
415© Springer International Publishing AG 2017 
A.B. Engin, A. Engin (eds.), Obesity and Lipotoxicity, Advances in Experimental  
Medicine and Biology 960, DOI 10.1007/978-3-319-48382-5_18

Adiponectin-Resistance in Obesity
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Abstract

The decrease in adiponectin levels are negatively correlated with chronic sub-
clinical inflammation markers in obesity. The hypertrophic adipocytes cause 
obesity-linked insulin resistance and metabolic syndrome. Furthermore, mac-
rophage polarization is a key determinant regulating adiponectin receptor 
(AdipoR1/R2) expression and differential adiponectin-mediated macrophage 
inflammatory responses in obese individuals. In addition to decrease in adipo-
nectin concentrations, the decline in AdipoR1/R2 mRNA expression leads to 
a decrement in adiponectin binding to cell membrane, and this turns into atten-
uation in the adiponectin effects. Within the receptor complex, adaptor pro-
tein-containing pleckstrin homology domain, phosphotyrosine-binding 
domain, and leucine zipper motif 1 (APPL1) is the intracellular binding part-
ner of AdipoR1 and AdipoR2. The expression levels of APPL1 or APPL2 lead 
to an altered adiponectin activity. Despite normal or high adiponectin levels, 
an impaired post receptor signaling due to APPL1/APPL2 may alter adipo-
nectin efficiency and activity. However, APPL2 blocks adiponectin signaling 
through AdipoR1 and AdipoR2 by competitive inhibition of APPL1. APPL1 
is also an important mediator of adiponectin dependent insulin sensitization. 
In this context, adiponectin resistance is associated with insulin resistance and 
is thought to be partly due to the down-regulation of the AdipoRs in high-fat 
diet fed subjects. Actually, adiponectin resistance occurs very rapidly after 
saturated fatty acid feeding, this metabolic disturbance is not due to a decrease 
in AdipoR1 protein content. Intra-abdominal adipose tissue-AdipoR2 expres-
sion is reduced in obesity, whereas AdipoR1 expression is not changed. 
Adiponectin resistance together with insulin resistance forms a vicious cycle. 
The elevated adiponectin levels with adiponectin resistance is a compensatory 
response in the condition of an unusual discordance between insulin resistance 
and adiponectin unresponsiveness.
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Additionally, different mechanisms are involved in vascular adiponectin 
resistance at different stages of obesity. Nevertheless, diet-induced hyper-
lipidemia is the leading cause of vascular adiponectin resistance. Leptin/
adiponectin imbalance may also be an important marker of the elevated 
risk of developing abdominal obesity-associated cardiovascular diseases.
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1	 �Introduction

Scherer et al. described a novel 30-kDa adipocyte 
complement-related protein (Acrp30), that is 
made exclusively in adipocytes. This molecule is 
called adiponectin and structurally similar to 
complement factor C1q. Secretion of adiponectin 
is enhanced by insulin. Actually its mRNA is 
induced over 100-fold during adipocyte differen-
tiation (Scherer et al. 1995). Adiponectin is pres-
ent in the circulation of healthy individuals at 
very high concentrations accounting for approxi-
mately 0.05% of total plasma proteins, with lev-
els ranging from 3 to 30 μg/mL (Arita et al. 1999; 
Shibata et al. 2009). The median concentrations 
of plasma adiponectin are 5.5 μg/mL in men and 
8.7 μg /mL in women. The subjects are divided 
into two groups according to their adiponectin 
concentrations using a cut-off point of 4.0 μg /
mL.  In men with an adiponectin concentration 
less than 4.0 μg /mL showed a higher prevalence 
of abdominal obesity. The prevalence of the met-
abolic syndrome is higher in subjects with an adi-
ponectin concentration less than 4.0 μg /mL than 
in those with a concentration more than 4.0 μg /
mL. In low concentration group, metabolic syn-
drome occurs at a rate of 52.3% and 37.5% in 
men and in women, respectively. Furthermore, 
the relative risk of adverse cardiovascular events 
is 1.56-fold higher among patients with the lower 

adiponectin levels than in those with the higher 
levels (Ryo et al. 2004). Mean preoperative fast-
ing adiponectin concentration is significantly 
increased in response to weight loss after bariat-
ric surgery. The plasma adiponectin levels corre-
late negatively with fat mass. Each kilogram of 
fat mass lost corresponds to an increase in plasma 
adiponectin concentration by approximately 6%. 
The subjects in obese state show no variations in 
adiponectin plasma concentration fluctuations 
during the evening and night, whereas in the 
post-obese state diurnal variation of adiponectin 
is restored again (Calvani et al. 2004). In obese 
patients, short-term weight loss does not change 
total adiponectin levels and insulin resistance, 
while the distribution pattern of adiponectin 
oligomers changes due to significant increment 
of high molecular weight adiponectin and reduc-
tion of medium molecular weight adiponectin. 
Especially, high molecular weight adiponectin is 
promptly responsive to short-term weight loss 
prior to changes in insulin resistance (Mai et al. 
2014). According to adiponectin hypothesis 
reduced adiponectin levels can be caused by 
genetic factors or high-fat diet. In this context, 
decreased adiponectin signaling or disruption of 
adiponectin receptors may serve as an upstream 
pathway of increased oxidative stress, monocyte 
chemoattractant protein-1 (MCP-1) expression 
and inflammation in white adipose tissue 
(Yamauchi et  al. 2007). In obese subjects, the 
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hypertrophic adipocytes cause obesity-linked 
insulin resistance and metabolic syndrome. The 
decrease in adiponectin receptors (AdipoR1/R2) 
mRNA expression leads to a decrement in adipo-
nectin binding, and this turns into attenuation in 
the adiponectin effects. Consequently, adiponec-
tin resistance together with insulin resistance 
forms a vicious cycle (Yamauchi and Kadowaki 
2008). Recently, new treatment strategies are 
being developed for the improvement of adipo-
nectin resistance. The up-regulation of the 
expression and stimulation of adiponectin recep-
tors by using adiponectin receptor agonists would 
be an effective method to treat obesity-related 
conditions. However, current drug development 
based on adiponectin and adiponectin receptors 
for clinical applications is scarce, and there is a 
lack of clinical trial data availability (Hossain et al. 
2015). Dual activation of peroxisome proliferator-
activated receptor-alpha (PPAR-alpha) and per-
oxisome proliferator-activated receptor-gamma 
(PPAR-gamma) enhances the action of adiponec-
tin by increasing both adiponectin and AdipoRs, 
which can result in the amelioration of obesity-
induced inflammation and insulin resistance 
(Tsuchida et  al. 2005). Despite the conflicting 
evidences, leptin administration within the sub-
physiological to physiological range increases 
circulating levels and adipose tissue mRNA 
expression of adiponectin (Hoffmann et  al. 
2016). Different insights and existing contradic-
tions about adiponectin resistance could be rec-
onciled by explaining the details of related 
metabolic pathways. In this respect, this chapter 
will attempt to clarify the mechanisms and con-
tributing factors of adiponectin resistance in 
obesity.

2	 �Regulation of Adiponectin 
Expression

Adiponectin is found in serum in number of com-
plexes which include trimers and hexamers. 
These are collectively defined as low-molecular 
weight (LMW) trimer, medium molecular weight 
(MMW) hexamer and high-molecular weight 
(HMW) multimers (Waki et al. 2003; Whitehead 

et  al. 2006).Trimeric and HMW/hexameric 
adiponectin activate different signal transduction 
pathways. The hexamer consists of two adjacent 
trimeric globular domains and a single stalk com-
posed of collagen domains from two trimers. 
Although they are not necessary for trimer for-
mation or stability, two of the three monomers in 
an adiponectin trimer are covalently linked by 
disulfide bonds between cysteine residues (Tsao 
et  al. 2003). The concentrations of total adipo-
nectin and HMW adiponectin are 25% and 45% 
lower, respectively, in obese children compared 
to controls. Thereby, HMW to total-adiponectin 
ratio is lower in the obese children than in the 
controls, whereas LMW adiponectin/total adipo-
nectin ratio is higher in the obese as compared to 
the normal-weight children. These ratios are 
reversed with weight loss in obese patients after 
weight-reduction programme (Gajewska et  al. 
2011). HMW complexes circulating in serum 
represent a precursor pool. Activation of HMW 
complex is triggered by metabolic stimuli, which 
may subsequently trigger the induction or activa-
tion of a serum reductase. Trimeric adiponectin 
has a significantly shortened half-life when com-
pared with the endogenous oligomeric com-
plexes. Active adiponectin may be subjected to 
proteolysis by membrane-bound proteases that 
are found on the cell surface of target cells. This 
process leads to the formation of final active 
ligand that is rapidly cleared (Pajvani et al. 2003).

The adiponectin cDNA encodes a polypep-
tide of 247 amino acids with a secretory signal 
sequence at the amino terminus, a collagenous 
region and a globular domain. The expression of 
adiponectin is observed exclusively in mature 
fat cells. By contrast, the stromal-vascular frac-
tion of fat tissue does not contain adiponectin 
mRNA. Hormone-induced differentiation of 
pre-adipocytes dramatically increases the level 
of adiponectin expression, however, the expres-
sion of adiponectin mRNA is significantly 
reduced in the adipose tissues from obese 
humans (Hu et al. 1996). Acute hyperinsulinae-
mia results in a significant reduction of total adi-
ponectin. In this case, HMW adiponectin does 
not change, whereas MMW adiponectin and 
LMW adiponectin decrease. In the state of obe-
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sity, both hyperinsulinaemia and hyperlipidaemia 
contribute to low adiponectin levels (Bobbert 
et al. 2009). Regulation of adiponectin expres-
sion in non-adipose tissues is different from that 
in adipose tissue. Thus, adiponectin is up-regu-
lated in human skeletal muscle in response to 
inflammatory stimuli. The underlying mecha-
nisms may involve the inducible nitric oxide 
synthase (iNOS)-dependent pathway (Delaigle 
et al. 2004).

