, and islet cell amyloid (Wajchenberg 2007).
Thus, the maintenance of f-cell function and mass are
crucial targets to prevent the onset of type 2 diabetes.

The interaction between AT and pancreas was pre-
viously thought to be restricted to insulin-mediated
glucose uptake leading to increased triacylglycerol
storage in the adipocytes (Weir et al. 2001). Now it is
accepted that the pro-inflammatory adipokine profile
in obese AT contributes to pancreatic f-cell injury.
While the induction of f-cell apoptosis by IL-1, TNF-
o and IFN-y is well established (Pukel er al. 1988).
Other rather adipose-specific adipokines such as lep-
tin, resistin and adiponectin have been proposed as
important players in the development of pancreatic f-
cell dysfunction and type 2 diabetes. In this part, the
main direct effects of the classical adipokines adipo-
nectin and leptin and the novel adipokines visfatin
and DPP4 will be discussed.

Adiponectin and leptin: antagonist effects on f3 cell

The adiponectin receptors AdipoR1 and AdipoR2 are
expressed in primary (Kharroubi et al. 2003) and clo-
nal fB-cells (Brown et al. 2010a, Wijesekara et al.
2010). The C-terminal globular domain of adiponectin
inhibited the apoptotic effect of cytokines and palmi-
tate and prevented the impairment of insulin secretion
induced by FFA and cytokines in INS-1 rat clonal cell
line (Rakatzi et al. 2004).
reversed apoptosis triggered by both intermittent and
sustained high glucose in INS-1 cells (Lin et al. 2009).
However, adiponectin did not inhibit FFA-induced

Similarly, adiponectin

apoptosis in isolated human islets (Staiger et al.
2005). In isolated islets from mice under high-fat diet,
adiponectin  stimulates  glucose-stimulated insulin
secretion (GSIS) (Gu et al. 2006). Furthermore, several
studies have provided evidence that adiponectin stimu-
lates insulin secretion through direct exocytosis of
insulin granules and upregulation of insulin gene
expression (as reviewed in Lee et al. 2013). It has
been recently proposed that adiponectin beneficial
effects on f-cell survival rely on ceramidase activity
leading to formation of the anti-apoptotic metabolite
sphingosine-1-phosphate (S1P) in in vitro and in vivo
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(Holland et al. 2011). All this bulk of evidence
supports the notion that adiponectin positively affects
B-cell function and growth.

Leptin was the first adipokine suggested to directly
exert pancreatic effects. In addition to its central
action on food intake and energy expenditure, leptin
has been proposed to regulate glucose homeostasis by
modulating the synthesis and release of insulin and
glucagon, through direct actions on - and a-cells of
pancreatic islets respectively (Tuduri et al. 2009, Dun-
more & Brown 2013). The leptin receptor ODbR is
highly expressed in the endocrine pancreas (Kieffer
et al. 1996), and clinical data suggested a negative
correlation between leptin circulating concentrations
and f-cell function (Ahren & Larsson 1997). In most
studies with perfused rat pancreas and rodent islets,
physiological concentrations of leptin induced GSIS
from pancreatic fS-cells (as reviewed in Seufert 2004).
Furthermore, leptin suppressed insulin gene expression
(Pallett et al. 1997) and GSIS (Brown et al. 2002). On
the other hand, leptin has been shown to inhibit ecto-
pic fat accumulation, to prevent f-cell dysfunction
and to protect the B-cell from cytokine- and fatty-
acid-induced apoptosis (Brown & Dunmore 2007).
The impaired leptin signalling in the leptin-deficient
mouse (ob/ob) and the leptin-receptor-deficient mouse
(dbldb) leads to hyperinsulinaemia even before the
development of the obese and diabetic phenotype
(Coleman 1978, 1982, Chen & Romsos 19953).
Although initial studies provided conflicting results on
the effects of leptin on insulin secretion, probably due
to the U-shaped effect depending on the leptin concen-
trations, it is currently accepted that leptin inhibits
insulin secretion in f-cells both in vitro and in vivo
(as reviewed in Dunmore & Brown 2013).

DPP4 and visfatin: potential mediators of f-cell
dysfunction?

The direct effects of DPP4 on f-cell function remain
unclear, but due to its enzymatic cleavage of GLP1,
this novel adipokine may have a crucial effect on f3-
cells. GLP1 has a prominent role in f-cell function, as
it is responsible for approx. 70% of post-prandial insu-
lin secretion (Kazafeos 2011). GLP-1 also contributes
to glucose homeostasis through its effects on insulin
biosynthesis and its inhibition of glucagon release. Fur-
thermore, GLP1 promotes pancreatic f-cell prolifera-
tion (Buteau 2008). The beneficial effects of GLP-1 on
pancreatic f-cells have been also reported in studies
with diabetic animals (as reviewed in Garber 2011).
Similarly, DPP4 pharmacological inhibition has been
related to improved f-cell survival and neogenesis in
streptozotocin-treated diabetic rats (Pospisilik et al.
2002). The DPP4 inhibitors sitagliptin, saxagliptin and
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vildagliptin improved f-cell function as proinsulin-to-
insulin ratios decreased and HOMA-B increased in
type 2 diabetic patients (as reviewed in Cernea & Raz
2011). In the light of these evidences, this novel adipo-
kine may have negative effect on the pancreatic f-cell
counteracting the positive effects of GLP1 on pancre-
atic f-cell mass and glucose homeostasis.

Visfatin has intrinsic enzymatic activity as Nampt
(Revollo et al. 2007). Visfatin can directly increase
insulin secretion in f- and STC6 cells (Revollo et al.
2007, Brown et al. 2010b). Visfatin effects on f-cells
may be mediated by its intrinsic enzymatic activity, as
visfatin effects on insulin secretion can be blocked by
FK866, the enzymatic inhibitor of Nampt and the
enzymatic product of visfatiny NMN, has been pro-
posed to regulate insulin transcription through PDX1
expression (Sheng et al. 2011). In MING6 cells, visfatin
stimulated f-cell proliferation and inhibited palmitate-
induced f-cell apoptosis through ERK1/2- and PI3K/
Akt activation (Cheng et al. 2011). On the contrary,
Nampt and NMN did not have an effect on f-cell sur-
vival but rather both potentiated GSIS in human islets
in a recent study (Spinnler et al. 2013). Nampt hetero-
zygous female mice (Nampt+/—) showed impaired glu-
cose tolerance due to reduced GSIS (Revollo et al.
2007). NMN administration reverted impairment of
p-cell function (Revollo ez al. 2007) and prevented the
inflammation-induced islet dysfunction in mice under
a fructose-rich diet (Caton et al. 2011). These poten-
tial protective effects are in conflict with one clinical
study that correlated visfatin circulating levels with
progressive f-cell deterioration (Lopez-Bermejo et al.
2006). It has been speculated that visfatin beneficial
effects on f-cell function occur at lower physiological
levels, whereas higher concentrations within the path-
ophysiological range may have harmful effects (Brown
et al. 2010b). All these studies underpin the relevant
role of visfatin through its Nampt enzymatic activity
regulating f-cell function.

Conclusion

The intensive research in last years to characterize the
AT secretome has led to the identification of a growing
number of adipokines, which represent key mediators
in interorgan crosstalk. Through interorgan crosstalk,
AT regulates its own function and communicates with
other organs and tissues. The importance of these fac-
tors as auto-/paracrine mediators of AT dysfunction in
pathological conditions such as obesity is now well
accepted (Trayhurn & Wood 2004). Nevertheless, their
causative role in obesity and type 2 diabetes and related
complications is still under investigation.

Some key questions on AT crosstalk have not
developed in parallel to the identification of novel
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adipokines. It is still poorly understood how these
adipokines are released from AT, and thus, the secre-
tory pathways for many of these adipokines are not
fully characterized (e.g. leptin and adiponectin) or even
totally unknown (e.g. visfatin). Moreover, our knowl-
edge on how many of these novel adipokines can mod-
ulate adipogenesis, as well as AT tissue growth and
function need to be characterized in more detail.

Adipokines are now acknowledged as links between
metabolic diseases and many of their complications.
However, the direct effects of adipokines and of their
combination leading to key metabolic-related compli-
cations such as skeletal muscle insulin resistance and
both impairment of CV function and f-cell function
require to be further explored. Importantly, it is not
understood how some of these factors can exert
adverse or beneficial effects depending on the target
tissue/organ or the circulating concentration (physio-
logical vs. pathological).

