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Summary	 Obesity increases the risk for metabolic and cardiovascular diseases and, 
therefore, may contribute to reduced life expectancy. Adipose tissue is an endocrine organ 
secreting several hundreds of adipokines, which contribute to the crosstalk of adipose tissue 
with the brain, liver, muscle and other organs. Altered secretion patterns of adipokines are 
a symptom of adipose tissue dysfunction and may link obesity to an increased risk of insulin 
resistance, Type  2 diabetes, fatty liver disease, hypertension, dyslipidemia, endothelial 
dysfunction, atherosclerosis, dementia, airway disease and some cancers. Adipokines 
may become clinically important both as biomarkers and as the substrate or target for 
pharmacotherapeutic management of obesity and its related diseases in the future. This 
review focuses on selected adipokines, which play a role in glucose homeostasis. 
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�� Adipose tissue is an active endocrine organ secreting hundreds of molecules; so called adipokines.

�� Adipose tissue dysfunction may represent an early defect in obesity, which is characterized by the 
secretion of a diabetogenic, proinflammatory and atherogenic adipokine pattern.

�� Circulating adipokines may cause and reflect alterations in glucose metabolism.

�� Clinical relevance of adipokines includes their use both as biomarkers for adipose tissue function and 
distribution, and as potential treatment of obesity-related diseases.

�� Adiponectin may improve insulin sensitivity.

�� Leptin treatment improves insulin sensitivity and lowers serum concentrations of triglycerides in patients 
with lipodystrophy.

�� Leptin can be used as a replacement treatment for patients with inherited leptin deficiency.

�� Chemerin and RBP4 are biomarkers for insulin resistance and visceral fat distribution.

�� High expression and activity of DPP-4 is associated with abdominal obesity.

�� Administration of apelin and vaspin improves glucose metabolism in experimental animals.
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Obesity significantly increases the risk for meta-
bolic diseases (Type 2 diabetes [T2D], fatty liver 
disease and dyslipidemia), cardiovascular disor-
ders (hypertension, coronary heart disease and 
stroke), diseases of the CNS (dementia), obstruc-
tive sleep apnea and different types of cancer 
[1–4]. Adipose tissue may be considered an endo-
crine gland, which releases bioactive molecules, 
so called adipokines (Figure 1). Adipokines are 
peptides or cytokines that are secreted by adipose 
tissue. To date, more than 600 secretory proteins 
have been suggested to be secreted from adipose 
tissue and several of them play an important role 
in glucose homeostasis [5]. Adipose tissue-derived 
signals participate in various metabolic processes 
including the regulation of appetite control, 
fat distribution, insulin sensitivity and insulin 
secretion, energy expenditure, and inflammation 
[4–6]. Adipokines may play a significant role in 
the regulation of adipogenesis, chemoattraction 

of immune cells into adipose tissue, adipocyte 
function via autocrine/paracrine signaling [6]. In 
addition to the role of adipokines within adipose 
tissue, they exert important systemic (endocrine) 
effects, including regulation of appetite, energy 
expenditure and spontaneous activity, insulin 
sensitivity and energy metabolism in the brain 
and peripheral target tissues (Figure 2) [4–6]. The 
adipokine secretion pattern reflects adipose tis-
sue function [4] and may have clinical relevance 
to evaluate the risk of an individual to develop 
metabolic and cardiovascular diseases associated 
with or caused by obesity [1,4–8]. In parallel with 
or as a consequence of adipose tissue inflamma-
tion and dysfunction, secretion of adipose tissue 
derived factors is significantly altered towards a 
diabetogenic, proinflammatory and atherogenic 
adipokine pattern [1,4–8]. 

The major breakthrough establishing adipose 
tissue as an endocrine organ was the discovery 
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Figure 1. Adipose tissue as an endocrine organ. Several cell types of adipose tissue, including 
adipocytes, immune cells, fibroblasts and endothelial cells, contribute to adipokine secretion. 
Examples of endocrine adipose tissue-derived molecules that may contribute to the link between 
increased adipose tissue and adipose tissue dysfunction in obesity and glucose homeostasis. 
†Not otherwise classified. 
2-AG: 2-Arachidonoylglycerol; RAS: Renin angiotensin system. 
Adapted from [6], data taken from [10].
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of leptin as an adipokine, signalling the energy 
status of the periphery to the CNS [9]. Follow-
ing leptin, several other adipokines have been 
discovered that may regulate insulin sensitivity, 
lipid and glucose metabolism, and endothelial 
function [4–6]. Adipose tissue releases proin-
f lammatory cytokines/adipokines, interleu-
kins, chemoattractant cytokines, RBP4, serine 
protease inhibitors, fetuin-A, omentin, bone 
morphogenetic proteins, clusterin, fractalkine, 
orosomucoid, FABP4, fibrinogen, haptoglobin, 
angiopoietin-related proteins, metallothionein, 
complement factors and SAA proteins among 
others (Table 1 & Figure 1) [4–6,10–12]. The major-
ity of these adipokines are elevated in the obese 
and correlate with measures of fat mass, fat dis-
tribution and insulin sensitivity [6,13]. Interest-
ingly, secretion of factors that are considered 
anti-inflammatory mediators (e.g., adiponectin, 
apelin and IL-10) is significantly downregulated 
in obese states [11,14]. Importantly, the value of 
adipokine measurements as biomarkers is still 
limited, since common diseases or pathomecha-
nisms including obesity, insulin resistance and 