Inhibition of mitogen-activated protein kinase 
kinase (MAPKK)/extracellular signal-regulated 
kinase (ERK) 1/2 pathway decreases intracellu-
lar and secretory adiponectin levels in adipo-
cytes, whereas adiponectin gene expression is 
increased. Thereby, MAPKK/ERK1/2 pathway 
activity plays a critical role in controlling adipo-
nectin protein turnover in adipocytes via the 
ubiquitin-proteasome pathway. Thus, in adipose 
tissues of high-fat diet fed mice, ubiquitinated 
adiponectin protein levels are significantly 
higher (Gu et al. 2013).

The decrease in adiponectin levels are nega-
tively correlated with chronic subclinical inflam-
mation markers in obesity. Weight loss in 
morbidly obese patients induces a significant rise 
in adiponectin, while decreases the chronic 
inflammatory markers (Kopp et  al. 2005). In 
these cases, profound reducing effects of inter-
leukin-6 (IL-6) plus IL-6 receptor (IL-6R) and 
tumour necrosis factor-alpha (TNF-alpha) are 
shown on adiponectin mRNA levels. The inverse 
relationship between the plasma adiponectin and 
cytokines in vivo and the cytokine-induced reduc-
tion in adiponectin mRNA in vitro suggest that 
endogenous cytokines may inhibit adiponectin 
expression (Bruun et  al. 2003). While TNF-
alpha, IL-6, and IL-18 downregulate adiponectin 
production, transcription factors such as PPAR-
gamma, CCAAT-enhancer-binding protein (C/
EBP) alpha, and forkhead box transcription fac-
tor 1 (FOXO1) upregulate the adiponectin expres-
sion (Hino and Nagata 2012). In this respect, 
Vilarrasa et al. showed that massive weight loss 
induced by gastric bypass in a series of 65 mor-
bidly obese patients had reduced IL-18, TNF-
alpha receptors, and C-reactive protein (CRP). 
However, there was no relationship between 

either adiponectin and IL-18 or TNF-alpha recep-
tors and CRP. This result suggests that IL-18 and 
TNF-alpha receptors do not play a remarkable 
role in the inhibition of the adiponectin produc-
tion (Vilarrasa et al. 2007).

Leptin secretion rises acutely during feeding 
or in response to over-nutrition as adipocytes 
expand in size and number (Unger 2002), 
whereas adiponectin secretion is increased dur-
ing under-nutrition and exercise. In the latter 
case, adipocytes tend to diminish in size because 
lipolysis is most active in this period (Miyazaki 
et al. 2010). Actually, leptin and adiponectin have 
similar lipo-oxidative actions (Unger 2002). In 
contrast to leptin, adiponectin levels are signifi-
cantly reduced among obese subjects in compari-
son with lean controls. Although the majority of 
adiponectin is secreted from adipose tissue, the 
mean plasma adiponectin levels are found signifi-
cantly lower in obese patients (Arita et al. 1999). 
In this context, leptin and adiponectin are 
inversely correlated in obesity. However, leptin 
can not participate directly in adiponectin synthe-
sis. Nontheless, the long-term regulation of adi-
ponectin expression in white adipose tissue 
appears to be the opposite of that of leptin. 
Additionally, adiponectin levels are more sensi-
tive to changes in adiposity or insulin sensitivity 
(Zhang et al. 2002).

3	 �Adiponectin Receptor 
Complex and Adiponectin 
Resistance

Adiponectin exerts its effects by binding to adi-
ponectin receptors, two of which are AdipoR1 
and AdipoR2 (Yamauchi et al. 2014). Adiponectin 
receptors have a suitable structure related to their 
functions. The seven transmembrane helices of 
AdipoR1 form a helix bundle, which are arranged 
circularly in a clockwise manner, from helix-1 to 
helix-7. The structure of AdipoR2 is quite similar 
to that of AdipoR1. In both, the AdipoR1 and 
AdipoR2 structures surround a large internal 
cavity. This cavity is formed between the four- 
and three-helix subdomains. Adiponectin may 
broadly interact with the extracellular face of 
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receptor, rather than the carboxy-terminal tail of 
the receptors. Moreover, the adiponectin-binding 
sites seem to be shared by AdipoR1 and AdipoR2 
(Tanabe et al. 2015). In addition to AdipoR1 and 
AdipoR2, T-cadherin has been identified as a 
receptor for the HMW form of adiponectin, but 
not for trimeric or globular adiponectin (gAD). 
Although lacking in the known cellular func-
tions, T-cadherin is expressed in endothelial and 
smooth muscle cells, where it is positioned to 
interact with adiponectin (Hug et  al. 2004). 
Circulating levels of adiponectin, particularly 
HMW form of adiponectin are elevated in 
T-cadherin-deficient mice (Denzel et al. 2010).

Actually, adiponectin receptors bind to glob-
ular and full-length adiponectin and mediate 
increased adenosine monophosphate (AMP)-
activated protein kinase and PPAR-alpha ligand 
activities. Thereupon, adiponectin also enhances 
glucose uptake and fatty-acid oxidation 
(Kadowaki and Yamauchi 2005). Basically, the 
adiponectin receptors are transmembrane recep-
tors that undergo conformational changes and 
couple the intracellular domain with other sig-
naling molecules upon extracellular adiponectin 
binding. Adaptor protein [adaptor protein con-
taining pleckstrin homology (PH) domain, 
phosphotyrosine binding (PTB) domain and 
leucine zipper motif  (APPL)] directly binds to 
the intracellular domains of AdipoR1 and 
AdipoR2 via its C-terminal PTB and CC 
domains (Ruan and Dong 2016). The first iden-
tified adaptor proteins that interact directly with 
adiponectin receptors are APPL1 and APPL2 
(Mao et al. 2006). Within the receptor complex, 
APPL1 is the intracellular binding partner of 
AdipoR1 and AdipoR2 (Mao et  al. 2006). 
Furthermore, the general function of PTB 
domain is to act as an adaptor or scaffold for the 
binding of proteins, particularly those in signal-
ing pathways. The PTB domain of APPL1 is 
located near the -COOH terminus, away from 
BIN-Amphiphysin-Rvs (BAR)-PH domain. 
Therefore, PTB is an easily accessible structure 
for its binding partners (Deepa and Dong 2009). 
APPL1 mediates the actions of adiponectin in 
the regulation of energy metabolism and insulin 
sensitivity (Ruan and Dong 2016). Thus, insu-

lin-stimulated activation of protein kinase B 
(Akt) and suppression of gluconeogenesis in 
hepatocytes are enhanced by APPL1 overex-
pression, but are attenuated by APPL1 defi-
ciency. In this context, APPL1 is an important 
mediator of adiponectin dependent insulin sen-
sitization in skeletal muscle. Decreased APPL1 
expression reduces insulin-dependent Akt acti-
vation. Moreover, while adiponectin treatment 
itself does not affect Akt phosphorylation, co-
treatment of myotubes with both adiponectin 
and insulin leads to a synergistic increase in Akt 
phosphorylation (Hosch et  al. 2006). APPL1 
also plays an important role in insulin-stimulated 
insulin-responsive glucose transporter-4 
(GLUT4) translocation in muscle and adipose 
tissues and its N-terminal portion may be criti-
cal for APPL1 function. Thereby, deficiency of 
APPL1 attenuates insulin-mediated Akt phos-
phorylation, glucose uptake and GLUT4 trans-
location in adipocytes. APPL1 is localized 
mainly in the cytosol, and it shows a small 
degree of re-localization to the microsomes and 
nucleus in response to insulin (Saito et  al. 
2007b) (Fig. 18.1).

Eventually, the expression levels of APPL1 or 
APPL2 lead to an altered adiponectin activity. 
Decreases in AMP-activated protein kinase 
(AMPK) activation, hepatic glucose uptake and 
free fatty acid oxidation increase the de novo 
lipogenesis and gluconeogenesis in liver. Final 
stage of this process involves intrahepatic lipid 
accumulation and fatty liver disease. Genetically, 
C-APPL1/A-APPL2 allele combination is asso-
ciated with an increase in nonalcoholic fatty liver 
disease (NAFLD) occurrence, with a more severe 
degree of hepatic steatosis and with reduced 
cytoprotective effects of adiponectin on hepato-
cytes. NAFLD risk alleles have been found to be 
associated with hepatocellular injury and a more 
severe hepatic steatosis. Actually, these effects 
may be independent of the plasma adiponectin 
levels. Despite normal or high adiponectin levels, 
an impaired post receptor signalling due to 
APPL1/APPL2 single nucleotide polimor-
phisms may alter adiponectin efficiency and 
activity (Barbieri et  al. 2013). Thus, APPL2 
blocks adiponectin signaling through AdipoR1 
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and AdipoR2 by competitive inhibition of APPL1 
(Ruan and Dong 2016).