In the already complex network of interorgan cros-
stalk, other organs besides AT arise as novel secretory
players that can in turn affect AT and other targets.
Thus, pancreatic ff-cells also secrete cytokines, skeletal
muscle secretes myokines while the heart secretes pro-
teins termed cardiokines (Cao et al. 2003, Brandt
et al. 2012, Shimano et al. 2012).

Future investigations addressing these questions will
shed light on the mechanisms underlying the physio-
and pathological role of adipokines in AT dysfunc-
tion-related complications and may provide novel
therapeutic approaches to prevent and or treat them.

Conflict of interest

The authors declare they have no conflict of interest
exist.

This work was supported by the Ministerium fiir Wissens-
chaft und Forschung des Landes Nordrhein-Westfalen (Min-
istry of Science and Research of the State of North Rhine-
Westphalia) and the Bundesministerium fiir Gesundheit (Fed-
eral Ministry of Health). TR is the recipient of a Marie Curie
(PIEF-328793-ADDIO). This
study was supported in part by a grant from the German
Federal Ministry of Education and Research (BMBF) to the
German Center for Diabetes Research (DZD e.V.).

Intra-European  Fellowship

References

Abraham, N.G. & Kappas, A. 2008. Pharmacological and
clinical aspects of heme oxygenase. Pharmacol Rev 60,
79-127.

Ahima, R.S. & Flier, J.S. 2000. Leptin. Annu Rev Physiol
62, 413-437.

Ahren, B. & Larsson, H. 1997. Leptin-a regulator of islet
function?: its plasma levels correlate with glucagon and

746 © 2014 Scandinavian Physiological Society. Published by John Wiley & Sons Ltd, doi: 10.1111/apha.12246



Acta Physiol 2014, 210, 733-753

insulin secretion in healthy women. Metabolism 46, 1477—
1481.

Andrei, C., Dazzi, C., Lotti, L., Torrisi, M.R., Chimini, G.
& Rubartelli, A. 1999. The secretory route of the leader-
less protein interleukin 1beta involves exocytosis of endo-
lysosome-related vesicles. Mol Biol Cell 10, 1463-1475.

Arita, Y., Kihara, S., Ouchi, N., Maeda, K., Kuriyama, H.,
Okamoto, Y., Kumada, M., Hotta, K., Nishida, M., Ta-
kahashi, M. et al. 2002. Adipocyte-derived plasma protein
adiponectin acts as a platelet-derived growth factor-BB-
binding protein and regulates growth factor-induced com-
mon postreceptor signal in vascular smooth muscle cell.
Circulation 105, 2893-2898.

Arounleut, P., Bowser, M., Upadhyay, S., Shi, X.M., Fulzele,
S., Johnson, M.H., Stranahan, A.M., Hill, W.D., Isales,
C.M. & Hamrick, M.W. 2013. Absence of functional lep-
tin receptor isoforms in the POUND (Lepr(db/Ib)) mouse is
associated with muscle atrophy and altered myoblast pro-
liferation and differentiation. PLoS One 8, €72330.

Augustyns, K., Bal, G., Thonus, G., Belyaev, A., Zhang, X.M.,
Bollaert, W., Lambeir, A.M., Durinx, C., Goossens, F. &
Haemers, A. 1999. The unique properties of dipeptidyl-pep-
tidase IV (DPP IV/CD26) and the therapeutic potential of
DPP IV inhibitors. Curr Med Chem 6, 311-327.

Bao, W., Song, F., Li, X., Rong, S., Yang, W., Zhang, M.,
Yao, P., Hao, L., Yang, N., Hu, F.B. & Liu, L. 2010. Plasma
heme oxygenase-1 concentration is elevated in individuals
with type 2 diabetes mellitus. PLoS One 5, e12371.

Bauer, S., Wanninger, J., Schmidhofer, S., Weigert, J., Ne-
umeier, M., Dorn, C., Hellerbrand, C., Zimara, N., Schaf-
fler, A., Aslanidis, C. & Buechler, C. 2011. Sterol
regulatory element-binding protein 2 (SREBP2) activation
after excess triglyceride storage induces chemerin in hyper-
trophic adipocytes. Endocrinology 152, 26-35.

Beltowski, J. 2012. Leptin and the regulation of endothelial
function in physiological and pathological conditions. Clin
Exp Pharmacol Physiol 39, 168-178.

Bilkovski, R., Schulte, D.M., Oberhauser, F., Mauer, ]J.,
Hampel, B., Gutschow, C., Krone, W. & Laudes, M.
2011. Adipose tissue macrophages inhibit adipogenesis of
mesenchymal precursor cells via wnt-5a in humans. Int |
Obes (Lond) 35, 1450-1454.

Black, R.A., Rauch, C.T., Kozlosky, C.]J., Peschon, ].J., Slack,
J.L., Wolfson, M.F., Castner, B.J., Stocking, K.L., Reddy,
P., Srinivasan, S. et al. 1997. A metalloproteinase disinte-
grin that releases tumour-necrosis factor-alpha from cells
75. Nature 385, 729-733.

Bluher, M. 2012. Clinical relevance of adipokines. Diabetes
Metab | 36, 317-327.

Bondue, B., Wittamer, V. & Parmentier, M. 2011. Chemerin
and its receptors in leukocyte trafficking, inflammation and
metabolism. Cytokine Growth Factor Rev 22, 331-338.

Bose, A.K., Mocanu, M.M., Carr, R.D., Brand, C.L. & Yel-
lon, D.M. 2005. Glucagon-like peptide 1 can directly pro-
tect the heart against ischemia/reperfusion injury. Diabetes
54, 146-151.

Bowers, R.R. & Lane, M.D. 2007. A role for bone morpho-
genetic protein-4 in adipocyte development. Cell Cycle 6,
385-389.

T Romacho et al. * An adipocentric view of organ crosstalk

Bozaoglu, K., Bolton, K., McMillan, J., Zimmet, P., Jowett,
J., Collier, G., Walder, K. & Segal, D. 2007. Chemerin is
a novel adipokine associated with obesity and metabolic
syndrome. Endocrinology 148, 4687-4694.

Brandt, C., Jakobsen, A.H., Adser, H., Olesen, ]., Iversen,
N., Kristensen, J.M., Hojman, P., Wojtaszewski, J.F.,
Hidalgo, J. & Pilegaard, H. 2012. IL-6 regulates exercise
and training-induced adaptations in subcutaneous adipose
tissue in mice. Acta Physiol (Oxf) 205, 224-235.

Brigstock, D.R. 2003. The CCN family: a new stimulus
package. | Endocrinol 178, 169-175.

Brough, D. & Rothwell, N.J. 2007. Caspase-1-dependent
processing of pro-interleukin-1beta is cytosolic and pre-
cedes cell death. J Cell Sci 120, 772-781.

Brown, J.E. & Dunmore, S.J. 2007. Leptin decreases apopto-
sis and alters BCL-2: Bax ratio in clonal rodent pancreatic
beta-cells. Diabetes Metab Res Rev 23, 497-502.

Brown, J.E., Thomas, S., Digby, J.E. & Dunmore, S.]J. 2002.
Glucose induces and leptin decreases expression of uncou-
pling protein-2 mRNA in human islets. FEBS Lett 513,
189-192.

Brown, ].E., Conner, A.C., Digby, J.E., Ward, K.L., Ramanja-
neya, M., Randeva, H.S. & Dunmore, S.J. 2010a. Regula-
tion of beta-cell viability and gene expression by distinct
agonist fragments of adiponectin. Peptides 31, 944-949.

Brown, J.E., Onyango, D.J., Ramanjaneya, M., Conner, A.C.,
Patel, S.T., Dunmore, S.J. & Randeva, H.S. 2010b. Visfatin
regulates insulin secretion, insulin receptor signalling and
mRNA expression of diabetes-related genes in mouse pan-
creatic beta-cells. ] Mol Endocrinol 44,171-178.

Burgess, A.P., Vanella, L., Bellner, L., Gotlinger, K., Falck,
J.R., Abraham, N.G., Schwartzman, M.L. & Kappas, A.
2012. Heme oxygenase (HO-1) rescue of adipocyte dys-
function in HO-2 deficient mice via recruitment of epoxye-
icosatrienoic acids (EETs) and adiponectin. Cell Physiol
Biochem 29, 99-110.

Buteau, J. 2008. GLP-1 receptor signaling: effects on pancre-
atic beta-cell proliferation and survival. Diabetes Metab 34
(Suppl 2), $73-577.

Cammisotto, P.G. & Bukowiecki, L.J. 2002. Mechanisms of
leptin secretion from white adipocytes. Am | Physiol Cell
Physiol 283, C244-C250.