visceral adiposity are rather easy to diagnose and 
do not necessarily require an adipokine marker. 
However, there may be a potential use of adi-
pokines as markers of adipose tissue inflam-
mation and function in the future. Adipokines 
may only be considered as surrogate markers that 
do not reflect biological processes better than 
established markers (e.g., CrP for inflammation, 
high-density lipoprotein [HDL-cholesterol and 
triglycerides for the metabolic syndrome). How-
ever, there is a need to identify biomarkers for 
the prediction of individual treatment responses 
to weight loss strategies, to determine diet adher-
ence or dynamics in fat distribution in interven-
tion studies. Research to establish adipokines as 
such markers has not been very successful in the 
past. In addition, the value of suggested adipo-
kines in the prediction of diseases needs to be 
evaluated in epidemiologic studies.

In the context of this overview not all of the 
>600 adipokines and their potential impact on 
glucose metabolism can be discussed. In addi-
tion, for some of the more recently identified 
adipokines, the clinical relevance of increased 
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Figure 2. Effects of adipokines on adipogenesis, immune cell migration into adipose tissue, 
autocrine/paracrine adipocyte regulation and systemic effects. Adipokines have endocrine effects 
on appetite control, regulation of energy expenditure and activity, influence insulin sensitivity 
and energy metabolism in insulin sensitive tissues, such as liver, muscle and fat, as well as insulin 
secretion in pancreatic b-cells.
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or decreased plasma concentrations in the con-
text of glucose homeostasis is either not clear or 
is controversial. Therefore, this review focuses 
on the subjective selection of classical adipo-
kines including leptin and adiponectin and 
the more recently identified adipokines RBP4 
[15,16], chemerin [17,18], apelin [19,20], vaspin [21–
23], DPP-4 [24], visfatin/PBEF/Nampt, nesfa-
tin-1 and cathepsins. The list of adipokines is 
expanding and very recently more than 40 novel 
adipokines have been identified by a proteomics 
approach for primary human adipocytes [25,26].

Mechanisms in which adipokine secretion 
may affect glucose homeostasis
In principle, there are direct and indirect mecha-
nisms in which altered adipokine secretion may 
contribute to changes in glucose homeostasis. 
Direct mechanisms include a role of adipokines 
in the regulation of insulin secretion and insulin 
sensitivity at the level of the whole body, organ 
specific in the liver, brain, muscle and other 
tissues or on target cells. Indirect mechanisms 
are mainly related to the fact that adipokines 
may play a role in inflammation, adipose tissue 
accumulation and adverse distribution, which 
subsequently impacts on glucose metabolism. 

Some adipokines, including adiponectin and 
CTRP12, have been shown to improve insulin 
sensitivity [27,28]. Effects on b-cell function have 
been reported for leptin, which suppresses insu-
lin secretion and adiponectin, which enhances 
insulin secretion by stimulating both the expres-
sion of the insulin gene and exocytosis of insulin 
granules [29]. Other adipokines have been shown 
to be associated with abdominal fat distribution 
(e.g., omentin, RBP4, chemerin, progranulin and 
vaspin) and adipose tissue dysfunction, includ-
ing inflammation (e.g., MCP-1, progranulin and 
chemerin) [5,6]. 