On the other hand, DNA methylation in the 
obesity decreases adiponectin expression. The 
AdipoR2 is highly methylated in adipocytes from 
high fat diet-fed obese mice as compared with 
lean mice. Moreover, AdipoR2 methylation lev-
els are inversely correlated with the amounts of 
adiponectin mRNA.  By contrast, the AdipoR1 
methylation is unaltered regardless of obesity. In 
human adipocytes, the AdipoR2 methylation is 

not only positively correlated with body mass 
index but also negatively associated with adipo-
nectin transcripts. DNA methylation involves the 
particular region of adiponectin promoter. Thus, 
the AdipoR2 methylation is mediated by DNA 
methyltransferase, and induces the subsequent 
formation of heterochromatin structure to sup-
press adiponectin gene expression in obesity 
(Kim et al. 2015). While the AdipoR1 activates 
the AMPK pathways, AdipoR2 induces the 
PPAR-alpha pathways such as increased expres-

Fig. 18.1  Adiponectin resistance together with insulin 
resistance forms a vicious cycle. Insulin-adiponectin resis-
tance cross talk causes intracellular signal transduction 
disturbances. Adiponectin resistance is a compensatory 
response in the condition of an unusual discordance between 
insulin resistance and adiponectin unresponsiveness (PKC 
protein kinase C, AMPK 5′ adenosine monophosphate-
activated protein kinase, GLUT4 insulin-responsive glucose 
transporter-4, NADP nicotinamide adenine dinucleotide 
phosphate, iNOS inducible nitric oxide synthase, NO nitric 
oxide, ROS reactive oxygen radicals, AdipoR1/R2 adipo-
nectin receptors, TLR4 Toll-like receptor-4, NF-kappaB 
nuclear factor-kappa B, JNK c-Jun N-terminal kinase, IKK 

inhibitor kappa B kinase, IRS-1 insulin receptor substrate-1, 
PI3-K Phosphatidylinositol 3-kinase, Akt protein kinase B, 
eNOS endothelial nitric oxide synthase, MAPK mitogen-
activated protein-kinase, ET-1 endothelin-1, TNF-alpha 
Tumor necrosis factor-alpha, GSK-3 glycogen synthase 
kinase-3, FL full-length human adiponectin, G globular 
adiponectin, IL-6 interleukin-6, IL-8 interleukin-8, PPAR-ɣ 
peroxisome proliferator-activated receptor-gamma, 
PPAR-α peroxisome proliferator-activated receptor-alpha, 
FAO fatty acid oxidation, FOXO1 forkhead box transcrip-
tion factor 1, APPL2 adaptor protein-containing pleckstrin 
homology domain, phosphotyrosine-binding domain, and 
leucine zipper motif 2)
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sion of uncoupling protein 2 (UCP2). In this 
respect, disruption of AdipoR1 results in the 
abrogation of adiponectin-induced AMPK acti-
vation, whereas that of AdipoR2 results in 
decreased activity of PPAR-alpha signaling path-
way. Furthermore, simultaneous disruption of 
both AdipoR1 and R2 abolishes adiponectin 
binding and actions. Collective elimination of the 
adiponectin effects results in increased tissue tri-
glyceride content, inflammation and oxidative 
stress, and thus leads to insulin resistance 
(Yamauchi et al. 2007). Conversely, UCP2 could 
exert anti-steatotic and anti-inflammatory activi-
ties through promoting mitochondrial respira-
tion, attenuating non-esterified mitochondrial 
fatty acid accumulation and reactive oxygen spe-
cies (ROS) production, and activating AMPK 
(Baffy 2005; Zhou et al. 2010). Acute adiponec-
tin loading fails to lower glycemia, which is con-
sistent with systemic adiponectin resistance. The 
mechanism for this failure appears to correlate 
with a blunted response of AMPK activation but 
not with changes in AdipoR1 and AdipoR2 
mRNA expression. Actually, adiponectin resis-
tance correlates with impaired hepatic AMPK 
response to adiponectin. The reduced AMPK 
response is associated with increased basal 
AMPK phosphorylation and AMPK resistance 
(Lin et al. 2007). Tsuchida et al. have previously 
shown that the expression of AdipoR1/R2 is 
inversely correlated with plasma insulin levels in 
vivo. Moreover, the expressions of AdipoR1/
R2  in obese mice are significantly decreased in 
skeletal muscle and adipose tissue, which is cor-
related with decreased adiponectin binding to 
membrane fractions of skeletal muscle and 
decreased AMPK activation by adiponectin 
(Tsuchida et al. 2004). AdipoR1 mRNA expres-
sion in skeletal muscle myotubes derived from 
lean healthy individuals is stimulated 1.8- and 
2.5-fold with gAD and leptin, respectively. No 
increase in AdipoR1 gene expression is measured 
in myotubes derived from obese subjects. 
AdipoR2 mRNA expression is unaltered after 
gAD and leptin exposure in myotubes (McAinch 
et al. 2006). Evidences of adiponectin resistance 
have been shown in peripheral tissues of obese 
humans. In this manner, decrease in the expres-

sions of AdipoR1/R2 and adiponectin concentra-
tion reduces the adiponectin binding to cell 
membrane (Tsuchida et  al. 2004). Furthermore, 
AdipoR1 expression in human adipose tissue is 
also reduced in obese subjects. Thus, it suggests 
that adiponectin might have reduced biological 
effects in adipose tissue due to low levels of adi-
ponectin receptors in omental adipocytes of 
obese individuals (Rasmussen et  al. 2006). 
Receptor endocytosis is a key event in regulation 
of signaling transduction. Enhanced adiponectin-
stimulated AMPK phosphorylation involves the 
downregulation of adiponectin signaling through 
the endocytosis of AdipoR1. Indeed, AdipoR1 is 
internalized through a clathrin- and Rab5-
dependent pathway and that endocytosis may 
play a role in the regulation of adiponectin sig-
naling. Thus, blocking clathrin-mediated endo-
cytosis abolishes adiponectin internalization 
(Ding et al. 2009).

4	 �Adiponectin and Insulin 
Resistance

Overexpression of glycogen synthase kinase 
(GSK)-3 in skeletal muscle of obese type 2 dia-
betic humans are associated with an impaired 
ability of insulin to activate glucose disposal and 
glycogen synthase. Inhibition of GSK-3 causes 
improvements in insulin-stimulated glucose 
transport activity by enhancing post-insulin 
receptor insulin signaling and GLUT4 glucose 
transporter translocation (Henriksen and Dokken 
2006). Chronic treatment of insulin-resistant, 
prediabetic obese rats with a highly selective 
GSK-3 inhibitor improves insulin receptor sub-
strate-1 (IRS-1)-dependent insulin signaling in 
skeletal muscle and enhances whole body insulin 
sensitivity (Dokken and Henriksen 2006). Thus, 
GSK-3 overactivity in obesity is associated with 
enhanced IRS-1 serine phosphorylation and 
defective IRS-1-dependent signaling, ultimately 
resulting in reduced GLUT4 translocation and 
glucose transport activity in skeletal muscle 
(Henriksen 2010). Actually, insulin-induced sig-
naling involves in activation of phosphatidylino-
sitol 3-kinase (PI3K) and Akt. Akt inactivates 
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GSK-3. PI3K-dependent GSK3 inactivation 
causes the inhibition of adiponectin formation in 
diet-induced obesity. The expression of PI3K-
resistant-GSK3 stimulates the production of adi-
ponectin and protects from diet-induced obesity 
(Chen et al. 2016). In obesity-linked insulin resis-
tance, both adiponectin and adiponectin recep-
tors are downregulated. Up-regulation of 
adiponectin/adiponectin receptors or enhancing 
adiponectin receptor function has protective 
effect against obesity-linked insulin resistance 
(Caselli 2014). AdipoR1 overexpression 
increases glucose uptake and glycogen accumu-
lation in the high-fat diet-fed rats, and it locally 
ameliorates muscle insulin resistance. These 
effects are associated with increased phosphory-
lation of IRS-1, Akt, and GSK-3. A direct role for 
adiponectin action via AdipoR1 in the enhance-
ment of insulin sensitivity involves activation of 
the PI3K and AMPK signaling pathways (Patel 
et al. 2012). APPL1 has been shown to interact 
directly with Akt (Saito et al. 2007b). However, 
IRS-1 phosphorylation is also increased by either 
APPL1 or AdipoR1 overexpression (Patel et al. 
2012). APPL1 promotes glucose disposal into 
skeletal muscle in vivo through activation of the 
PI3K pathway (Cleasby et al. 2011). Plasma con-
centrations of adiponectin in obese subjects are 
significantly lower than those in non-obese sub-
jects (Arita et al. 1999). Adiponectin resistance is 
initially described in obesity. This condition is 
associated with insulin resistance and is thought 
to be partly due to the down-regulation of the 
AdipoR1 due to high-fat diet (Mullen et al. 2009). 
Additionally, the severe degree of insulin resis-
tance occurs in patients with genetic defect of the 
insulin receptors. These cases have the combina-
tion of high plasma adiponectin with low leptin 
(Semple et al. 2006). This discordance between 
high plasma adiponectin and extreme insulin 
resistance may be accounted for their either direct 
effects in adipocytes leading to the loss of insulin 
receptor function, or their effects on the devel-
oped adipose tissue that has severely impaired 
insulin receptor function (Semple et  al. 2006). 
The hyperadiponectinaemia in states of insulin 
receptor dysfunction is explained by a superiority 
of HMW multimers to the other counterparts. 

HMW adiponectin shows a significant correla-
tion with the dissociation between plasma adipo-
nectin and insulin sensitivity when compared to 
total plasma adiponectin (Semple et  al. 2007). 
Furthermore, deficiency of both IRS-1 and 2  in 
adipocytes reduces adiponectin secretion. Lack 
of insulin receptor or IRSs in adipocytes increases 
adiponectin mRNA expression, but reduces adi-
ponectin secretion. Adiponectin mRNA expres-
sion shows no significant response to insulin 
receptor deficiency, but is modestly increased by 
IRS-1 and 2 deficiency. Loss of insulin receptor 
function may affect adiponectin levels indirectly 
through alteration of adipocyte turnover 
(Groeneveld et al. 2016). The expressions of both 
AdipoR1 and AdipoR2 are significantly 
decreased in most of the insulin-sensitive tissues 
of genetically obese mice as compared with the 
controls. FOXO1 increases the AdipoR1/R2 
expressions. In these animals, insulin can reduce 
the AdipoR1/R2 expressions via down-regulation 
of FOXO1 activity. Actually, the expression lev-
els of AdipoR1/R2 might regulate adiponectin 
binding and AMPK activation by adiponectin. 
This process is referred as adiponectin sensitiv-
ity. Chronic overfeeding and attending elevation 
of insulin results in the decreased expression of 
AdipoR1/R2. The decrease in AdipoR1/R2 
mRNA leads to a decrease in adiponectin bind-
ing, and this turns into a decrease in the adipo-
nectin effects. This is defined as adiponectin 
resistance. Adiponectin resistance together with 
insulin resistance forms a vicious cycle (Tsuchida 
et al. 2004). The changes in AdipoR2 levels may 
reflect decreased FOXO1-dependent transcrip-
tion. In contrast, AdipoR1 mRNA expression is 
not changed in liver and tend to be reduced in 
skeletal muscle of both normoglycemic and 
hyperglycemic conditions. This reflects the dif-
ferential regulation of AdipoR1 and AdipoR2 
under insulin-resistant state. The reduced 
AdipoR1 expression in muscle also contributes to 
adiponectin resistance in addition to insulin resis-
tance. In any way possible, insulin resistance can 
result in hyperadiponectinemia and adiponectin 
resistance. In contrast, Lin et  al. showed that 
stepwise decreases in adiponectin and AdipoR1/
AdipoR2 expressions are associated with the pro-
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gression from insulin resistance to overt diabetes 
(Lin et  al. 2007). During the prolonged 
hyperglycemia-associated oxidative stress, acet-
ylated FOXO1 is retained in the nucleus, where it 
engages sirtuin 1 (SIRT1). Deacetylation of 
FOXO1 by SIRT1 promotes FOXO1-dependent 
transcription and accelerates FOXO1 degrada-
tion (Kitamura et  al. 2005). During prolonged 
incubation with insulin, insulin-stimulated glu-
cose uptake is significantly reduced. Insulin 
resistance and adiponectin mRNA expression 
develops in these adipocytes. In insulin-resistant 
adipocyte, adiponectin deficiency does not 
change insulin-stimulated glucose uptake, 
whereas in insulin-sensitive adipocytes, adipo-
nectin deficiency suppresses insulin signaling, 
expression of IRS-1 and GLUT4, and GLUT4 
translocation to the membrane (Chang et  al. 
2015) (Fig. 18.1).