Cammisotto, P.G., Gelinas, Y., Deshaies, Y. & Bukowiecki,
L.J. 2005. Regulation of leptin secretion from white adipo-
cytes by insulin, glycolytic substrates, and amino acids. Am
J Physiol Endocrinol Metab 289, E166-E171.

Cao, X., Gao, Z., Robert, C.E., Greene, S., Xu, G., Xu, W.,
Bell, E., Campbell, D., Zhu, Y., Young, R., Trucco, M.,
Markmann, ]J.F., Naji, A. & Wolf, B.A. 2003. Pancreatic-
derived factor (FAM3B), a novel islet cytokine, induces
apoptosis of insulin-secreting beta-cells. Diabetes 52,
2296-2303.

do Carmo, A.M., Domingues, L., Vicente, A. & Teixeira, J.
2008. Differentiation of human pre-adipocytes by recombi-
nant adiponectin. Protein Expr Purif 59, 122-126.

Carson, B.P., Del Bas, J.M., Moreno-Navarrete, J.M., Fer-
nandez-Real, J.M. & Mora, S. 2013. The rab11 effector
protein FIP1 regulates adiponectin trafficking and secre-
tion. PLoS One 8, e74687.

© 2014 Scandinavian Physiological Society. Published by John Wiley & Sons Ltd, doi: 10.1111/apha.12246 747



An adipocentric view of organ crosstalk * T Romacho et dl.

Carta, S., Lavieri, R. & Rubartelli, A. 2013. Different Mem-
bers of the IL-1 Family Come Out in Different Ways:
DAMPs vs. Cytokines?. Front Immunol 4, 123.

Caton, P.W., Kieswich, J., Yaqoob, M.M., Holness, M.]. &
Sugden, M.C. 2011. Nicotinamide mononucleotide pro-
tects against pro-inflammatory cytokine-mediated impair-
ment of mouse islet function. Diabetologia 54, 3083-3092.

Cernea, S. & Raz, I. 2011. Therapy in the early stage: incre-
tins. Diabetes Care 34(Suppl 2), S264-S271.

Chen, N.G. & Romsos, D.R. 1995. Enhanced sensitivity of
pancreatic islets from preobese 2-week-old ob/ob mice to
neurohormonal stimulation of insulin secretion. Endocri-
nology 136, 505-511.

Chen, Y.W., Gregory, C.M., Scarborough, M.T., Shi, R.,
Walter, G.A. & Vandenborne, K. 2007. Transcriptional
pathways associated with skeletal muscle disuse atrophy in
humans. Physiol Genomics 31, 510-520.

Cheng, Q., Dong, W., Qian, L., Wu, J. & Peng, Y. 2011.
Visfatin inhibits apoptosis of pancreatic beta-cell line,
MING6, via the mitogen-activated protein kinase/phospho-
inositide 3-kinase pathway. ] Mol Endocrinol 47, 13-21.

Cheng, J., Song, Z.Y., Pu, L., Yang, H., Zheng, J.M., Zhang,
Z.Y., Shi, X.E. & Yang, G.S. 2013. Retinol binding pro-
tein 4 affects the adipogenesis of porcine preadipocytes
through insulin signaling pathways. Biochem Cell Biol 91,
236-243.

Cianferotti, L. & Demay, M.B. 2007. VDR-mediated inhibi-
tion of DKK1 and SFRP2 suppresses adipogenic differenti-
ation of murine bone marrow stromal cells. | Cell Biochem
101, 80-88.

Coleman, D.L. 1978. Obese and diabetes: two mutant genes
causing diabetes-obesity syndromes in mice. Diabetologia
14, 141-148.

Coleman, D.L. 1982. Diabetes-obesity syndromes in mice.
Diabetes 31, 1-6.

Cordero, O.]., Salgado, F.J. & Nogueira, M. 2009. On the
origin of serum CD26 and its altered concentration in can-
cer patients. Cancer Immunol Immunother 58, 1723-1747.

Costford, S.R., Bajpeyi, S., Pasarica, M., Albarado, D.C.,
Thomas, S.C., Xie, H., Church, T.S., Jubrias, S.A., Conley,
K.E. & Smith, S.R. 2010. Skeletal muscle NAMPT is
induced by exercise in humans. Am | Physiol Endocrinol
Metab 298, E117-E126.

Dadson, K., Liu, Y. & Sweeney, G. 2011. Adiponectin
action: a combination of endocrine and autocrine/paracrine
effects. Front Endocrinol (Lausanne) 2, 62.

Dahl, ]J.P., Binda, A., Canfield, V.A. & Levenson, R. 2000.
Participation of Na, K-ATPase in FGF-2 secretion: rescue
of ouabain-inhibitable FGF-2 secretion by ouabain-resis-
tant Na, K-ATPase alpha subunits. Biochemistry 39,
14877-14883.

Dahlman, 1., Elsen, M., Tennagels, N., Korn, M., Brock-
mann, B., Sell, H., Eckel, J. & Arner, P. 2012. Functional
annotation of the human fat cell secretome. Arch Physiol
Biochem 118, 84-91.

Dietze, D., Koenen, M., Rohrig, K., Horikoshi, H., Hauner,
H. & Eckel, J. 2002. Impairment of insulin signaling in
human skeletal muscle cells by co-culture with human
adipocytes. Diabetes 51, 2369-2376.

Acta Physiol 2014, 210, 733-753

Dietze-Schroeder, D., Sell, H., Uhlig, M., Koenen, M. & Ec-
kel, J. 2005. Autocrine action of adiponectin on human fat
cells prevents the release of insulin resistance-inducing fac-
tors. Diabetes 54, 2003-2011.

Dinarello, C.A. 1987. Interleukin-1: multiple biological prop-
erties and mechanisms of action. Adv Prostaglandin
Thromboxane Leukot Res 17B, 900-904.

Drucker, D.J. & Nauck, M.A. 2006. The incretin system:
glucagon-like peptide-1 receptor agonists and dipeptidyl
peptidase-4 inhibitors in type 2 diabetes. Lancet 368,
1696-1705.

Dunmore, S.J. & Brown, J.E. 2013. The role of adipokines
in beta-cell failure of type 2 diabetes. | Endocrinol 216,
T37-T4S.

Eder, C. 2009. Mechanisms of interleukin-1beta release. Im-
munobiology 214, 543-553.

Ehrlund, A., Mejhert, N., Lorente-Cebrian, S., Astrom, G.,
Dahlman, I., Laurencikiene, J. & Ryden, M. 2013. Charac-
terization of the Wnt inhibitors secreted frizzled-related
proteins (SFRPs) in human adipose tissue. | Clin Endocri-
nol Metab 98, E503-ES508.

Fadini, G.P. & Avogaro, A. 2013. Dipeptidyl peptidase-4
inhibition and vascular repair by mobilization of endoge-
nous stem cells in diabetes and beyond. Atherosclerosis
229, 23-29.

Fain, J.N., Tagele, B.M., Cheema, P., Madan, A.K. & Ti-
chansky, D.S. 2010. Release of 12 adipokines by adipose
tissue, nonfat cells, and fat cells from obese women. Obes-
ity (Silver Spring) 18, 890-896.

Ferrannini, E., Natali, A., Capaldo, B., Lehtovirta, M.,
Jacob, S. & Yki-Jarvinen, H. 1997. Insulin resistance,
hyperinsulinemia, and blood pressure: role of age and
obesity. European Group for the Study of Insulin Resis-
tance (EGIR). Hypertension 30, 1144-1149.

Florkiewicz, R.Z., Majack, R.A., Buechler, R.D. & Flor-
kiewicz, E. 1995. Quantitative export of FGF-2 occurs
through an alternative, energy-dependent, non-ER/Golgi
pathway. | Cell Physiol 162, 388-399.

Fu, Y., Luo, N., Klein, R.L. & Garvey, W.T. 2005. Adipo-
nectin promotes adipocyte differentiation, insulin sensitiv-
ity, and lipid accumulation. | Lipid Res 46, 1369-1379.

Fukuhara, A., Matsuda, M., Nishizawa, M., Segawa, K., Ta-
naka, M., Kishimoto, K., Matsuki, Y., Murakami, M.,
Ichisaka, T., Murakami, H. et al. 2005. Visfatin: a protein
secreted by visceral fat that mimics the effects of insulin.
Science 307, 426-430.

Fukuhara, A., Matsuda, M., Nishizawa, M., Segawa, K., Ta-
naka, M., Kishimoto, K., Matsuki, Y., Murakami, M.,
Ichisaka, T., Murakami, H. et al. 2007. Retraction. Science
318, 565.