Leptin
Leptin is secreted from adipocytes and plays an 
important role in the regulation of satiety, appe-
tite, food intake, activity and energy expenditure, 
fertility, atherogenesis and growth-inducing prop-
erties [29,30]. In the hypothalamus, leptin increases 
anorexigenic peptide synthesis and decreases 
orexigenic peptide synthesis, subsequently result-
ing in reduced appetite [31]. Leptin was discovered 
in 1994 as the protein product of the ob gene 
[9]. This discovery marked the identification of 
the mechanism underlying the extremely obese 
phenotype of the ob/ob mouse model, which 
carries a mutation in the ob gene, subsequently 
leading to leptin deficiency [9]. Interestingly, mice 
that bare a mutation in the leptin receptor gene 
(db/db mice) are characterized by obesity and 
diabetes, and further support the importance of 
leptin-related mechanisms in the development of 
obesity [32]. The relationship of leptin with insu-
lin resistance, obesity and cardiovascular disease 
has been extensively studied since its discovery 
[29]. Obesity is associated with increased circulat-
ing leptin concentrations, which have been sug-
gested to play a role in glucose homeostasis [1,30]. 
Although exogenous leptin administration sig-
nificantly increases leptin serum concentrations, 
it did not alter satiety or appetite, most likely 
owing to central leptin resistance [33]. However, 
in extremely rare cases of human genetic leptin 
deficiency or under conditions of lipodystrophy 
(a condition that is also associated with low 
circulating leptin levels), leptin administration 
dramatically improves insulin sensitivity, glu-
cose and lipid metabolism, and lowers the risk 
of pancreatitis induced by hypertriglyceridemia 
[34–35]. The reported insulin sensitizing effects of 
leptin have been related to increased fatty acid 
oxidation and decreased triglyceride storage in 
muscle [36,37]. In the context of leptin’s role in 

Table 1. Examples of adipokines and their main function(s).

Adipokine Function (keywords)

Leptin Regulation of satiety, appetite, food intake, activity and energy 
expenditure, fertility, atherogenesis, growth induction

Adiponectin Antidiabetic, antiatherogenic, anti-inflammatory
Chemerin Chemoattractant protein, regulation of adipogenesis
TNF-a Proinflammatory
IL-6 Proinflammatory
PAI-1 Inhibition of plasminogen activators, atherogenesis
FABP-4 Related to Type 2 diabetes risk, myocardial contractility
RBP4 Related to insulin resistance, visceral fat distribution
Vaspin Serine protease inhibitor, decreases food intake, improves 

hyperglycemia
Apelin Inhibits insulin secretion
Nesfatin-1 Direct glucose-dependent insulinotropic effect on b cells
Visfatin/PBEF/Nampt Nampt-mediated systemic NAD biosynthesis is critical for b-cell 

function
MCP-1 Chemoattractant protein, adipose tissue inflammation
Progranulin Chemoattractant protein, neurodegenerative diseases, adipose 

tissue inflammation
Fetuin-A Lipid-induced inflammation, insulin resistance, promotes 

cancer progression 
Omentin Anti-inflammatory
DPP-4 Degrades GIP and GLP-1, inhibitors in clinical use for Type 2 

diabetes
Clusterin Promotes tumor progression and angiogenesis
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glucose homeostasis, it is important that leptin 
has been identified as an important regulator of 
b-cell mass and cell survival [29,38]. b cells express 
leptin receptors, which mediate direct inhibitory 
effects of leptin on insulin secretion [38]. Leptin 
effects on pancreatic b cells may also have sig-
nificant long-term effects with regards to b-cell 
proliferation, apoptosis, cell size and inhibition 
of insulin gene expression [38]. In this context, 
Zucker diabetic fatty rats, which have a defect in 
the leptin receptor, are characterized by a reduc-
tion in b-cell mass, which is primarily due to an 
increased rate of b-cell death [39]. Taken together, 
leptin participates in the regulation of glucose 
homeostasis at different levels of modulation of 
the pancreatic b-cell population, which may be 
aggravated under conditions of hyperleptinemia, 
such as obesity [38]. 

Adiponectin 
Adiponectin is highly expressed in adipo-
cytes and has been shown to exert important 
antidiabetic, antiatherogenic and anti-inflamma-
tory properties [27]. Circulation concentrations of 
adiponectin are lower in patients with obesity, 
T2D and other insulin-resistant states com-
pared with lean, normal, glucose-tolerant and 
insulin-sensitive individuals [1,30]. Importantly, 
it has been shown that adiponectin expression in 
adipose tissue and secretion increase in parallel 
with improved insulin sensitivity and weight loss 
[27]. It has been suggested that insulin-sensitizing 
effects of glitazones are, at least in part, medi-
ated by their effect on increasing adiponectin 
serum concentrations [40]. On the other hand, 
hormones associated with insulin resistance and 
obesity, including catecholamines, glucocorti-
coids, TNF-a and other cytokines, have been 
shown to negatively affect adiponectin expres-
sion and secretion in vitro [41]. In addition to 
these effects, adiponectin acts in the brain to 
increase energy expenditure and cause weight 
loss [27,40].