5	 �Discordance 
Between Adiponectin 
Response and Insulin 
Resistance

The variation in fat cell size that occurs in obesity 
may have an important impact on adipose tissue 
function. Adipose tissue morphology correlates 
with insulin levels and is linked to the total adipo-
cyte number independent of sex and body fat 
level (Arner et al. 2010). However, in visceral fat 
cells, the lipolytic activity is higher than in sub-
cutaneous fat cells owing in part to less marked 
insulin action and lower alpha 2-adrenergic 
receptor mediated antilipolytic effect of catechol-
amines (Engfeldt and Arner 1988). Adipose tis-
sue displays a variable balance between increases 
in fat cell size and increases in fat cell number in 
obesity. Thus, the total adipocyte number is 
greatest in pronounced hyperplasia and smallest 
in pronounced hypertrophy (Arner et  al. 2010). 
Adipose tissue expands via the combination of 
hypertrophy and hyperplasia in diet-induced obe-
sity. Subcutaneous adipose tissue has a primary 
role in supporting circulating adiponectin levels 
in lean subjects. Fat cell diameter and percentage 
of hypertrophic fat cells are greatest in subcuta-

neous adipose tissue and correlate negatively 
with both serum and secreted adiponectin levels 
in obese subjects, because increases in fat cell 
size have been shown to impair fat cell function. 
In contrast, hyperplastic expansion appears pre-
dominant in visceral adipose tissue, which con-
tained a significantly greater percentage of small 
fat cells and a significantly smaller mean fat cell 
diameter. Visceral adipose tissue correlated posi-
tively with both serum HMW and secreted total 
adiponectin. Eventually, reductions in the per-
centage of small fat cells in subcutaneous adipose 
tissue are associated with the reductions in both 
secreted and circulating levels of total and HMW 
adiponectin (Meyer et al. 2013). Actually, AMPK 
activity is lower in visceral than in subcutaneous 
abdominal adipose tissue of insulin sensitive 
obese or insulin-resistant obese patients. 
Furthermore, AMPK activity is lower in all adi-
pose tissues of obese patients who are insulin 
resistant than in body mass index-matched insu-
lin sensitive subjects. These evidences indicate 
the close links between reduced AMPK activity, 
increased inflammation in white adipose tissue 
and whole-body insulin resistance in obese 
humans (Gauthier et al. 2011). In fact, AMPK is 
a heterotrimeric enzyme complex consisting of a 
catalytic subunit alpha and two regulatory sub-
units beta and gamma. AMPK is activated by the 
rising of AMP and decreasing of ATP.  AMPK 
system is a regulator of energy balance that once 
activated by low energy status, switches on 
ATP-producing catabolic pathways such as fatty 
acid oxidation and glycolysis, and switches off 
ATP-consuming anabolic pathways such as lipo-
genesis. The AMPK system also regulates food 
intake and energy expenditure by mediating the 
insulin sensitizing effect of adiponectin (Viollet 
et al. 2007). Elevated adiponectin protein expres-
sion in adipocytes and elevated adiponectin 
serum concentrations could help to compensate 
the adipocyte-specific insulin resistance in fat-
specific insulin receptor deficient mice. Thus, 
hyperadiponectinemia results from a lack of 
insulin signalling in adipose tissue (Blüher et al. 
2002). Furthermore, Kim et al. showed that the 
elevated adiponectin levels with adiponectin 
resistance is a compensatory response in the con-
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dition of an unusual discordance between insulin 
resistance and adiponectin responsiveness. 
However, this type of adiponectin resistance 
could not be explained by decreased adiponectin 
receptor gene expression or AMPK phosphoryla-
tion in skeletal muscle and liver. These mice are 
resistant or unresponsive to metabolic actions of 
both insulin and adiponectin (Kim et  al. 2006). 
Serum adiponectin is significantly associated 
with AMPK phosphorylation in skeletal muscles 
of men but not in women. Serum adiponectin is 
significantly and negatively associated with skel-
etal muscle ceramide content in men. 
Furthermore, ceramide content is negatively 
associated with AdipoR1 expression in skeletal 
muscles of men. These associations suggest that 
the insulin-sensitizing effect of adiponectin on 
human male skeletal muscles may be mediated 
via AdipoR1 leading to lowering of ceramide 
content (Høeg et  al. 2013). For women only, 
there is a negative correlation between C16-
ceramide and plasma adiponectin and a positive 
correlation between total ceramide content and 
insulin resistance (Blachnio-Zabielska et  al. 
2012). Evidence of adiponectin resistance has 
been shown in peripheral tissues of obese 
humans. Thus, decrease in the expressions of 
AdipoR1/R2 or adiponectin concentration in 
obese mice reduces the adiponectin binding to 
membrane fractions of skeletal muscle (Tsuchida 
et al. 2004).

Actually, adiponectin stimulates fatty acid 
oxidation and improves insulin sensitivity in 
humans, due in part to the activation of AMPK 
and subsequent deactivation of acetyl coenzyme 
A carboxylase (ACC). Although both high fat 
diets result in the loss of ability to stimulate fatty 
acid oxidation of adiponectin, high saturated fat 
diet shows reduced rates of maximal insulin-
stimulated glucose transport compared with high 
unsaturated fat diet. The lack of stimulation of 
fatty acid oxidation in response to adiponectin is 
supported by the lack of ACC phosphorylation in 
high fat diets. The development of adiponectin 
resistance does not necessarily coincide with the 
development of impaired glucose transport 
(Mullen et  al. 2007). gAD increases glucose 
uptake in skeletal muscle cells via GLUT4 trans-

location and subsequently reduces the rate of gly-
cogen synthesis and shifts glucose metabolism 
toward lactate production. These effects are con-
sistent with the increased phosphorylation of 
AMPK and ACC and oxidation of fatty acids, 
which is induced by gAD (Ceddia et  al. 2005). 
Thus, gAD increases AMPK activity and ACC 
phosphorylation and decreased malonyl CoA 
concentration in muscle. In fact, adiponectin is 
known to increase fatty acid oxidation in skeletal 
muscle by the inactivation of ACC, and reducing 
inhibition of carnitine palmitoyl transferase 1 
(CPT1) by malonyl-CoA, leading to increased 
fatty acid uptake in the mitochondria (Tomas 
et al. 2002). In contrast, the stimulatory effect of 
gAD on fatty acid oxidation in skeletal muscle is 
blunted in obese humans. Combined exposure of 
insulin and globular head group of adiponectin 
exhibits an additive effect on glucose uptake in 
lean and obese individuals but this effect is 
reduced by 50% in obese muscle. In accordance 
with glucose, fatty acid oxidation is significantly 
increased with adiponectin in both lean and obese 
subjects. The absolute change in fatty acid oxida-
tion in response to gAD is 58% lower in obese 
subjects. While the ratio of palmitate esterifica-
tion to oxidation is significantly elevated in obese 
muscle, the stimulation of AMPK-alpha2 by 
gAD is impaired. In this case, resulting metabolic 
changes are attributed to reduced AMPK activity. 
These evidences indicate that adiponectin 
resistance develops during the progression of 
obesity (Bruce et al. 2005). Interestingly, reduced 
activation of AMPK signaling and fatty acid oxi-
dation in obese and obese diabetic myotubes is 
not associated with reduced protein expression of 
AMPK-alpha and ACCbeta or the expression and 
activity of the upstream AMPK kinase. Moreover, 
obese subjects tend to have higher AdipoR1 
expression. Thus, reduced activation of AMPK 
by gAD in obese subjects is not caused by 
reduced adiponectin receptor expression (Chen 
et al. 2005). Practically, only the animals fed with 
the saturated diet become insulin resistant, 
whereas polyunsaturated-fed animals are insulin 
responsive. By high fat feeding, increased fatty 
acid translocase (FAT/CD36) at the plasma mem-
brane of skeletal muscle accompanies by 
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increased total fatty acid uptake in accumulation 
of reactive diacylglycerol (DAG) and ceramide 
lipid species and impaired insulin response. 
Virtually, a 60% saturated-fat diet can induce 
skeletal muscle adiponectin resistance, as evi-
denced by a failure of gAD to increase fatty acid 
oxidation or phosphorylate ACC above basal lev-
els. However, it is unclear whether adiponectin 
resistance precedes intramuscular lipid accumu-
lation and the development of insulin resistance. 
Nevertheless, adiponectin resistance occurs very 
rapidly after saturated fatty acid feeding, and this 
is not due to a decrease in AdipoR1 protein con-
tent (Mullen et al. 2009).