Garber, A.]J. 2011. Incretin effects on beta-cell function, rep-
lication, and mass: the human perspective. Diabetes Care
34(Suppl 2), $258-S263.

Giannocco, G., Oliveira, K.C., Crajoinas, R.O., Venturini,
G., Salles, T.A., Fonseca-Alaniz, M.H., Maciel, RM. &
Girardi, A.C. 2013. Dipeptidyl peptidase IV inhibition
upregulates GLUT4 translocation and expression in heart
and skeletal muscle of spontaneously hypertensive rats.
Eur | Pharmacol 698, 74-86.

748 © 2014 Scandinavian Physiological Society. Published by John Wiley & Sons Ltd, doi: 10.1111/apha.12246



Acta Physiol 2014, 210, 733-753

Goossens, G.H. 2008. The role of adipose tissue dysfunction
in the pathogenesis of obesity-related insulin resistance.
Physiol Behav 94, 206-218.

Goralski, K.B., McCarthy, T.C., Hanniman, E.A., Zabel,
B.A., Butcher, E.C., Parlee, S.D., Muruganandan, S. &
Sinal, C.J. 2007. Chemerin, a novel adipokine that regu-
lates adipogenesis and adipocyte metabolism. J Biol Chem
282, 28175-28188.

Gu, W., Li, X., Liu, C., Yang, J., Ye, L., Tang, J., Gu, Y.,
Yang, Y., Hong, J., Zhang, Y., Chen, M. & Ning, G.
2006. Globular adiponectin augments insulin secretion
from pancreatic islet beta cells at high glucose concentra-
tions. Endocrine 30, 217-221.

Guerra, B., Santana, A., Fuentes, T., Delgado-Guerra, S.,
Cabrera-Socorro, A., Dorado, C. & Calbet, J.A. 2007.
Leptin receptors in human skeletal muscle. | Appl Physiol
(1985) 102, 1786-1792.

Gunnett, C.A., Heistad, D.D. & Faraci, F.M. 2003. Gene-
targeted mice reveal a critical role for inducible nitric
oxide synthase in vascular dysfunction during diabetes.
Stroke 34, 2970-2974.

Gustafson, B., Hammarstedt, A., Hedjazifar, S. & Smith, U.
2013. Restricted adipogenesis in hypertrophic obesity: the
role of WISP2, WNT, and BMP4. Diabetes 62, 2997-3004.

Guzik, T.J., Mangalat, D. & Korbut, R. 2006. Adipocytokin-
es — novel link between inflammation and vascular func-
tion? J Physiol Pharmacol 57, 505-528.

Hammarstedt, A., Hedjazifar, S., Jenndahl, L., Gogg, S.,
Grunberg, J., Gustafson, B., Klimcakova, E., Stich, V.,
Langin, D., Laakso, M. & Smith, U. 2013. WISP2 regu-
lates preadipocyte commitment and PPARgamma activa-
tion by BMP4. Proc Natl Acad Sci USA 110, 2563-2568.

Hamon, Y., Luciani, M.F., Becq, F., Verrier, B., Rubartelli,
A. & Chimini, G. 1997. Interleukin-1beta secretion is
impaired by inhibitors of the Atp binding cassette trans-
porter, ABC1. Blood 90, 2911-2915.

Hamrick, M.W., Herberg, S., Arounleut, P., He, H.Z., Shiver,
A., Qi, R.Q., Zhou, L., Isales, CM. & Mi, Q.S. 2010. The
adipokine leptin increases skeletal muscle mass and signifi-
cantly alters skeletal muscle miRNA expression profile in
aged mice. Biochem Biophys Res Commun 400, 379-383.

Hartwig, S., Raschke, S., Knebel, B., Scheler, M., Irmler, M.,
Passlack, W., Muller, S., Hanisch, F.G., Franz, T., Li, X.
et al. 2013. Secretome profiling of primary human skeletal
muscle cells. Biochim Biophys Acta. doi:10.1016/j.bba
pap.2013.08.004. [Epub ahead of print].

Hasty, A.H., Shimano, H., Osuga, J., Namatame, I., Takah-
ashi, A., Yahagi, N., Perrey, S., lizuka, Y., Tamura, Y., A-
memiya-Kudo, M. et al. 2001. Severe hypercholesterolemia,
hypertriglyceridemia, and atherosclerosis in mice lacking
both leptin and the low density lipoprotein receptor. | Biol
Chem 276, 37402-37408.

Holland, W.L., Miller, R.A., Wang, Z.V., Sun, K., Barth,
B.M., Bui, H.H., Davis, K.E., Bikman, B.T., Halberg, N.,
Rutkowski, J.M. et al. 2011. Receptor-mediated activation
of ceramidase activity initiates the pleiotropic actions of
adiponectin. Nat Med 17, 55-63.

Hooper, N.M., Karran, E.H. & Turner, A.J. 1997. Mem-
brane protein secretases. Biochem | 321(Pt 2), 265-279.

T Romacho et al. * An adipocentric view of organ crosstalk

Huang, J.Y., Chiang, M.T. & Chau, L.Y. 2013. Adipose
overexpression of heme oxygenase-1 does not protect
against high fat diet-induced insulin resistance in mice.
PLoS One 8, €55369.

Hug, C. & Lodish, H.F. 2005. Medicine. Visfatin: a new
adipokine. Science 307, 366-367.

Hutley, L.J., Newell, F.S., Kim, Y.H., Luo, X., Widberg,
C.H., Shurety, W., Prins, J.B. & Whitehead, J.P. 2011. A
putative role for endogenous FGF-2 in FGF-1 mediated dif-
ferentiation of human preadipocytes. Mol Cell Endocrinol
339, 165-171.

Ishibashi, Y., Matsui, T., Maeda, S., Higashimoto, Y. & Ya-
magishi, S.I. 2013. Advanced glycation end products evoke
endothelial cell damage by stimulating soluble dipeptidyl
peptidase-4 production and its interaction with mannose 6-
phosphate/insulin-like growth factor II receptor. Cardio-
vasc Diabetol 12, 125.

Iwabu, M., Yamauchi, T., Okada-Iwabu, M., Sato, K., Nak-
agawa, T., Funata, M., Yamaguchi, M., Namiki, S., Na-
kayama, R., Tabata, M. et al. 2010. Adiponectin and
AdipoR1 regulate PGC-lalpha and mitochondria by Ca
(2+) and AMPK/SIRT1. Nature 464, 1313-1319.

Iwaki-Egawa, S., Watanabe, Y., Kikuya, Y. & Fujimoto, Y.
1998. Dipeptidyl peptidase IV from human serum: purifi-
cation, characterization, and N-terminal amino acid
sequence. | Biochem 124, 428-433.

Iwata, S., Yamaguchi, N., Munakata, Y., Ikushima, H., Lee,
J.F., Hosono, O., Schlossman, S.F. & Morimoto, C. 1999.
CD26/dipeptidyl peptidase IV differentially regulates the
chemotaxis of T cells and monocytes toward RANTES:
possible mechanism for the switch from innate to acquired
immune response. Int Immunol 11, 417-426.

Jackson, A., Vayssiere, B., Garcia, T., Newell, W., Baron, R.,
Roman-Roman, S. & Rawadi, G. 2005. Gene array analy-
sis of Wnt-regulated genes in C3H10T1/2 cells. Bone 36,
585-598.

Kadowaki, T. & Yamauchi, T. 2005. Adiponectin and adipo-
nectin receptors. Endocr Rev 26, 439-451.

Kahn, B.B. & Flier, J.S. 2000. Obesity and insulin resistance.
J Clin Invest 106, 473-481.

Kakudo, N., Shimotsuma, A. & Kusumoto, K. 2007. Fibro-
blast growth factor-2 stimulates adipogenic differentiation
of human adipose-derived stem cells. Biochem Biophys Res
Commun 359, 239-244.

Karastergiou, K. & Mohamed-Ali, V. 2010. The autocrine
and paracrine roles of adipokines. Mol Cell Endocrinol
318, 69-78.

Kazafeos, K. 2011. Incretin effect: GLP-1, GIP, DPP4. Diabe-
tes Res Clin Pract 93(Suppl 1), S32-S36.

Kharroubi, 1., Rasschaert, J., Eizirik, D.L. & Cnop, M. 2003.
Expression of adiponectin receptors in pancreatic beta cells.
Biochem Biophys Res Commun 312, 1118-1122.