The role of adiponectin as a molecule that sen-
sitizes peripheral tissues to insulin has been dis-
covered using models of disrupted adiponectin 
gene expression in mice [42,43]. Under experimen-
tal conditions of adiponectin deficiency using 
adiponectin knockout mice, impaired insulin 
sensitivity has been a reproducible finding [42,43]. 
By contrast, adiponectin may have antiobesity 
effects by increasing energy expenditure and 
effects on the differentiation of fat cells in mice 
with transgenic adiponectin overexpression [44].

The effects of adiponectin on glucose homeo-
stasis may be due to adiponectin’s effects on both 
insulin sensitivity and secretion [29]. Adiponectin 
could directly improve peripheral insulin sensi-
tivity [27] most likely by reducing glucose levels 
and increasing fatty acid combustion in myo-
cytes (mediated by the globular C-terminal frag-
ment) [45]. In addition, adiponectin improves 
insulin sensitivity by autocrine action in fat 
cells [41] and most likely also in hepatocytes 
[27]. However, studies on the effects of adipo-
nectin on insulin release revealed inconsistent 
results [29]. Transgenic ob/ob mice with a higher 
expression of adiponectin’s globular domain are 
characterized by improved insulin sensitivity 
and enhanced insulin secretion in comparison 
with control mice [46]. Taken together, there are 
several lines of evidence that adiponectin may 
exert insulin-sensitizing effects and protective 
effects on b-cells [29]. Further in vivo studies in 
rodent model systems clearly showed that sys-
temic recombinant adiponectin treatment results 
in enhanced insulin secretion [47].

RBP4
RBP4 can be considered a hepato-adipokine, 
because it is released both from the liver and 
adipose tissue [15]. In patients with obesity and 
insulin resistance, elevated RBP4 serum concen-
trations may be derived from increased RBP4 
expression in visceral adipose tissue [48]. The 
potential association of RBP4 with alterations 
in glucose metabolism has been identified in 
mice with an adipose tissue-specific disruption 
of the GLUT4 transporter [15]. Adipose tissue-
selective Glut4 knockout mice have significantly 
higher RBP4 serum concentrations compared 
with control littermates [15]. RBP4 has, there-
fore, been suggested as a molecule that is impor-
tant for fuel sensing in adipocytes [1,6,16,30]. The 
effects of RBP4 are mediated through retinol-
dependent and independent mechanisms [6]. 
RBP4 could induce the gluconeogenic enzyme 
PEPCK, increase cellular glucose production 
at the basal state and impair insulin action in 
hepatocytes in vitro [15]. In hepatocytes, reduced 
RAR-a signaling causes hepatic steatosis, sup-
porting the hypothesis that a defect in retinoic 
acid signaling could lead to elevated RBP4 
serum concentrations that contribute to hepatic 
steatosis [49]. Administration of recombinantly 
produced RBP4 to mice impairs-insulin-induced 
suppression of hepatic glucose production [15]. 
Experimental upregulation of RBP4 in mice has 
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been shown to cause insulin resistance through 
induction of hepatic expression of PEPCK and 
impairment of skeletal muscle insulin signaling 
[15]. Moreover, it has been recently demonstrated 
that RBP4 could lead to insulin resistance by 
inducing an inflammatory state in adipose tis-
sue via proinflammatory cytokine activation in 
macrophages [50].

Many studies have been conducted after the 
notion that serum RBP4 is significantly higher in 
individuals (as well as mouse models) with insu-
lin resistance [15] to further characterize the role 
of RBP4 in the development of obesity and T2D. 
Several of the studies support the observation that 
increased RBP4 serum concentrations are associ-
ated with obesity, insulin resistance and visceral 
fat accumulation [16,48]. Therefore, increased 
RBP4 serum concentrations may represent an 
important connection between visceral obesity 
and impaired insulin sensitivity and several meta-
bolic diseases [8]. RBP4 does not seem to play a 
direct role in the regulation of insulin secretion. 
We recently demonstrated that circulating RBP4 
reflects weight loss and weight regain in response 
to different diets. These data may suggest that 
RBP4 only reflects body weight dynamics and 
subsequent changes in glucose homeostasis [13].