On the other hand, leptin stimulates AMPK 
activity and increases AMPK Thr172 and ACC-
beta Ser222 phosphorylation and fatty acid oxi-
dation in lean myotubes but that in obese subject 
leptin-dependent AMPK signaling and fatty acid 
oxidation are suppressed. Reduced activation of 
AMPK is associated with elevated expression of 
IL-6 and suppressor of cytokine signaling 3 
(SOCS3) mRNA in myotubes of obese subjects. 
SOCS3 has been shown to inhibit leptin activa-
tion of AMPK in human myotubes and contrib-
utes to leptin resistance observed in obese subject 
(Steinberg et al. 2006). Furthermore, leptin and 
adiponectin stimulates fatty acid oxidation 
through similar mechanisms, it is possible that 
SOCS3 may interfere with intracellular gAD sig-
nal transduction. Adiponectin resistance worsens 
insulin resistance in obese mice. The expression 
of AdipoR1/R2 is regulated by insulin via the 
insulin/ PI3K/FOXO1 pathway and is correlated 
with adiponectin sensitivity (Tsuchida et  al. 
2004). According to Cui et  al. Foxo1 silencing 
inhibits AdipoR1 expression and the activation of 
AMPK. Insulin induces a decrease in skeletal 
muscle AdipoR1 expression in a PI3K/Akt/
FOXO1-dependent fashion (Cui et al. 2012). It is 
well-known that Akt regulates gene transcrip-
tions through the inactivation of FOXO1. As 
such, the PI3K/Akt/FOXO1 axis has a central 
role in energy metabolism and signal transduc-
tion of insulin, governing insulin sensitivity 
(Mullen et  al. 2009). Obesity decreases the 
expression of adiponectin receptors, thereby 
reducing adiponectin sensitivity finally leads to 

insulin resistance (Kadowaki and Yamauchi 
2005). These observations confirm the important 
connections between insulin and AdipoR1. 
Eventually, elevated insulin levels may result in a 
decreased expression of AdipoR1, leading to 
diminished binding of adiponectin and a reduc-
tion in PPARgamma coactivator 1alpha (PGC-
1alpha). These events ultimately trigger 
adiponectin resistance by simultaneously increas-
ing the sphingolipid-ceramide levels (Sente et al. 
2016). PPAR-gamma2 is a key regulator of adi-
pogenesis, and PPAR-gamma2 transcription is 
activated by C/EBP-delta through the direct bind-
ing of C/EBP-delta to the PPAR-gamma2 pro-
moter. By contrast, glucocorticoid-induced 
leucine-zipper protein (GILZ) binds to the PPAR-
gamma2 promoter element and inhibits C/EBP-
delta-mediated transcription. GILZ inhibits the 
transcription of the PPAR-gamma2 gene and 
blocks adipocyte differentiation (Shi et al. 2003). 
GILZ overexpression decreases leptin mRNA 
and protein secretion. Although GILZ silencing 
decreases adiponectin mRNA levels, it does not 
affect the amount of adiponectin secreted. While 
GILZ silencing increases basal ERK1/2 and 
c-Jun N-terminal kinase (JNK) phosphorylation, 
it decreases MAPK phosphatase-1 (MKP1) pro-
tein levels. Thus, adipose tissue GILZ mRNA 
levels are reduced in proportion to the degree of 
obesity (Lee et al. 2016). Surprisingly, adiponec-
tin overexpression reduces MKP1 protein levels. 
High adiponectin levels enhance MAPK/PGC-
1alpha signaling and mitochondrial biogenesis in 
skeletal muscle by suppressing MKP1 protein 
expression (Qiao et  al. 2012). Despite the low 
level of adiponectin in obesity, the reason for this 
discrepancy is unclear.

Furthermore, a high-fat maternal diet 
decreases AdipoR1 expression in offspring, 
which could contribute to reduced sensitivity to 
adiponectin (Hou et  al. 2015). Thus, AdipoR1 
deficiency leads to diet-induced metabolic dys-
function. These mice have greater body weight 
and fat mass, hepatic steatosis, impaired glucose 
disposal rate, and elevations in serum insulin and 
leptin, whereas, AdipoR2-deficient mice are pro-
tected from diet-induced weight gain and meta-
bolic perturbations (Parker-Duffen et  al. 2014). 

18  Adiponectin-Resistance in Obesity



426

In contrast, the AdipoR1 overexpressing mice 
resist diet-induced obesity while decreasing lipid 
accumulation, oxidative stress and autophagic 
damage (Chou et al. 2014a). On the other hand, 
the adiponectin promoter drives expression of 
lipoprotein lipase (LPL) in adipocytes and 
increases the amount of lipase in adipose tissue 
lipid storages. Thereby, adipose tissue protects 
against the accumulation of ectopic lipids in the 
peripheral tissues by storing fat as neutral lipid 
(triglyceride). In addition to lipid diversion, 
another predicted effect of increased adipose 
LPL is the stimulation of PPAR transcription fac-
tors by the free fatty acids, which are generated 
by lipoprotein hydrolysis. Consequently, 
increased LPL in adipocytes improves adipocyte 
function and protects against glucose and insulin 
intolerance in diet-induced obesity (Walton et al. 
2015). Simultaneous disruption of both AdipoR1- 
and R2-adiponectin binding and actions result in 
increased tissue triglyceride content, inflamma-
tion and oxidative stress, and thus lead to insulin 
resistance and marked glucose intolerance. In 
this regard, AdipoR1 and R2 play important roles 
in the regulation of glucose and lipid metabolism 
(Yamauchi et  al. 2007). Actually, adiponectin 
exerts insulin-sensitizing effects through binding 
to own receptors. This signaling primarily leads 
to activation of AMPK and PPAR-alpha. As 
mentioned above, in obesity-linked insulin resis-
tance, both adiponectin and adiponectin recep-
tors are downregulated. From this perspective, 
up-regulation of adiponectin or enhancing adipo-
nectin receptor functions may be a therapeutic 
strategy for obesity-linked insulin resistance 
(Caselli 2014) (Fig. 18.1).

Fifty-four obese patients with NAFLD showed 
significantly lower serum adiponectin levels 
when compared with the normal participants; and 
also its level is lower in nonalcoholic steatohepa-
titis (NASH) patients in comparison to patients 
with simple steatosis. Furthermore, adiponectin 
receptor gene expression in liver biopsy of NASH 
patients is lower in comparison to non-NASH 
patients. Adipo R2 receptor depletion in these 
patients suggests that not only adiponectin defi-
ciency has a role in progression of severity of 
NAFLD, but also adiponectin resistance is impor-

tant in the pathogenesis of NAFLD (Salman et al. 
2015). Adiponectin potently stimulates cerami-
dase activity through AdipoR1 and AdipoR2. 
Ceramide catabolism is enhanced and its anti-
apoptotic metabolite, sphingosine-1-phosphate 
(S1P) is formed independent from AMPK activ-
ity. Ceramidase activity is impaired in cells lack-
ing both adiponectin receptor isoforms, leading 
to elevated ceramide levels and enhanced suscep-
tibility to palmitate-induced cell death (Holland 
et al. 2011). Actually, AdipoR1-deficiency mark-
edly reduces gAD-induced neutral ceramidase 
activation, whereas AdipoR2-deficiency only 
slightly inhibits ceramidase. More importantly, 
small interfering RNA-mediated neutral 
ceramidase-deficiency markedly blocks the effect 
of adiponectin on TNF-alpha-induced intercellu-
lar adhesion molecule-1 (ICAM-1) expression. 
Eventually, adiponectin inhibits TNF-alpha-
induced inflammatory response via ceramidase 
recruitment and activation in an AdipoR1-
dependent fashion (Wang et al. 2014). Actually, 
ceramide impairs insulin sensitivity in peripheral 
tissues by blocking the plasma membrane trans-
location and promoting dephosphorylation of 
Akt (Holland and Summers 2008). Upon binding 
adiponectin, the adiponectin receptors convert 
ceramides into sphingosines by stimulating 
ceramidase activity. Hence, adiponectin-related 
activities depend primarily on the lowering of 
cellular ceramides or the concomitant increase in 
sphingosines (Ye and Scherer 2013). AdipoRon, 
synthetic small-molecule agonist of the AdipoR1, 
exhibits very similar effects to adiponectin in 
muscle and liver, such as activation of AMPK 
and PPAR-alpha pathways by binding to both 
AdipoR1 and AdipoR2. Moreover, AdipoRon 
ameliorates insulin resistance and glucose intol-
erance in mice fed a high-fat diet or genetically 
obese mice (Okada-Iwabu et  al. 2013). 
Consequently, treatment with AdipoRon 
increases AdipoR1/AdipoR2, AMPK, and PPAR-
alpha mRNA expressions as well as the mRNA 
levels of genes involved in fatty acid beta-
oxidation. Moreover, AdipoRon contributes to 
increased mitochondrial biogenesis through the 
up-regulation of PGC-1alpha expression (Sente 
et al. 2016).
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As a dietary saturated fatty acid, palmitate not 
only rapidly inhibits transcription of the adipo-
nectin gene and the release of adiponectin from 
adipocytes but also stimulates lysosomal degra-
dation of newly synthesized adiponectin (Karki 
et al. 2011). Palmitate induces a 45% decrease in 
insulin-stimulated glucose uptake in adipocytes. 
In accordance with this, the mRNA and protein 
expression of adiponectin are reduced by 43% 
and 36%, respectively, by palmitate treatment. 
These changes are accompanied by a 54% 
increase in intracellular ROS levels (Xi et  al. 
2007). Palmitate also increases the expression 
levels of iNOS and endoplasmic reticulum (ER) 
stress, ER stress response markers, and decreased 
mitochondrial protein contents. Palmitate-
induced mitochondrial dysfunction is the primary 
event that leads to iNOS induction, ER stress, and 
decreased adiponectin synthesis in adipocytes 
(Jeon et al. 2012). Nitric oxide exerts its action on 
specific amino acid residues within target pro-
teins by increasing generation of the nitric oxide-
derivide peroxynitrite. iNOS represses adipose 
PPAR-gamma expression. In contrast, iNOS dis-
ruption sensitizes adipose tissue to PPAR-gamma 
agonism, thus raising plasma high-molecular 
weight adiponectin levels. This leads to increased 
AMPK activation in the liver and improvement of 
hepatic insulin sensitivity and glucose tolerance 
in obese mice (Dallaire et al. 2008) (Fig. 18.1). 
Lipid peroxidation-induced protein carbonyl-
ation is a potential mechanism underlying mito-
chondrial dysfunction (Frohnert and Bernlohr 
2013). Protein carbonylation plays a major stim-
ulating role in cytokine-dependent mitochondrial 
dysfunction and may be linked to the develop-
ment of insulin resistance in the adipocyte (Curtis 
et al. 2012). Actually, mitochondrial function is 
closely linked to adiponectin synthesis in adipo-
cytes, and mitochondrial dysfunction in adipose 
tissue decreases plasma adiponectin levels in 
obesity (Koh et  al. 2007). Impaired mitochon-
drial function increases ER stress, and reduces 
adiponectin transcription via activation of JNK 
and consequent induction of activating transcrip-
tion factor (ATF)-3 (Koh et  al. 2007). ATF-3 
negatively regulates human AdipoR1 expression 
via binding to an ATF-3-responsive region in the 