Kieffer, T.J., Heller, R.S. & Habener, J.F. 1996. Leptin
receptors expressed on pancreatic beta-cells. Biochem
Biophys Res Commun 224, 522-527.

Kim, D.H., Burgess, A.P., Li, M., Tsenovoy, P.L., Addabbo,
F., McClung, J.A., Puri, N. & Abraham, N.G. 2008. Heme
oxygenase-mediated increases in adiponectin decrease fat
content and inflammatory cytokines tumor necrosis factor-

© 2014 Scandinavian Physiological Society. Published by John Wiley & Sons Ltd, doi: 10.1111/apha.12246 749



An adipocentric view of organ crosstalk * T Romacho et dl.

alpha and interleukin-6 in Zucker rats and reduce adipo-
genesis in human mesenchymal stem cells. | Pharmacol
Exp Ther 325, 833-840.

Kitani, T., Okuno, S. & Fujisawa, H. 2003. Growth phase-
dependent changes in the subcellular localization of pre-B-
cell colony-enhancing factor. FEBS Lett 544, 74-78.

Knudson, J.D., Dincer, U.D., Zhang, C., Swafford, A.N. Jr,
Koshida, R., Picchi, A., Focardi, M., Dick, G.M. & Tune,
J.D. 2005. Leptin receptors are expressed in coronary
arteries, and hyperleptinemia causes significant coronary
endothelial dysfunction. Am | Physiol Heart Circ Physiol
289, H48-HSe6.

Koh, K.K., Park, S.M. & Quon, M.]. 2008. Leptin and car-
diovascular disease: response to therapeutic interventions.
Circulation 117, 3238-3249.

Kotnik, P., Fischer-Posovszky, P. & Wabitsch, M. 2011. RBP4:
a controversial adipokine. Eur | Endocrinol 165, 703-711.
Kotnik, P., Keuper, M., Wabitsch, M. & Fischer-Posovszky,
P. 2013. Interleukin-1beta downregulates RBP4 secretion

in human adipocytes. PLoS One 8, e57796.

Krijnen, P.A., Hahn, N.E., Kholova, 1., Baylan, U., Sipkens,
J.A., van Alphen, F.P., Vonk, A.B., Simsek, S., Meischl, C.,
Schalkwijk, C.G., van Buul, J.D., van Hinsbergh, V.W. &
Niessen, H.W. 2012. Loss of DPP4 activity is related to a
prothrombogenic status of endothelial cells: implications
for the coronary microvasculature of myocardial infarction
patients. Basic Res Cardiol 107, 233.

Krook, A., Bjornholm, M., Galuska, D., Jiang, X.J., Fahl-
man, R., Myers, M.G. Jr, Wallberg-Henriksson, H. & Zie-
rath, J.R. 2000. Characterization of signal transduction
and glucose transport in skeletal muscle from type 2 dia-
betic patients. Diabetes 49, 284-292.

Krzysik-Walker, S.M., Ocon-Grove, O.M., Maddineni, S.R.,
Hendricks, G.L. III & Ramachandran, R. 2008. Is visfatin
an adipokine or myokine? Evidence for greater visfatin
expression in skeletal muscle than visceral fat in chickens.
Endocrinology 149, 1543-1550.

Kumada, M., Kihara, S., Sumitsuji, S., Kawamoto, T., Mat-
sumoto, S., Ouchi, N., Arita, Y., Okamoto, Y., Shimom-
ura, I., Hiraoka, H., Nakamura, T., Funahashi, T. &
Matsuzawa, Y. 2003. Association of hypoadiponectinemia
with coronary artery disease in men. Arterioscler Thromb
Vasc Biol 23, 85-89.

Lagathu, C., Christodoulides, C., Tan, C.Y., Virtue, S., La-
udes, M., Campbell, M., Ishikawa, K., Ortega, F., Tina-
hones, F.J., Fernandez-Real, J.M., Oresic, M., Sethi, J.K.
& Vidal-Puig, A. 2010. Secreted frizzled-related protein 1
regulates adipose tissue expansion and is dysregulated in
severe obesity. Int | Obes (Lond) 34, 1695-1705.

Lamers, D., Famulla, S., Wronkowitz, N., Hartwig, S., Lehr,
S., Ouwens, D.M., Eckardt, K., Kaufman, J.M., Ryden,
M., Muller, S., Hanisch, F.G., Ruige, J., Arner, P., Sell, H.
& Eckel, J. 2011. Dipeptidyl peptidase 4 is a novel adipo-
kine potentially linking obesity to the metabolic syndrome.
Diabetes 60, 1917-1925.

Lau, D.C., Dhillon, B., Yan, H., Szmitko, P.E. & Verma, S.
2005. Adipokines: molecular links between obesity and
atheroslcerosis. Am ] Physiol Heart Circ Physiol 288,
H2031-H2041.

Acta Physiol 2014, 210, 733-753

Leahy, J.L., Hirsch, LB., Peterson, K.A. & Schneider, D.
2010. Targeting beta-cell function early in the course of
therapy for type 2 diabetes mellitus. | Clin Endocrinol
Metab 95, 4206-4216.

Lee, P., Werner, C.D., Kebebew, E. & Celi, F.S. 2013. Func-
tional thermogenic beige adipogenesis is inducible in
human neck fat. Int ] Obes 38, 170-176.

Lehr, S., Hartwig, S., Lamers, D., Famulla, S., Muller, S.,
Hanisch, F.G., Cuvelier, C., Ruige, J., Eckardt, K., Ouw-
ens, D.M., Sell, H. & Eckel, J. 2012. Identification and
validation of novel adipokines released from primary
human adipocytes. Mol Cell Proteomics 11, M111.

Lin, P., Chen, L., Li, D., Liu, J., Yang, N., Sun, Y., Xu, Y.,
Fu, Y. & Hou, X. 2009. Adiponectin reduces glucotoxic-
ity-induced apoptosis of INS-1 rat insulin-secreting cells on
a microfluidic chip. Tohoku | Exp Med 217, 59-65.

Liu, Y., Chewchuk, S., Lavigne, C., Brule, S., Pilon, G., Ho-
ude, V., Xu, A., Marette, A. & Sweeney, G. 2009. Func-

skeletal
production, changes in animal models of obesity and dia-
betes, and regulation by rosiglitazone treatment. Am |
Physiol Endocrinol Metab 297, E657-E664.

Lopez-Bermejo, A., Chico-Julia, B., Fernandez-Balsells, M.,
Recasens, M., Esteve, E., Casamitjana, R., Ricart, W. & Fer-

tional significance  of muscle adiponectin

nandez-Real, J.M. 2006. Serum visfatin increases with pro-
gressive beta-cell deterioration. Diabetes 55, 2871-2875.

Marguet, D., Baggio, L., Kobayashi, T., Bernard, A.M., Pier-
res, M., Nielsen, P.F., Ribel, U., Watanabe, T., Drucker,
D.J. & Wagtmann, N. 2000. Enhanced insulin secretion
and improved glucose tolerance in mice lacking CD26.
Proc Natl Acad Sci USA 97, 6874-6879.

Mignatti, P., Morimoto, T. & Rifkin, D.B. 1992. Basic fibro-
blast growth factor, a protein devoid of secretory signal
sequence, is released by cells via a pathway independent of
the endoplasmic reticulum-Golgi complex. | Cell Physiol
151, 81-93.

Mohamed-Ali, V., Pinkney, J.H. & Coppack, S.W. 1998.
Adipose tissue as an endocrine and paracrine organ. Int |
Obes Relat Metab Disord 22, 1145-1158.

Mori, H., Prestwich, T.C., Reid, M.A., Longo, K.A., Gerin, L.,
Cawthorn, W.P., Susulic, V.S., Krishnan, V., Greenfield, A.
& Macdougald, O.A. 2012. Secreted frizzled-related protein
5 suppresses adipocyte mitochondrial metabolism through
WNT inhibition. | Clin Invest 122, 2405-2416.

Muenzner, M., Tuvia, N., Deutschmann, C., Witte, N., Tol-
kachov, A., Valai, A., Henze, A., Sander, L.E., Raila, J. &
Schupp, M. 2013. RBP4 and its Membrane Receptor
STRA6 Control Adipogenesis by Regulating Cellular Reti-
noid Homeostasis and RARalpha Activity. Mol Cell Biol
33, 4068-4082.

Muruganandan, S., Roman, A.A. & Sinal, C.J. 2010. Role of
chemerin/CMKLR1 signaling in adipogenesis and osteobl-
astogenesis of bone marrow stem cells. | Bone Miner Res
25, 222-234.