Chemerin
Chemerin (RARRES2 or TIG2) is a mol-
ecule secreted from adipose tissue and the liver 
with chemoattractant properties. It has been 
demonstrated that chemerin plays a role in 
the regulation of adipogenesis and may induce 
insulin resistance [17]. In patients with obe-
sity and impaired insulin sensitivity, but also 
with chronic inflammation, chemerin serum 
concentrations are elevated [17,18]. Chemerin 
is released as an 18-kDa inactive proprotein, 
which undergoes cleavage by an extracellular 
protease generating the 16-kDa active chemerin 
[17,51]. On activated macrophages, which express 
either the CMKLR1 or the ChemR23 recep-
tor, chemerin may have important anti-inflam-
matory effects [51,52]. Chemerin contributes to 
the regulation of adipogenesis, differentiation 
and proliferation of fat cells, and modulates 
the expression of genes involved in glucose and 
lipid homeostasis [1,6,30]. Chemerin enhances 
insulin-stimulated glucose uptake in  vitro, 
suggesting that chemerin may increase insulin 
sensitivity in adipose tissue [53]. Mice with a 
disruption of the ChemR23 receptor are char-
acterized by an increased neutrophil infiltrate 

following lipopolysaccharide challenge due to 
a diminished chemerin response [54]. A similar 
phenotype has been observed in mice with acute 
lipopolysaccharide-induced lung inflammation 
[54]. Here, chemerin was also shown to have 
anti-inflammatory properties, reducing neutro-
phil infiltration and proinflammatory cytokine 
release in a ChemR23-dependent manner [54]. 

A mechanistic role of chemerin in the devel-
opment of impaired glucose metabolism has not 
been established yet. However, in individuals 
with insulin-sensitive obesity, chemerin serum 
concentrations are significantly higher than 
those of age-, gender- and BMI-matched controls 
[55]. Moreover, circulating chemerin levels are 
associated with bodyweight and serum triglyc-
eride concentrations, as well as blood pressure in 
normal subjects [56,57]. In explants from the adi-
pose tissue of patients with obesity, significantly 
higher chemerin secretion has been found com-
pared with lean controls [58]. These studies fur-
ther suggested that chemerin release correlates 
with BMI, WHR, adipocyte size and insulin 
resistance in adipocytes [58]. Sell et al. suggested 
that secretion of chemerin from adipocytes may 
be involved in the negative crosstalk between 
adipose tissue and skeletal muscle, contribut-
ing to insulin resistance [58]. In another recent 
study, increased circulating and adipose tissue 
chemerin levels in women with polycystic ovary 
syndrome were reported to be upregulated by 
insulin, whereas 6 months of metformin treat-
ment significantly decreased serum chemerin 
in these women [56]. A comparison of chemerin 
levels circulating either in portal, hepatic or sys-
temic venous blood demonstrated that elevated 
systemic chemerin concentrations in obesity and 
its related metabolic diseases seem to be associ-
ated with a proinflammatory state rather than 
BMI or abdominal visceral adipose tissue mass 
[57]. We recently postulated that chemerin may 
initiate adipose tissue dysfunction and suggested 
that reduced expression of chemerin in adipose 
tissue may contribute to improved insulin sen-
sitivity and subclinical inflammation beyond 
significant weight loss [18]. However, further 
mechanistic experiments and clinical studies are 
required to define whether chemerin contributes 
to the altered communication between adipose 
tissue and other organs in obesity. 

Apelin
The adipokine apelin has been suggested 
to contribute to the regulation of glucose 
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metabolism [19,20]. Apelin is a 36-amino acid pep-
tide and the endogenous ligand of the G-protein-
coupled APJ receptor. Apelin is expressed in 
the CNS (particularly high expression in the 
hypothalamus), heart, skeletal muscle, gastro-
intestinal organs (e.g., stomach) and adipose tis-
sue [59,60]. There are several active apelin forms 
including apelin-36, apelin-17, apelin-13 and the 
pyroglutamated form of apelin-13 [20,59,60]. Ape-
lin and APJ mRNA are widely expressed in sev-
eral rat and human tissues and play a role in the 
regulation of cardiovascular homeostasis, food 
intake, cell proliferation and angiogenesis [59,60].

Mice with a disruption of the apelin gene do 
not exhibit significant metabolic alterations [61]. 
However, aging apelin knockout mice progres-
sively develop a dysfunction of cardiac contrac-
tility, which is associated with systolic dysfunc-
tion [61]. These experiments support the notion 
that apelin may play a major role in maintenance 
of cardiac contractility in pressure overload and 
aging [61]. Hypoxia plays a role in the develop-
ment of adipose tissue dysfunction. In this con-
text, it has been suggested that apelin expression 
may be induced by hypoxia, both in endothelial 

and vascular smooth muscle cells mediated by 
the binding of HIF-1 to a HRE located within 
the first intron of the apelin gene [62]. 