promoter, which plays an important role in atten-
uation of adiponectin signaling and induction of 
insulin resistance (Park et  al. 2010). Further, 
palmitate-induced ER stress induces adiponectin 
resistance, via AMPK phosphorylation and 
reducing APPL1 expression (Park et  al. 2015). 
The induction of ER stress is also accompanied 
by a decrease in adiponectin multimerization in 
adipocytes (Mondal et al. 2012). APPL1 interacts 
with adiponectin receptors in mammalian cells 
and this interaction is stimulated by adiponectin. 
Overexpression of APPL1 increases adiponectin 
signalling and adiponectin-mediated downstream 
events; such as lipid oxidation, glucose uptake 
and the membrane translocation of GLUT4, 
whereas suppression of APPL1 reduces all these 
processes (Mao et  al. 2006). Adaptor protein 
APPL1 as a critical molecule promotes IRS 
1/2-insulin receptor interaction. APPL1 forms a 
complex with IRS1/2 under basal conditions, and 
this complex is then recruited to the insulin recep-
tor in response to insulin or adiponectin stimula-
tion. The interaction between APPL1 and insulin 
receptor depends on insulin- or adiponectin-
stimulated APPL1 phosphorylation, which is 
greatly reduced in insulin target tissues in obese 
mice (Ryu et al. 2014).

AdipoR2 is induced by both PPAR-alpha and 
PPAR-gamma in primary and THP-1 macro-
phages. Actually, AdipoR1 is more abundant 
than AdipoR2  in monocytes and its expression 
decreases upon differentiation into macrophages, 
whereas AdipoR2 remains constant (Chinetti 
et al. 2004). Decreased HMW adiponectin plays 
a crucial and causal role in obesity-linked insulin 
resistance and metabolic syndrome. Decreased 
adiponectin action and increased MCP-1 form a 
vicious adipokine network causing obesity-
linked insulin resistance and metabolic syn-
drome. While PPAR-gamma upregulates HMW 
adiponectin, PPAR-alpha upregulates AdipoRs 
(Yamauchi and Kadowaki 2008). The abundance 
of MCP-1 mRNA in adipose tissue and the 
plasma concentration of MCP-1 are increased in 
white adipose tissue of both genetically obese 
diabetic mice and mice with obesity induced by a 
high-fat diet. MCP-1 expression in adipose tissue 
contributes to the macrophage infiltration into 
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this tissue (Kanda et al. 2006). Initially, the C-C 
motif chemokine receptor-2 (CCR2) regulates 
monocyte and macrophage recruitment in adi-
pose tissue. Thereby CCR2 is necessary for 
macrophage-dependent inflammatory responses. 
Adipose tissue-derived MCP1 (also known as 
CCL2) is a major chemoattractant, which is 
responsible for macrophage infiltration and acti-
vation. This cytokine is a high-affinity ligand for 
CCR2 and is significantly elevated in obesity. 
Consequently, the high amount of CCR2 influ-
ences the development of obesity-associated adi-
pose tissue inflammation and systemic insulin 
resistance (Weisberg et al. 2006). Free fatty acid-
stimulated expression of monocyte chemotactic 
factors is dose and time dependent in obesity. 
Inhibition of the JNK pathway partially reduces 
free fatty acid-induced upregulation of MCP-1 
and MCP-3. JNK is not only important for medi-
ating free fatty acid-induced insulin resistance 
but also involves in free fatty acid-induced 
expression of monocyte chemotactic factors in 
adipocytes. Adipocytes-derived chemokines con-
tribute to obesity-related white adipose tissue 
macrophage infiltration through the stimulation 
of free fatty acids (Jiao et al. 2009). High mobil-
ity group box 1 (HMGB1) is a pro-inflammatory 
adipocytokine involved in white adipose tissue 
inflammation and insulin resistance in patients 
with obesity. HMGB1 is secreted from TNF-
alpha-induced adipocytes through JNK signal-
ing. Adiponectin protects against 
HMGB1-induced adipose tissue inflammation 
(Shimizu et al. 2016). Additionally, adiponectin 
also promotes macrophage polarization toward 
the anti-inflammatory M2 phenotype. In this 
respect, adiponectin stimulates the expression of 
M2 markers and attenuates the expression of M1 
markers in human monocyte-derived macro-
phages and stromal vascular fraction cells iso-
lated from human adipose tissue (Ohashi et  al. 
2010). Macrophage polarization controls 
AdipoR1 and AdipoR2 expression. Activation of 
classical M1 macrophages suppress AdipoRs 
expression, whereas alternatively activated (M2) 
macrophages preserve AdipoRs. Recombinant 
full-length human adiponectin treatment largely 
restores AdipoR levels of M1-polarized macro-

phages compared with those in nonpolarized 
macrophages, even in the presence of M1 cyto-
kines. In contrast to M1 macrophages, M2 mac-
rophages maintain higher AdipoR levels 
compared with nonpolarized macrophages and 
exhibit no AdipoR up-regulation in response to 
adiponectin. Adiponectin exerts a strong proin-
flammatory response by inducing IL-12, IL-6, 
and TNF-alpha in M1 macrophages. Notably, 
this proinflammatory adiponectin response is 
absent in nonpolarized and M2 macrophages. In 
contrast, in M2 macrophages, adiponectin 
induces the anti-inflammatory cytokine IL-10 
without altering AdipoR expression (van Stijn 
et al. 2015). It is clear that macrophage polariza-
tion is a key determinant regulating AdipoR 
expression and differential adiponectin-mediated 
macrophage inflammatory responses (van Stijn 
et al. 2015).

Preadipocytes have a heightened inflamma-
tory cytokine response following acute saturated 
fatty acid and monounsaturated fatty acid expo-
sure, when compared to mature adipocytes. This 
effect is pronounced for MCP-1. Preadipocytes 
also demonstrate activation of the NF-kappaB 
pathway following fatty acid exposure (Dordevic 
et  al. 2014). Adiponectin pre-treatment signifi-
cantly reduces the increase in MCP-1 mRNA in 
stimulated adipocytes. Thus, adiponectin exerts 
anti-inflammatory activity by suppressing IL-6 
and MCP-1 production from inflamed adipocytes. 
This anti-inflammatory action may be mediated 
through inhibition of NF-kappaB activity as well 
as through increased PPAR-gamma expression. 
Furthermore, adiponectin significantly attenuates 
nuclear factor of kappa light polypeptide gene 
enhancer in B-cells inhibitor, alpha (IkappaB-
alpha) and IkappaB kinase (IKK) gene expres-
sion (Zoico et al. 2009). Irrespective of abdominal 
visceral fat, low adiponectin and high free fatty 
acid levels are associated with insulin resistance, 
and that the effect of low adiponectin is stronger 
than that of high free fatty acid levels in circula-
tion (Medina-Urrutia et al. 2015). An excess flux 
of fatty acids causes an altered adipokine produc-
tion and an increase in oxidative stress in mature 
adipocytes. Free fatty acids exposed adipocytes 
demonstrate decreased FOXO1 protein levels in 
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a dose-dependent manner. The FOXO1 down-
regulation correlates with an increase in the pro-
duction of ROS and a proinflammatory adipokine 
pattern, which is characterized with a decrease in 
adiponectin and an increase in IL-6, plasminogen 
activator inhibitor-1 (PAI-1), and MCP-1 mRNA 
expression (Subauste and Burant 2007). In 
hepatic cells, adiponectin stimulation produces a 
transient burst of ROS through activation of the 
small guanosine triphosphatase (GTPase) Rac1 
and 5-lipoxygenase. Furthermore, adiponectin-
induced oxidants cause the oxidation and inhibi-
tion of protein-tyrosine phosphatase 1B (PTP1B), 
one of the major phosphotyrosine phosphatases 
that involves in the control of insulin receptor 
phosphorylation. Adiponectin causes increased 
association of PTP1B to insulin receptor. ROS is 
a critical regulator of the cross-talk between adi-
ponectin and insulin pathways and provides a 
redox-based molecular mechanism for the 
insulin-sensitizing function of adiponectin 
(Fiaschi et al. 2007).

The transcript level of ACC and fatty acid syn-
thase is upregulated by saturated fatty acid treat-
ment. In this case, AdipoR1 reverses the effect 
induced by palmitate and enhances fatty acid 
metabolism. Actually, AdipoR1 also increases 
the gene expression of cytochrome C oxidase, 
PPAR-alpha, and decreases the gene expression 
of PGC1-alpha, AMPK-alpha in palmitate-
treated human hepatocytes (Chou et al. 2014b). 
Adiponectin alleviates the endothelial dysfunc-
tion caused by elevated free fatty acids concen-
tration through the cross talk between cyclic 
AMP (cAMP) and NF-kappaB signaling path-
way (Wang et al. 2012). The homeostatic model 
assessment (HOMA)-insulin resistance is associ-
ated positively with body mass index, serum non-
esterified fatty acid, leptin, IL-6, and TNF-alpha 
levels, but negatively with adiponectin. Of these, 
only serum level of leptin, and in a lesser degree 
IL-6 and adiponectin are independent determi-
nants of the severity of insulin resistance (Peti 
et al. 2011). The long-chain saturated fatty acids 
are positively associated and delta 9–18 desatu-
rase activity is significantly but inversely associ-
ated with adiponectin concentrations after dietary 
fat intake (Gallo et al. 2010).