Muruganandan, S., Parlee, S.D., Rourke, J.L., Ernst, M.C.,
Goralski, K.B. & Sinal, C.J. 2011. Chemerin, a novel per-
oxisome proliferator-activated receptor gamma (PPAR-
gamma) target gene that promotes mesenchymal stem cell
adipogenesis. | Biol Chem 286, 23982-23995.

750 © 2014 Scandinavian Physiological Society. Published by John Wiley & Sons Ltd, doi: 10.1111/apha.12246



Acta Physiol 2014, 210, 733-753

Nickel, W. 2003. The mystery of nonclassical protein secre-
tion. A current view on cargo proteins and potential export
routes. Eur | Biochem 270, 2109-2119.

Nicolai, A., Li, M., Kim, D.H., Peterson, S.]., Vanella, L., Pos-
itano, V., Gastaldelli, A., Rezzani, R., Rodella, L.F., Drum-
mond, G., Kusmic, C., L’Abbate, A., Kappas, A. &
Abraham, N.G. 2009. Heme oxygenase-1 induction remod-
els adipose tissue and improves insulin sensitivity in obesity-
induced diabetic rats. Hypertension 53, 508-515.

Norseen, J., Hosooka, T., Hammarstedt, A., Yore, M.M.,
Kant, S., Aryal, P., Kiernan, U.A., Phillips, D.A., Maruy-
ama, H., Kraus, B.]J., Usheva, A., Davis, R.J., Smith, U. &
Kahn, B.B. 2012. Retinol-binding protein 4 inhibits insulin
signaling in adipocytes by inducing proinflammatory cyto-
kines in macrophages through a c-Jun N-terminal kinase-
and toll-like receptor 4-dependent and retinol-independent
mechanism. Mol Cell Biol 32, 2010-2019.

Ognjanovic, S., Ku, T.L. & Bryant-Greenwood, G.D. 2005.
Pre-B-cell colony-enhancing factor is a secreted cytokine-
like protein from the human amniotic epithelium. Am |
Obstet Gynecol 193, 273-282.

Qita, R.C., Ferdinando, D., Wilson, S., Bunce, C. & Mazzat-
ti, D.J. 2010. Visfatin induces oxidative stress in differenti-
ated C2C12 myotubes in an Akt- and MAPK-independent,
NFkB-dependent manner. Pflugers Arch 459, 619-630.

Ouchi, N., Kihara, S., Arita, Y., Maeda, K., Kuriyama, H.,
Okamoto, Y., Hotta, K., Nishida, M., Takahashi, M., Na-
kamura, T., Yamashita, S., Funahashi, T. & Matsuzawa,
Y. 1999. Novel modulator for endothelial adhesion mole-
cules: adipocyte-derived plasma protein adiponectin. Circu-
lation 100, 2473-2476.

Ouchi, N., Higuchi, A., Ohashi, K., Oshima, Y., Gokce, N.,
Shibata, R., Akasaki, Y., Shimono, A. & Walsh, K. 2010.
SfrpS is an anti-inflammatory adipokine that modulates
metabolic dysfunction in obesity. Science 329, 454-457.

Ouchi, N., Parker, J.L., Lugus, J.J. & Walsh, K. 2011.
Adipokines in inflammation and metabolic disease. Nat
Rev Immunol 11, 85-97.

Ouedraogo, R., Gong, Y., Berzins, B., Wu, X., Mahadev, K.,
Hough, K., Chan, L., Goldstein, B.J. & Scalia, R. 2007.
Adiponectin  deficiency increases leukocyte-endothelium
interactions via upregulation of endothelial cell adhesion
molecules in vivo. | Clin Invest 117, 1718-1726.

Ouwens, D.M., Sell, H., Greulich, S. & Eckel, J. 2010. The
role of epicardial and perivascular adipose tissue in the
pathophysiology of cardiovascular disease. | Cell Mol Med
14, 2223-2234.

Palade, G. 1975. Intracellular aspects of the process of pro-
tein synthesis. Science 189, 867.

Pallett, A.L., Morton, N.M., Cawthorne, M.A. & Emilsson,
V. 1997. Leptin inhibits insulin secretion and reduces insu-
lin mRNA levels in rat isolated pancreatic islets. Biochem
Biophys Res Commun 238, 267-270.

Park, J.R., Jung, J.W., Lee, Y.S. & Kang, K.S. 2008. The
roles of Wnt antagonists Dkk1 and sFRP4 during adipo-
genesis of human adipose tissue-derived mesenchymal stem
cells. Cell Prolif 41, 859-874.

Pospisilik, J.A., Stafford, S.G., Demuth, H.U., Mclntosh,
C.H. & Pederson, R.A. 2002. Long-term treatment with

T Romacho et al. * An adipocentric view of organ crosstalk

dipeptidyl peptidase IV inhibitor improves hepatic and
peripheral insulin sensitivity in the VDF Zucker rat: a eu-
glycemic-hyperinsulinemic clamp study. Diabetes 51,
2677-2683.

Pukel, C., Baquerizo, H. & Rabinovitch, A. 1988. Destruc-
tion of rat islet cell monolayers by cytokines. Synergistic
interactions of interferon-gamma, tumor necrosis factor,
lymphotoxin, and interleukin 1. Diabetes 37, 133-136.

Quadro, L., Blaner, W.S., Salchow, D.]., Vogel, S., Pianted-
osi, R., Gouras, P., Freeman, S., Cosma, M.P., Colantuoni,
V. & Gottesman, ML.E. 1999. Impaired retinal function
and vitamin A availability in mice lacking retinol-binding
protein 4. EMBO ] 18, 4633-4644.

Rakatzi, 1., Mueller, H., Ritzeler, O., Tennagels, N. & Eckel,
J. 2004. Adiponectin counteracts cytokine- and fatty acid-
induced apoptosis in the pancreatic beta-cell line INS-1.
Diabetologia 47, 249-258.

Raschke, S. & Eckel, J. 2013. Adipo-myokines: two sides of
the same coin-mediators of inflammation and mediators of
exercise. Mediators Inflamm 2013, 320724.

Raschke, S., Eckardt, K., Bjorklund, H.K., Jensen, J. & Ec-
kel, J. 2013. Identification and validation of novel contrac-
tion-regulated myokines released from primary human
skeletal muscle cells. PLoS One 8, ¢62008.

Revollo, J.R., Korner, A., Mills, K.F., Satoh, A., Wang, T., Gar-
ten, A., Dasgupta, B., Sasaki, Y., Wolberger, C., Townsend,
R.R., Milbrandt, J., Kiess, W. & Imai, S. 2007. Nampt/PBEF/
Visfatin regulates insulin secretion in beta cells as a systemic
NAD biosynthetic enzyme. Cell Metab 6, 363-375.

Rhee, S.D., Sung, Y.Y., Jung, W.H. & Cheon, H.G. 2008.
Leptin inhibits rosiglitazone-induced adipogenesis in mur-
ine primary adipocytes. Mol Cell Endocrinol 294, 61-69.

Roh, S.G., Song, S.H., Choi, K.C., Katoh, K., Wittamer, V.,
Parmentier, M. & Sasaki, S. 2007. Chemerin—a new adipo-
kine that modulates adipogenesis via its own receptor. Bio-
chem Biophys Res Commun 362, 1013-1018.

Rohrborn, D., Sell, H. & Eckel, ]J. 2013. DPP4 shedding
from human adipocytes and smooth muscle cells is medi-
ated by metalloproteinases. Obesity Facts 6, 87.

Romacho, T., Sanchez-Ferrer, C.F. & Peiro, C. 2013a. Visfa-
tin/Nampt: an adipokine with cardiovascular impact.
Mediators Inflamm 2013, 946427.

Romacho, T., Villalobos, L.A., Cercas, E., Carraro, R., San-
chez-Ferrer, C.F. & Peiro, C. 2013b. Visfatin as a novel
mediator released by inflamed human endothelial cells.
PLoS One 8, €78283.

Roman, A.A., Parlee, S.D. & Sinal, C.J. 2012. Chemerin: a
potential endocrine link between obesity and type 2 diabe-
tes. Endocrine 42, 243-251.

Rosen, E.D. & Macdougald, O.A. 2006. Adipocyte differentia-
tion from the inside out. Nat Rev Mol Cell Biol 7, 885-896.
Ross, R. 1999. Atherosclerosis—an inflammatory disease. N

Engl | Med 340, 115-126.