Considering a potential role of apelin in the 
regulation of glucose homeostasis, there is clini-
cal evidence for elevated circulating apelin levels 
in obese and insulin-resistant individuals [19]. 
In addition, an association between circulating 
apelin and liver cirrhosis has been reported both 
in rats and humans [20]. In line with these obser-
vational data, application of an apelin receptor 
antagonist to rats with liver cirrhosis caused 
diminished hepatic fibrosis and a loss of ascites, 
suggesting the hepatic apelin system as a novel 
therapeutic target in liver disease [63]. 

Apelin inhibits insulin secretion in mice [64], 
suggesting a link between apelin and glucose 
homeostasis. Circulating apelin correlates with 
hyperinsulinemia and bodyweight, suggesting 
that apelin may link adipose tissue dysfunc-
tion to obesity-related diseases [8,19]. In this 
context, apelin seems to have effects associated 
with enhanced glucose utilization in skeletal 
muscle and fat, which subsequently contribute 
to lower circulating glucose concentrations [65]. 
Moreover, experimental apelin administration 
improved glucose tolerance and glucose utiliza-
tion in mouse models of diet-induced obesity 
and insulin resistance [65]. These beneficial 

effects of apelin on glucose metabolism involve 
activation of endothelial nitric oxide synthase, 
AMP-activated protein kinase and Akt. Col-
lectively, human and rodent data suggest that 
apelin contributes to the regulation of glucose 
homeostasis and may link increased adipose 
tissue mass to obesity-related metabolic and 
inflammatory diseases. 

Visceral adipose tissue-derived serpin
Visceral adipose tissue-derived serpin (vaspin) 
was identified as a member of the serine prote-
ase inhibitor family. Vaspin has been found to 
be highly expressed in visceral adipose tissue of 
Otsuka Long-Evans Tokushima Fatty rats at the 
age when obesity and insulin plasma concentra-
tions reach a peak [21]. Although vaspin is clearly 
expressed in human adipose tissue [66], the name 
vaspin may be a little misleading since we demon-
strated expression of vaspin in skin, stomach and 
rodent hypothalamus and pancreatic islets [23,67]. 
So far, the mechanisms of how vaspin secretion 
may be linked to impaired glucose metabolism 
and insulin sensitivity are not entirely under-
stood. We recently demonstrated that vaspin 
inhibits one of its target proteases, kallikrein 7, 
which is able to cleave insulin at least in vitro 
[68]. Improved glucose metabolism in response 
to vaspin treatment could, therefore, be medi-
ated by increased insulin plasma concentrations 
due to the inhibition of insulin degradation in 
the circulation by kallikrein 7 [68]. In Otsuka 
Long-Evans Tokushima Fatty rats, vaspin pro-
tein and mRNA expression, as well as vaspin 
serum concentrations increase with worsening 
of diabetes and bodyweight loss at 50 weeks and 
could be normalized with insulin or pioglitazone 
treatment [21]. Vaspin administration to mouse 
models of obesity improves insulin sensitivity, 
glucose tolerance and changed mRNA expres-
sion of insulin resistance candidate genes [21]. 
We recently provided experimental evidence 
that treatment of different mouse models with 
recombinant vaspin leads to sustained glucose 
lowering and reduction of food intake [67]. Sig-
nificantly, adipose tissue vaspin mRNA is almost 
exclusively found in adipose tissue of obese, but 
not lean, individuals, with significant differences 
between higher visceral and low subcutaneous 
expression [66]. Elevated vaspin serum concen-
trations are associated with obesity, impaired 
insulin sensitivity and fitness level and leptin 
serum concentrations [22]. In contrast with pre-
vious data [22,66], a comparison between BMI-, 
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age, and gender-matched insulin-sensitive versus 
insulin-resistant obese individuals revealed indis-
tinguishable vaspin levels between these groups 
[55]. These somewhat contradictory data suggest 
that the association between circulating vaspin, 
fat distribution and insulin sensitivity is more 
complex than previously thought. However, in 
the future, vaspin serum concentrations could 
be used as a biomarker to monitor the individ-
ual success of weight loss interventions. In this 
context, we found that vaspin closely reflects a 
healthier dietary pattern by analyzing data from 
322 participants of the 2‑year DIRECT [13,69].