Plasma adiponectin level correlates positively 
with peripheral and hepatic insulin sensitivity 
and negatively with fasting proinsulin and the 
proinsulin-to-insulin ratio. Indeed, adiponectin, 
but not adiposity, is the significantly independent 
determinant of the proinsulin-to-insulin ratio 
(Bacha et al. 2004). Nevertheless, compared with 
subcutaneous-derived adipocytes, adiponectin 
secretion from omental adipocytes is increased 
by insulin. Thereby, reduced secretion of adipo-
nectin from the omental adipose depot may 
account for the decline in plasma adiponectin in 
obesity (Motoshima et  al. 2002). Thus, Drolet 
et al. showed that omental adipocyte adiponectin 
release is reduced to a greater extent in visceral 
obese women. Hence, omental adiponectin 
release contributes to hypo-adiponectinemia on a 
large scale (Drolet et  al. 2009). C/EBP and 
Nuclear Factor-Y (NF-Y) bind on the −117/−73 
region of the adiponectin promoter. This region is 
critical for the activity of the adiponectin. The C/
EBP binding increases in both re-fed animal and 
high glucose-treated adipocytes (Park et  al. 
2004). The expression of adiponectin mRNA is 
significantly reduced in the adipose tissues from 
obese humans (Hu et al. 1996), whereas mRNA 
levels of key adiponectin-regulatory transcription 
factors, including PPAR-gamma2 or C/EBP-
alpha, are not significantly changed (Kim et  al. 
2015). The higher storage capacity of adipocytes 
prevents the formation of lipotoxic intermediates 
in adipocytes from the excessive fatty acids. 
Thereby, excessive lipids efficiently form 
triglyceride-enriched lipid droplets. If lipid influx 
into a cell exceeds the oxidative or storage capac-
ity of the cell, then lipotoxic lipid intermediates 
are likely to accumulate (Unger et al. 2013). Both 
adiponectin and leptin increase fatty acid oxida-
tion and protect the lipid-intolerant cells from the 
lipotoxic consequences of fatty acid spillover and 
aberrant ceramide accumulation (Unger et  al. 
2013). In particular, adiponectin increases 
IkappaB-alpha and PPAR-gamma levels to pre-
vent high-fat diet-induced impairment of insulin 
signalling in adipose tissue. Furthermore, gAD 
administration is able to improve pathways of 
insulin signaling and lipid storage in adipose tis-
sue of high-fat diet-fed rats (Matafome et  al. 
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2014). In addition, chronic adipose tissue hypoxia 
induces dysfunction of adipocytes by triggering 
oxidative stress in human adipocytes and reduce 
the production of adiponectin in obesity (Netzer 
et  al. 2015). In this case, antioxidants improve 
insulin resistance and restore adiponectin pro-
duction. Recent studies have demonstrated that 
adiponectin protects against oxidative stress-
induced damage in the vascular endothelium 
(Matsuda and Shimomura 2014). Intra-abdominal 
adipose tissue-AdipoR2 expression is reduced in 
obesity, whereas AdipoR1 expression is not 
altered by obesity. While AdipoR1 expression is 
directly associated with plasma free fatty acids 
concentration, AdipoR2 is inversely correlated 
with plasma levels of triglycerides (Morínigo 
et al. 2006).

Considering the beneficial metabolic effects, 
adiponectin-induced AMPK activation is associ-
ated with increased lipid oxidation. In this case, 
adiponectin initially enhances the association of 
AdipoR1 with APPL1, subsequent binding of 
APPL1 with AMPKalpha2, leads to phosphory-
lation and inhibition of ACC and increases fatty 
acid oxidation (Fang et  al. 2010). Additionally, 
adiponectin also stimulates the ceramidase activ-
ity through AdipoR1 and AdipoR2, and enhances 
ceramide catabolism and formation of its anti-
apoptotic metabolite, S1P, independent of 
AMPK. Overproduction of adiponectin decreases 
caspase-8-mediated death, whereas genetic abla-
tion of adiponectin increases apoptosis in vivo 
through a sphingolipid-mediated pathway 
(Holland et  al. 2011). Collectively, adiponectin 
may directly oppose lipotoxicity by targeting the 
degradation of ceramide, which is most com-
monly implicated as a mediator of lipotoxic cell 
death. It has been shown that adiponectin-
mediated enhancements in adipose tissue expan-
sion are highly effective at limiting lipid spillover 
to other tissues and diminishing formation of 
lipotoxic metabolites in nonadipose tissues 
(Unger et al. 2013). Saturated fatty acid-induced 
ER stress also induces adiponectin resistance, 
assessed via AMPK phosphorylation, via reduc-
ing APPL1 expression (Park et al. 2015). On the 
other hand, toxic free fatty acids can activate the 
intrinsic lipoapoptosis pathway in hepatocytes 

via JNK.  Reduced adiponectin levels increase 
vulnerability to lipotoxicity, which promotes pro-
gression from simple steatosis to nonalcoholic 
steatohepatitis and even advanced hepatic fibro-
sis (Wree et al. 2011).

6	 �Adiponectin Resistance 
and Endothelial Dysfunction 
in Obesity

Adiponectin is protective against endothelial 
dysfunction through its pleiotropic actions in 
obesity. Data from human investigations demon-
strate that adiponectin is an important component 
of the adipo-vascular axis that mediates the cross-
talk between adipose tissue and vasculature (Li 
et al. 2011). High fat diet abolishes microvascu-
lar responses to either gAD or insulin and 
decreases insulin-stimulated glucose disposal by 
approximately 60%. In this respect, high fat diet 
induces vascular adiponectin and insulin resis-
tance but gAd administration can restore vascular 
insulin responses and improve the metabolic 
action of insulin via an AMPK- and nitric oxide-
dependent mechanisms (Zhao et  al. 2015). 
Actually, adiponectin exerts anti-inflammatory 
and anti-atherogenic properties via its ability to 
stimulate vascular endothelial nitric oxide pro-
duction (Chen et al. 2003). Indeed, both gAd and 
full-length adiponectin induce a relevant 
dose-dependent vasodilation in Zucker lean rats, 
but not in hypoadiponectinemic Zucker fatty dia-
betic rats. This vasodilator effect is totally nitric 
oxide-dependent. AdipoR1 is much more highly 
expressed than AdipoR 2 in both animal groups, 
but APPL1 is significantly decreased in obese 
rats. The endothelial nitric oxide synthase 
(eNOS) expression is not significantly different 
between Zucker lean and obese Zucker fatty dia-
betic rats. Adiponectin exerts a nitric oxide-
dependent vasodilation in resistant arteries of 
normoglycemic Zucker lean rats, but not Zucker 
fatty diabetic rats. It is reasonable to claim that 
alterations in the expression of APPL1 may be 
involved in the resistance to adiponectin in obese 
rats (Schmid et  al. 2011). Furthermore, the 
recombinant globular domain of human adipo-
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nectin reduces the generation of endothelial ROS, 
which are induced by oxidized low density lipo-
protein (Motoshima et  al. 2004). Additionally, 
adiponectin suppresses high-glucose-induced 
peroxide production in endothelial cells. 
Suppression of excess ROS production via adipo-
nectin is mediated by a cAMP/protein kinase A 
(PKA)-dependent pathway, because globular 
domain of adiponectin increases cellular cAMP 
content in hyperglycemic conditions. Inhibition 
of PKA blocks the effect of both globular domain 
and full-length adiponecting to suppress ROS 
generation (Ouedraogo et al. 2006). On the other 
hand, both superoxide and peroxynitrite produc-
tions are increased in adiponectin deficient ves-
sels. Furthermore, although the eNOS expression 
is normal, nitric oxide production and eNOS 
phosphorylation is significantly reduced in 
adiponectin-deficient vessels. Thus, the globular 
domain of adiponectin reduces aortic superoxide 
production, increases eNOS phosphorylation, 
and improves vasodilatory response to acetyl 
choline. Increased nitric oxide inactivation com-
bined with decreased basal nitric oxide produc-
tion contributes to endothelial dysfunction in 
adiponectin deficient subjects. The replacement 
of plasma adiponectin may improve endothelial 
function, and reduces cardiovascular complica-
tions (Cao et al. 2009).