Ross, S.E., Hemati, N., Longo, K.A., Bennett, C.N., Lucas,
P.C., Erickson, R.L. & Macdougald, O.A. 2000. Inhibition
of adipogenesis by Wnt signaling. Science 289, 950-953.

Rubartelli, A., Cozzolino, F., Talio, M. & Sitia, R. 1990. A
novel secretory pathway for interleukin-1 beta, a protein
lacking a signal sequence. EMBO ] 9, 1503-1510.

© 2014 Scandinavian Physiological Society. Published by John Wiley & Sons Ltd, doi: 10.1111/apha.12246 751



An adipocentric view of organ crosstalk * T Romacho et dl.

Sauve, M., Ban, K., Momen, M.A., Zhou, Y.Q., Henkelman,
R.M., Husain, M. & Drucker, D.J. 2010. Genetic deletion
or pharmacological inhibition of dipeptidyl peptidase-4
improves cardiovascular outcomes after myocardial infarc-
tion in mice. Diabetes 59, 1063-1073.

Schafer, T., Zentgraf, H., Zehe, C., Brugger, B., Bernhagen,
J. & Nickel, W. 2004. Unconventional secretion of fibro-
blast growth factor 2 is mediated by direct translocation
across the plasma membrane of mammalian cells. | Biol
Chem 279, 6244-6251.

Scheler, M., Irmler, M., Lehr, S., Hartwig, S., Staiger, H.,
Al-Hasani, H., Beckers, J., de Hrabe, A.M., Haring, H.U.
& Weigert, C. 2013. Cytokine response of primary human
myotubes in an in vitro exercise model. Am | Physiol Cell
Physiol 305, C877-C886.

Scherer, P.E. 2006. Adipose tissue: from lipid storage com-
partment to endocrine organ. Diabetes 55, 1537-1545.

Schulz, T.J. & Tseng, Y.H. 2009. Emerging role of bone
morphogenetic proteins in adipogenesis and energy meta-
bolism. Cytokine Growth Factor Rev 20, 523-531.

Schwartz, M.W., Peskind, E., Raskind, M., Boyko, E.J. &
Porte, D., Jr. 1996. Cerebrospinal fluid leptin levels: rela-
tionship to plasma levels and to adiposity in humans. Nat
Med 2, 589-593.

Seida, A., Wada, J., Kunitomi, M., Tsuchiyama, Y., Miya-
take, N., Fujii, M., Kira, S., Takahashi, K., Shikata, K. &
Makino, H. 2003. Serum bFGF levels are reduced in Japa-
nese overweight men and restored by a 6-month exercise
education. Int | Obes Relat Metab Disord 27, 1325-1331.

Sell, H. & Eckel, J. 2007. Regulation of retinol binding protein
4 production in primary human adipocytes by adiponectin,
troglitazone and TNF-alpha. Diabetologia 50,2221-2223.

Sell, H., Dietze-Schroeder, D. & Eckel, J. 2006a. The adipo-
cyte-myocyte axis in insulin resistance. Trends Endocrinol
Metab 17, 416-422.

Sell, H., Eckel, J. & Dietze-Schroeder, D. 2006b. Pathways
leading to muscle insulin resistance—the muscle—fat connec-
tion. Arch Physiol Biochem 112, 105-113.

Sell, H., Laurencikiene, J., Taube, A., Eckardt, K., Cramer,
A., Horrighs, A., Arner, P. & Eckel, J. 2009. Chemerin is
a novel adipocyte-derived factor inducing insulin resistance
in primary human skeletal muscle cells. Diabetes 58,
2731-2740.

Sell, H., Habich, C. & Eckel, J. 2012. Adaptive immunity in
obesity and insulin resistance. Nat Rev Endocrinol 8, 709—
716.

Sell, H., Bluher, M., Kloting, N., Schlich, R., Willems, M.,
Ruppe, F., Knoefel, W.T., Dietrich, A., Fielding, B.A., Ar-
ner, P., Frayn, K.N. & Eckel, J. 2013. Adipose Dipeptidyl
Peptidase-4 and Obesity: correlation with insulin resistance
and depot-specific release from adipose tissue in vivo and
in vitro. Diabetes Care 36, 4083-4090.

Seufert, J. 2004. Leptin effects on pancreatic beta-cell gene
expression and function. Diabetes 53(Suppl 1), S152-5158.

Shah, Z., Pineda, C., Kampfrath, T., Maiseyeu, A., Ying, Z.,
Racoma, I., Deiuliis, J., Xu, X., Sun, Q., Moffatt-Bruce,
S., Villamena, F. & Rajagopalan, S. 2011. Acute DPP-4
inhibition modulates vascular tone through GLP-1 inde-
pendent pathways. Vascul Pharmacol 55, 2-9.

Acta Physiol 2014, 210, 733-753

Sheng, F., Ren, X., Dai, X., Xu, X., Dong, M., Pei, Q., Qu,
J., Zhou, Z., Zhou, H. & Liu, Z. 2011. Effect of nicotin-
amide mononucleotide on insulin secretion and gene
expressions of PDX-1 and FoxO1 in RIN-mS5f cells. Zhong
Nan Da Xue Xue Bao Yi Xue Ban 36, 958-963.

Shimano, M., Ouchi, N. & Walsh, K. 2012. Cardiokines:
recent progress in elucidating the cardiac secretome. Circu-
lation 126, e327-e332.

Singh, P., Hoffmann, M., Wolk, R., Shamsuzzaman, A.S. &
Somers, V.K. 2007. Leptin induces C-reactive protein
expression in vascular endothelial cells. Arterioscler
Thromb Vasc Biol 27, e302-e307.

Singh, P., Peterson, T.E., Barber, K.R., Kuniyoshi, F.S., Jen-
sen, A., Hoffmann, M., Shamsuzzaman, A.S. & Somers,
V.K. 2010. Leptin upregulates the expression of plasmino-
gen activator inhibitor-1 in human vascular endothelial
cells. Biochem Biophys Res Commun 392, 47-52.

Singh, P., Peterson, T.E., Sert-Kuniyoshi, F.H., Jensen, M.D.
& Somers, V.K. 2011. Leptin upregulates caveolin-1
expression: implications for development of atherosclerosis.
Atherosclerosis 217, 499-502.

Skurk, T., Alberti-Huber, C., Herder, C. & Hauner, H. 2007.
Relationship between adipocyte size and adipokine expres-
sion and secretion. | Clin Endocrinol Metab 92, 1023-1033.

Spalding, K.L., Arner, E., Westermark, P.O., Bernard, S.,
Buchholz, B.A., Bergmann, O., Blomqvist, L., Hoffstedt, J.,
Naslund, E., Britton, T., Concha, H., Hassan, M., Ryden,
M., Frisen, J. & Arner, P. 2008. Dynamics of fat cell turn-
over in humans. Nature 453, 783-787.

Spinnler, R., Gorski, T., Stolz, K., Schuster, S., Garten, A.,
Beck-Sickinger, A.G., Engelse, M.A., de Koning, E.]J.,
Korner, A., Kiess, W. & Maedler, K. 2013. The adipocyto-
kine Nampt and its product NMN have no effect on beta-
cell survival but potentiate glucose stimulated insulin secre-
tion. PLoS One 8, e54106.

Staiger, K., Stefan, N., Staiger, H., Brendel, M.D., Brand-
horst, D., Bretzel, R.G., Machicao, F., Kellerer, M., Stum-
voll, M., Fritsche, A. & Haring, H.U. 2005. Adiponectin is
functionally active in human islets but does not affect insu-
lin secretory function or beta-cell lipoapoptosis. | Clin
Endocrinol Metab 90, 6707-6713.

Stephens, J.M. & Vidal-Puig, A.J. 2006. An update on visfa-
tin/pre-B cell colony-enhancing factor, an ubiquitously
expressed, illusive cytokine that is regulated in obesity.
Curr Opin Lipidol 17, 128-131.

Sweeney, G. 2010. Cardiovascular effects of leptin. Nat Rev
Cardiol 7, 22-29.

Tanaka, M., Nozaki, M., Fukuhara, A., Segawa, K., Aoki, N.,
Matsuda, M., Komuro, R. & Shimomura, 1. 2007. Visfatin
is released from 3T3-L1 adipocytes via a non-classical path-
way. Biochem Biophys Res Commmun 359, 194-201.

Tanaka, H., Nakamura, S., Onda, K., Tazaki, T. & Hirano,
T. 2009. Sofalcone, an anti-ulcer chalcone derivative, sup-
presses inflammatory crosstalk between macrophages and
adipocytes and adipocyte differentiation: implication of
heme-oxygenase-1 induction. Biochem Biophys Res Com-
mun 381, 566-571.