DPP-4
Intake of nutrients may stimulate the release 
of the incretin hormones, including GIP and 
GLP-1 [70,71]. Incretins have been shown to 
enhance glucose-dependent insulin secretion 
and inhibit glucagon secretion, which together 
may reduce hepatic gluconeogenesis [71]. The 
effect of incretins is significantly reduced in 
patients with T2D and contributes to impaired 
insulin secretion and chronic hyperglycemia 
[71]. Under normal physiological conditions, 
DPP-4 rapidly degrades GIP and GLP-1 [72]. 
Inhibition of DPP-4 is a therapeutic option 
to lower hyperglycemia in patients with T2D. 
DPP-4 inhibitors are a relatively new class of oral 
glucose-lowering drugs. DPP-4 inhibitors exert 
their hypoglycemic effect indirectly by increas-
ing plasma concentration, duration and action of 
incretins [71,73]. Currently, the DPP-4 inhibitors 
alogliptin, sitagliptin, linagliptin, saxagliptin 
and vildagliptin are in clinical use as antidiabetic 
drugs to improve glycemic control by stimulating 
glucose-induced pancreatic insulin secretion and 
suppressing glucagon production [74]. Although 
research has focused on the role of DPP-4 in 
the degradation of GLP-1, recent data suggest 
that DPP-4 also exerts direct effects, as it is able 
to induce insulin resistance in adipocytes and 
skeletal muscle cells in concentrations that can 
be found in the circulation of overweight and 
obese subjects [24]. This notion is also supported 
by the notion that DPP-4 inhibitors might also 
exert incretin-independent effects, further sug-
gesting that DPP-4 might have direct metabolic 
effects [73]. The fact that circulating DPP-4 and 
DPP-4 expression in adipose tissue correlate with 
adipocyte size and adipose tissue inflammation 
[24] might also suggest that proinflammatory 
adipokines released from enlarged adipocytes 
could regulate DPP-4 release. Therefore, DPP-4 

might not only reflect adipose tissue function, 
but it may also have local effects within adipose 
tissue and systemic effects. Lamers et al. recently 
demonstrated that adipocytes release DPP-4 in 
a differentiation-dependent manner [24]. DPP-4 
is a 766-amino acid, membrane-associated, ser-
ine protease enzyme [72]. The enzyme is widely 
detected in numerous tissues, such as kidney, 
liver, intestine, spleen, lymphocytic organs, pla-
centa, adrenal glands and vascular endothelium 
[73]. Using proteomic profiling of the human 
adipocyte secretome, DPP-4 has been identi-
fied as a novel adipokine [24]. Higher secretion 
of DPP-4 from enlarged adipose tissue could 
impair insulin sensitivity at the adipose organ 
level in an autocrine/paracrine mode [24]. Lam-
ers et al. recently provided evidence that DPP-4 
release correlates with fat cell size [24], suggest-
ing that DPP-4 may, as well as several other 
adipokines, link adipose tissue dysfunction and 
adipocyte hypertrophy to impaired whole-body 
glucose metabolism. Increased DPP-4 activity 
and serum concentrations in obesity may serve as 
a model of how altered adipokine secretion may 
be successfully used as a therapeutic target in the 
treatment of obesity-related diseases. However, 
further work is needed to elucidate the func-
tional role of DPP-4 within adipose tissue and 
to define whether higher DPP-4 expression and 
serum concentration may contribute to higher 
efficacy of DPP-4 inhibitors in patients with 
obesity-associated T2D.

Visfatin/PBEF/Nampt
The PBEF1 gene encodes a polypeptide of 
491  amino acids with a molecular mass of 
52 kDa that has been isolated from a human 
peripheral blood lymphocyte cDNA library 
[75]. It has first been described as an adipokine 
predominantly secreted from visceral fat exert-
ing insulin-mimetic effects [76]; however, sub-
sequent human studies revealed that other tis-
sues and adipose tissue depots may also express 
visfatin/PBEF/Nampt and the effects of this 
molecule as an insulin mimetic are controversial 
[75,77]. Visfatin/PBEF/Nampt has an important 
enzymatic function in synthesizing NMN from 
nicotinamide and PRPP [75]. Recently, it has 
been demonstrated that hypercaloric feeding, as 
well as aging, compromise NAMPT-mediated 
NAD+ biosynthesis and may, therefore, con-
tribute to the pathogenesis of T2D [78]. Yoshino 
et  al. recently demonstrated that administra-
tion of NMN to mouse models of obesity and 
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T2D promotes NAD+ biosynthesis, thereby 
ameliorating glucose intolerance and improv-
ing hepatic insulin sensitivity [78]. The mecha-
nism by which visfatin/PBEF/Nampt contrib-
utes to alterations in glucose homeostasis may 
involve regulation of expression of genes related 
to oxidative stress, inflammatory response and 
circadian rhythm, at least in part via SIRT1 
activation [78]. Revollo et al. demonstrated that 
Nampt-mediated systemic NAD biosynthesis is 
critical for b-cell function [79], whereas circu-
lating visfatin/PBEF/Nampt (in contradiction 
to the initial observations [76]) does not exert 
insulin-mimetic effects in vitro or in vivo. Taken 
together, the role of visfatin/PBEF/Nampt in 
glucose homeostasis may be related to recent 
evidence that Nampt-mediated systemic NAD 
biosynthesis is a critical contributor to b-cell 
function [78].