As mentioned above, in hyperlipidemic state 
endothelial dysfunction is mainly dependent on 
decreased synthesis of bioavailable nitric oxide. 
By contrast, stimulation of nitric oxide produc-
tion and inhibition of superoxide radical produc-
tion would provide protection against endothelial 
dysfunction. However, increase in the production 
of nitric oxide simultaneously with superoxide 
radical production leads to formation of per-
oxynitrite and aggravates vascular injury (Li 
et al. 2007). In this context, membrane-associated 
reduced nicotinamide adenine dinucleotide phos-
phate (NAD(P)H)-dependent oxidases, which 
can be activated by PKC in the hyperlipidemic 
condition, is the primary source of superoxide 
anion. Peroxynitrite formation is a result of the 
swift reaction between nitric oxide and superox-
ide anion (Mohazzab et al. 1994). In this respect, 
treatment with the globular domain of adiponec-

tin significantly enhances eNOS but reduces 
iNOS activity in hyperlipidemic vessels. Indeed, 
globular domain of adiponectin reduces superox-
ide production and peroxynitrite formation in 
hyperlipidemic vascular segments by approxi-
mately 78%. Collectively, these results indicate 
that adiponectin protects the endothelium against 
hyperlipidemic injury in obesity by multiple 
mechanisms, including promoting eNOS activity, 
inhibiting iNOS activity, preserving bioactive 
nitric oxide, and attenuating oxidative and nitra-
tive stress (Li et  al. 2007). Insulin-resistance 
decreases nitric oxide bioavailability. In accor-
dance with the insulin resistance, adiponectin-
resistance specific pathways decrease nitric oxide 
bioavailability by enhancing oxidative/nitrative 
stress. Consequently, insulin-adiponectin resis-
tance cross talk causes intracellular signal trans-
duction disturbances (Li et  al. 2010a). In this 
context, the major intracellular pathway activated 
by adiponectin, AMPK is responsible for vascu-
lar protective and anti-ischemic properties of adi-
ponectin. Conversely, adiponectin resistance is a 
serious risk factor for cardiovascular injury 
including atherosclerosis and endothelial dys-
function (Lau et al. 2011). Adiponectin promotes 
the phosphorylation of AMPK, Akt and eNOS in 
endothelial cells. Both AMPK and Akt signals 
are required for adiponectin-induced endothelial 
migration and differentiation. PI3K functions 
upstream from the Akt-eNOS regulatory axis in 
adiponectin-stimulated endothelial cells (Ouchi 
et al. 2004). Additionally, AMPK inhibition does 
not abrogate the reduction of high-glucose–
induced ROS production by gAD in endothelial 
cells. This suggests that the involvement of the 
PKA pathway in this process is not dependent on 
AMPK. Furthermore, increasing cAMP levels or 
blocking PKA activity in human endothelial cells 
do not effect the ability of gAD to activate AMPK 
(Ouedraogo et al. 2006).

Endothelial cell is activated by various inflam-
matory stimuli, including TNF-alpha, and 
this results in the synthesis of adhesion molecules 
and increases the adherence of monocytes. This 
monocyte adhesion to the arterial endothelium is 
considered to be crucial for the development of 
vascular diseases (Ross 1993). Physiological 

18  Adiponectin-Resistance in Obesity



432

concentrations of adiponectin dose-dependently 
inhibit TNF-alpha-induced THP-1 adhesion and 
expression of vascular cell adhesion molecule-1 
(VCAM-1), E-selectin, and ICAM-1 on human 
aortic endothelial cells (Ouchi et  al. 1999). 
Overexpression of AdipoR1 and 2 in endothelial 
cells significantly enhances the suppressive effect 
of a sub-effective dose of adiponectin on TNF-
alpha-induced ICAM-1 expression and 
NF-kappaB activation. Upregulation of AdipoRs 
in endothelial cells potentiates the anti-
inflammatory effects of adiponectin (Zhang et al. 
2009) (Fig. 18.1).

Adiponectin over-expression in diet-induced 
obese mice lead to the inhibition of macrophage 
infiltration and the elimination of crown-like 
structures. In this context, adiponectin transgenic 
mice display a remarkable sensitivity to insulin, 
and thus the hepatic steatosis diminish. Increased 
circulating adiponectin levels are associated with 
increased adipose tissue vascularization and per-
fusion under conditions of long term diet-induced 
obesity, subsequently, metabolic functions 
improve despite the obese environment 
(Aprahamian 2013). Leptin activates cellular sig-
naling pathways, and increases adiponectin 
mRNA in the adipose tissue from normal-weight 
individuals, but the same increase in adiponectin 
mRNA can not be achieved in the adipose tissue 
from obese participants. First of all, weight gain 
increases adiponectin expression in healthy 
humans. In this case leptin up-regulates adipo-
nectin expression during weight gain. Actually, 
obese subjects have increased caveolin-1 expres-
sion, which attenuates leptin-signal. This leptin 
signal impairment may prevent concordant 
increases in adiponectin levels in obese subjects 
despite their high levels of leptin. In other words, 
increases in leptin to adiponectin ratio may sug-
gest decreased leptin sensitivity, and altered insu-
lin sensitivity (Singh et  al. 2016). Actually, the 
leptin to adiponectin ratio is proposed as a good 
biomarker for the prevalence of metabolic syn-
drome in comparison to the adiponectin and 
leptin levels alone. However, this ratio is closely 
dependent on visceral fat accumulation and car-
diorespiratory performance (Kumagai et  al. 
2005). In addition, a high serum leptin to adipo-

nectin ratio and high levels of serum triglycerides 
may be indicators of “at-risk” obesity, indepen-
dent of other obesity markers, especially in young 
severely obese individuals (Labruna et al. 2011).

Despite unchanged or elevated plasma adipo-
nectin levels, vascular AMPK and eNOS phos-
phorylation levels are significantly reduced in 
high fat-diet animals. The disassociation between 
plasma adiponectin levels and vascular AMPK/
eNOS phosphorylation in obese/hyperlipidemic 
rats suggests that high fat-fed animals have 
reduced vascular response to adiponectin. 
Although different mechanisms are involved in 
vascular adiponectin resistance in high fat-fed 
rats at different stages of obesity, diet-induced 
obesity/hyperlipidemia causes significant vascu-
lar adiponectin resistance. In advanced stages of 
high fat-diet, adiponectin inactivation, adiponec-
tin receptor downregulation, and circulating adi-
ponectin reduction collectively occur (Li et  al. 
2010b). In obesity-related cardiovascular dis-
eases, the beneficial effects of perivascular adi-
pose tissue on vascular functions are impaired. 
The contribution of perivascular adipose tissue 
dysfunction to obesity-related cardiovascular dis-
eases is associated with decreased levels of adi-
ponectin and increased levels of TNF-alpha. 
These changes lead to increased quantity of adi-
pose tissue, inflammation, cell proliferation and 
endothelial dysfunction (Ozen et  al. 2015). 
Furthermore, TNF-alpha is upregulated by leptin. 
In contrast, adiponectin downregulates the 
expression and release of a number of proinflam-
matory immune mediators. Therefore, leptin/adi-
ponectin imbalance may be an important mediator 
of the elevated risk of developing abdominal obe-
sity associated cardiovascular diseases (López-
Jaramillo et  al. 2014). Adiponectin and its 
receptor system have an important protective role 
against oxidative stress- or TNF-alpha-mediated 
myocardial insulin resistance and dysfunction 
after ischemic heart disease (Saito et al. 2007a). 
It is well-known that in the advanced stages of 
heart failure, there is a downregulation in fatty 
acid oxidation, increased glycolysis and glucose 
oxidation, reduced respiratory chain activity, and 
an impaired reserve for mitochondrial oxidative 
capacity (Stanley et al. 2005). Thus, the abroga-
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tion of TNF-alpha-induced suppression of 
AdipoR1 expression might account for the 
improvement of glucose uptake. Furthermore, 
adiponectin and its receptor system may have an 
important protective role against oxidative stress- 
or TNF-alpha-mediated myocardial insulin resis-
tance and dysfunction after myocardial injury 
(Saito et  al. 2007a). In the myocardium, 
adiponectin-mediated protection from ischemia-
reperfusion injury is linked to cyclooxygenase-2 
(COX-2)-mediated suppression of TNF signal-
ing, inhibition of apoptosis by AMPK, inhibition 
of iNOS and NADPH-oxidase protein expression 
and resultant excessive peroxynitrite-induced 
oxidative and nitrosative stress (Goldstein et al. 
2009; Tao et al. 2007).

Clinical studies have demonstrated the 
impaired production of eNOS in the vasculature 
in subjects with decreased adiponectin levels. 
Consequently, endothelium-dependent vasore-
laxation decreases due to lack of nitric oxide 
availability (Adya et al. 2015). Obesity and type 
2 diabetes are associated with low plasma adi-
ponectin concentrations in different ethnic 
groups and indicate that the degree of hypoadi-
ponectinemia is more closely related to the 
degree of insulin resistance and hyperinsu-
linemia than to the degree of adiposity and glu-
cose intolerance (Weyer et al. 2001). gAd acts 
as a critical physiological factor which protects 
against fluctuating high glucose-induced endo-
thelial damage. It may act via attenuating apop-
tosis and increasing synthesis of nitric oxide 
through both the PI3K/Akt and AMPK signal-
ing pathway to reduce oxidative stress and cell 
apoptosis (Xiao et al. 2011). Globular adiponec-
tin reverses high glucose-impaired endothelial 
progenitor cells functions through nitric oxide- 
and p38 MAPK-related mechanisms (Huang 
et  al. 2011). Both full-length adiponectin and 
gAD increase endothelial COX-2 expression, 
with gAD -mediated upregulation of COX-2 
that is  dependent on AdipoR1 and NFkappaB 
activation. With respect to full-length adiponec-
tin, gAD more efficiently increases activation of 
NFkappaB signaling pathways, resulting in 
COX-2 overexpression and COX-2-dependent 

prostacyclin 2 release. In contrast to the full-
length adiponectin, gAD also increases p38 
MAPK phosphorylation and VCAM-1 expression, 
ultimately enhancing adhesion of monocytes to 
endothelial cells (Addabbo et al. 2011).

7	 �Conclusion

In obesity, the interactions between insulin and 
adiponectin are extremely complex. While insu-
lin negatively regulates the expression of 
AdipoRs and adiponectin sensitivity, insulin 
resistance may result in hyperadiponectinaemia 
and adiponectin resistance. Adaptor protein of 
AdipoRs, APPL1 also promotes the insulin 
receptor substrat-insulin receptor interaction. On 
the other hand, saturated fatty acid-induced ER 
stress enhances adiponectin resistance, via reduc-
ing APPL1 expression. This condition is also 
associated with insulin resistance and is thought 
to be partly due to the down-regulation of the adi-
ponectin and AdipoR1 in high-fat diet.

Even, new treatment strategies are being 
developed for the improvement of adiponectin 
resistance, lack of clinical evidences complicates 
the solution of the problems associated with obe-
sity. Further understanding of the molecular 
mechanisms of the AdipoRs expression or stimu-
lation, adiponectin-AdipoRs interaction and adi-
ponectin/insulin resistance would facilitate the 
treatment of obesity-related conditions and adi-
pose tissue dysfunction.
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