Taube, A., Schlich, R., Sell, H., Eckardt, K. & Eckel, ]J.
2012. Inflammation and metabolic dysfunction: links to

752 © 2014 Scandinavian Physiological Society. Published by John Wiley & Sons Ltd, doi: 10.1111/apha.12246



Acta Physiol 2014, 210, 733-753

cardiovascular diseases. Am | Physiol Heart Circ Physiol
302, H2148-H2165.

Trayhurn, P. & Wood, LS. 2004. Adipokines: inflammation
and the pleiotropic role of white adipose tissue. Br | Nutr
92, 347-355.

Tsai, M., Asakawa, A., Amitani, H. & Inui, A. 2012. Stimu-
lation of leptin secretion by insulin. Indian | Endocrinol
Metab 16, S543-S548.

Tsutsumi, C., Okuno, M., Tannous, L., Piantedosi, R., Allan,
M., Goodman, D.S. & Blaner, W.S. 1992. Retinoids and
retinoid-binding protein expression in rat adipocytes. | Biol
Chem 267, 1805-1810.

Tuduri, E., Marroqui, L., Soriano, S., Ropero, A.B., Batista,
T.M., Piquer, S., Lopez-Boado, M.A., Carneiro, E.M.,
Gomis, R., Nadal, A. & Quesada, 1. 2009. Inhibitory
effects of leptin on pancreatic alpha-cell function. Diabetes
58, 1616-1624.

Turer, A.T. & Scherer, P.E. 2012. Adiponectin: mechanistic
insights and clinical implications. Diabetologia 55, 2319—
2326.

Vanella, L., Sodhi, K., Kim, D.H., Puri, N., Maheshwari, M.,
Hinds, T.D. Jr, Bellner, L., Goldstein, D., Peterson, S.]J.,
Shapiro, J.I. & Abraham, N.G. 2013. Increased heme-oxy-
genase 1 expression in mesenchymal stem cell-derived
adipocytes decreases differentiation and lipid accumulation
via upregulation of the canonical Wnt signaling cascade.
Stem Cell Res Ther 4, 28.

Vecchione, C., Maffei, A., Colella, S., Aretini, A., Poulet, R.,
Frati, G., Gentile, M.T., Fratta, L., Trimarco, V., Trimarco,
B. & Lembo, G. 2002. Leptin effect on endothelial nitric
oxide is mediated through Akt-endothelial nitric oxide syn-
thase phosphorylation pathway. Diabetes 51, 168-173.

Verma, S., Buchanan, M.R. & Anderson, T.J. 2003. Endo-
thelial function testing as a biomarker of vascular disease.
Circulation 108, 2054-2059.

Vitale, A. & Denecke, J. 1999. The endoplasmic reticulum-
gateway of the secretory pathway. Plant Cell 11, 615-628.

Wajchenberg, B.L. 2007. beta-cell failure in diabetes and pres-
ervation by clinical treatment. Endocr Rev 28, 187-218.

Waki, H., Park, K.W., Mitro, N., Pei, L., Damoiseaux, R., Wil-
pitz, D.C., Reue, K., Saez, E. & Tontonoz, P. 2007. The small
molecule harmine is an antidiabetic cell-type-specific regula-
tor of PPARgamma expression. Cell Metab 5, 357-370.

Wang, Y., Lam, K.S., Yau, M.H. & Xu, A. 2008. Post-trans-
lational modifications of adiponectin: mechanisms and
functional implications. Biochem | 409, 623-633.

Wang, P., Du, H., Zhang, R.Y., Guan, Y.F.; Xu, T.Y., Xu,
Q.Y., Su, D.F. & Miao, C.Y. 2010. Circulating and local
visfatin/Nampt/PBEF levels in spontaneously hypertensive
rats, stroke-prone spontaneously hypertensive rats and
Wistar-Kyoto rats. | Physiol Sci 60, 317-324.

Weir, G.C., Laybutt, D.R., Kaneto, H., Bonner-Weir, S. &
Sharma, A. 2001. Beta-cell adaptation and decompensation
during the progression of diabetes. Diabetes 50(Suppl 1),
$154-5159.

Wijesekara, N., Krishnamurthy, M., Bhattacharjee, A., Su-
hail, A., Sweeney, G. & Wheeler, M.B. 2010. Adiponec-
tin-induced ERK and Akt phosphorylation protects
against pancreatic beta cell apoptosis and increases insu-

T Romacho et al. * An adipocentric view of organ crosstalk

lin gene expression and secretion. | Biol Chem 285,
33623-33631.

Williams, I.L., Wheatcroft, S.B., Shah, A.M. & Kearney, M.T.
2002. Obesity, atherosclerosis and the vascular endothelium:
mechanisms of reduced nitric oxide bioavailability in obese
humans. Int | Obes Relat Metab Disord 26, 754-764.

Wronska, A. & Kmiec, Z. 2012. Structural and biochemical
characteristics of various white adipose tissue depots. Acta
Physiol 205, 194-208.

Xiao, L., Sobue, T., Esliger, A., Kronenberg, M.S., Coffin,
J.D., Doetschman, T. & Hurley, M.M. 2010. Disruption
of the Fgf2 gene activates the adipogenic and suppresses
the osteogenic program in mesenchymal marrow stromal
stem cells. Bone 47, 360-370.

Xie, L., Boyle, D., Sanford, D., Scherer, P.E., Pessin, J.E. &
Mora, S. 2006. Intracellular trafficking and secretion of
adiponectin is dependent on GGA-coated vesicles. | Biol
Chem 281, 7253-7259.

Xie, L., O’Reilly, C.P., Chapes, S.K. & Mora, S. 2008.
Adiponectin and leptin are secreted through distinct traf-
ficking pathways in adipocytes. Biochim Biophys Acta
1782, 99-108.

Xu, H., Uysal, K.T., Becherer, J.D., Arner, P. & Hotamisli-
gil, G.S. 2002. Altered tumor necrosis factor-alpha (TNF-
alpha) processing in adipocytes and increased expression of
transmembrane TNF-alpha in obesity. Diabetes 51, 1876—
1883.

Xu, H., Barnes, G.T., Yang, Q., Tan, G., Yang, D., Chou,
C.J., Sole, J., Nichols, A., Ross, J.S., Tartaglia, L.A. &
Chen, H. 2003. Chronic inflammation in fat plays a crucial
role in the development of obesity-related insulin resis-
tance. | Clin Invest 112, 1821-1830.

Yang, Q., Graham, T.E., Mody, N., Preitner, F., Peroni,
0.D., Zabolotny, J.M., Kotani, K., Quadro, L. & Kahn,
B.B. 2005. Serum retinol binding protein 4 contributes to
insulin resistance in obesity and type 2 diabetes. Nature
436, 356-362.

Yao-Borengasser, A., Varma, V., Bodles, A.M., Rasouli, N.,
Phanavanh, B., Lee, M.]J., Starks, T., Kern, L.M., Spencer,
H.J. III, Rashidi, A.A., McGehee, R.E. Jr, Fried, S.K. & Kern,
P.A. 2007. Retinol binding protein 4 expression in humans:
relationship to insulin resistance, inflammation, and response
to pioglitazone. | Clin Endocrinol Metab 92,2590-2597.

Yazbeck, R., Howarth, G.S. & Abbott, C.A. 2009. Dipept-
idyl peptidase inhibitors, an emerging drug class for
inflammatory disease?. Trends Pharmacol Sci 30, 600-607.

Zamani, N. & Brown, C.W. 2011. Emerging roles for the
transforming growth factor-{beta} superfamily in regulating
adiposity and energy expenditure. Endocr Rev 32, 387-403.

Zehe, C., Engling, A., Wegehingel, S., Schafer, T. & Nickel,
W. 2006. Cell-surface heparan sulfate proteoglycans are
essential components of the unconventional export machin-
ery of FGF-2. Proc Natl Acad Sci USA 103, 15479-15484.

Zhang, Y., Proenca, R., Maffei, M., Barone, M., Leopold, L. &
Friedman, J.M. 1994. Positional cloning of the mouse obese
gene and its human homologue. Nature 372, 425-432.

Ziouzenkova, O. & Plutzky, J. 2008. Retinoid metabolism and
nuclear receptor responses: new insights into coordinated reg-
ulation of the PPAR-RXR complex. FEBS Lett 582, 32-38.

© 2014 Scandinavian Physiological Society. Published by John Wiley & Sons Ltd, doi: 10.1111/apha.12246 753