Nesfatin-1
Nesfatin-1 is a 82-amino acid peptide derived 
from the precursor protein, NUCB2, which has 
been proposed as a novel satiety molecule act-
ing through leptin-independent mechanisms 
[80]. Nesfatin-1 is expressed in the CNS, the 
pituitary gland, stomach, pancreas, testis and 
also adipose tissue [80]. It has been shown that 
nesfatin-1 stimulates the pituitary–adrenal axis 
and sympathetic nervous system, and influences 
visceral functions and emotion [80]. Since acti-
vation of NUCB2/nesfatin-1 neurons in the 
brain is mediated by different stressors, it has 
been suggested that nesfatin-1 plays a role in 
the adaptive response under stressful conditions 
[80]. In addition to these central effects, there 
is accumulating evidence that nesfatin-1 exerts 
direct glucose-dependent insulinotropic action 
and increases preproinsulin mRNA expression 
in rodent-isolated islets or cultured mouse insu-
linoma cell line cells [81,82]. Importantly, intra-
venous but not central administration of recom-
binant nesfatin-1 to db/db mice significantly 
reduces hyperglycemia, further supporting the 
hypothesis that nesfatin-1 has a direct glucose-
dependent insulinotropic effect on b cells [83]. 
Further studies are necessary, including the iden-
tification of the nesfatin-1 receptor(s) to improve 
our understanding of nesfatin-1 cellular signal 
transduction and related mechanisms. 

Cathepsins
Cathepsins belong to a family of cysteine pro-
teases and are an important class of enzymes 

released from adipose tissue [84]. Cathepsins 
S, L and K may play a role in the development 
of atherosclerosis, since they are abundantly 
expressed in atherosclerotic lesions in humans 
[85]. Among the cathepsins, cathepsin S has 
been shown to be increasingly expressed in 
adipose tissue with the development of obesity 
and both adipose tissue mRNA expression and 
serum concentrations correlate with measures 
of obesity [86]. Adipose tissue also expresses 
cathepsin K [87] and L [88], and these cathep-
sins have been proposed to contribute to the 
link between altered adipose tissue function, 
endothelial dysfunction and atherosclerosis [89]. 
Cathepsin may also play an important role in 
the regulation of whole-body glucose metabo-
lism. Mice with a disruption of cathepsin K or 
L have reduced adipose tissue mass and show 
evidence for improved glucose metabolism 
[88,90]. Interestingly, deletion of these cathep-
sins caused a beneficial metabolic phenotype 
despite high fat diet challenges, suggesting that 
pharmacological inhibition of (these) cathep-
sins may target both the increased risk of devel-
oping T2D and premature atherosclerosis in 
obese individuals. Further studies are required 
to address the question of which member of the 
cathepsin family is most clinically relevant in 
obese states. Naour et al. recently found that 
in human obesity cathepsin S is more strongly 
affected by changes in energy balance com-
pared with cathepsins L and K, both in adipose 
tissue and systemically [89]. The mechanism 
of cathepsin action in linking obesity to its 
related metabolic and cardiovascular diseases 
may involve the regulation of adipose tissue 
derived hormones. Supporting this hypothesis, 
it has be show that cathepsin S processes leptin 
and inactivates its biological activity. 

Summary & conclusion
Adipose tissue produces many (most likely 
more than 600) bioactive molecules, called 
adipokines. Changes in adipokine secretion 
may link impaired adipose tissue function in 
obesity to obesity-related disorders, includ-
ing T2D. Adipokines are important modula-
tors of glucose metabolism, because they may 
primarily contribute to adverse fat distribu-
tion (chemerin, RBP4 and others), altered 
appetite and satiety (e.g., leptin, vaspin and 
nesfatin-1), impaired insulin sensitivity (adi-
ponectin, leptin, RBP4 and others) or insulin 
secretion (e.g., DPP-4 and nesfatin-1), and to 
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inflammation (e.g., resistin, IL-6, TNF‑a, 
chemerin and progranulin). 

In addition, adipokines are important as 
biomarkers and have the potential for future 
pharmacological treatment strategies for obesity 
and its related diseases. 

Future perspective
Functional characterization of newly identified 
adipokines is a major unmet need in future obe-
sity research. The identification of mechanisms 
of how adipokines may affect insulin sensitivity, 
glucose metabolism and endothelial function 
could be the basis for novel pharmacological 

treatment approaches of obesity and its related 
disorders. 
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