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Abstract

Type 2 diabetes is an emerging health challenge all over
the world as a result of urbanization, high prevalence
of obesity, sedentary lifestyle and other stress related
factors compounded with the genetic prevalence. The
health consequences and economic burden of the
obesity and related diabetes mellitus epidemic are
enormous. Different signaling molecules secreted by
adipocytes have been implicated in the development
of obesity and associated insulin resistance in type
2 diabetes. Human adiponectin, a 244-amino acid
collagen-like protein is solely secreted by adipocytes and
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acts as a hormone with anti-inflammatory and insulin-
sensitizing properties. Adiponectin secretion, in contrast
to secretion of other adipokines, is paradoxically
decreased in obesity which may be attributable to
inhibition of adiponectin gene transcription. There
are several mechanisms through which adiponectin
may decrease the risk of type 2 diabetes, including
suppression of hepatic gluconeogenesis, stimulation of
fatty acid oxidation in the liver, stimulation of fatty acid
oxidation and glucose uptake in skeletal muscle, and
stimulation of insulin secretion. To date, no systematic
review has been conducted that evaluate the potential
importance of adiponectin metabolism in insulin
resistance. In this review attempt has been made to
explore the relevance of adiponectin metabolism for
the development of diabetes mellitus. This article also
identifies this novel target for prospective therapeutic
research aiming successful management of diabetes
mellitus.

Key words: Adiponectin; Obesity; Dyslipidemia; Type 2
diabetes mellitus; Insulin resistance

© The Author(s) 2015. Published by Baishideng Publishing
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Core tip: Diabetes mellitus and related metabolic
disorders like obesity, dyslipidemia are emerging as
major global health challenges in recent era. Adiponectin,
an adipokine demands profound importance in the field
of metabolomics due to its potential role in all these
complications. Plasma adiponectin concentration is
remarkably lower in subjects with metabolic disorders
predicting its significant role as an important biomarker
in disease prognosis. We have attempted to enlighten
adiponectin function stretching its role as a modulator
associating these metabolic obstacles. We believe, this
article will surely contribute to the fundamental and
clinical research in the field of diabetes and related
complications.
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INTRODUCTION

Rapid urbanization and change in life style has intensified
the prevalence of obesity and dyslipidemia which plays
crucial role in developing diabetes mellitus across the
globe. Diabetes mellitus is a major public health concern
with 382 million individuals being affected worldwide in
2013. Type 2 diabetes mellitus (T2DM) constitutes one
of the major forms of diabetes disease burden associated
with remarkably accelerated rates of microvascular
obstacles and macrovascular disorders. Obesity and its
association with developing type 2 diabetes is an interesting
area of research for scientists in recent years. Insulin
resistance is one of the earliest hallmarks of the pre-
diabetic state and results from a complex interplay
between obesity-favoring environmental factors, such as
unrestricted supply of high-caloric foods and markedly
increased sedentary lifestyle combined with a permissive
genetic background. The high incidence is attributed to
a combination of genetic susceptibility plus adoption
of a high-calorie, low-activity lifestyle mainly by urban
population.

Adipose tissue was long been identified as an energy
storage organ but in recent times extensive studies
revealed the role of adipose tissue as an important
endocrine organ with a number of metabolic activities;
thus its function as a storage organ is now far from
realitym. Adiponectin, an adipose tissue derived hormone,
is lower in obese subjects than their lean counterpartsm.
Epidemiological studies revealed that patients with
diabetes and cardiovascular disease (CVD) has lower
amount of adiponectin in their serum™ and low
serum adiponectin level can be an excellent predictor of
developing type 2 diabetes and associated CVD in later
stagelS’SJ. Thus the role of adiponectin hormone as a
potential biomarker for predicting the occurrence of type
2 diabetes is evolving as an interesting area in the study
of metabolomics. In this review we aimed to highlight
the potential beneficiary function of adiponectin in type
2 diabetes, dyslipidemia and obesity considering both
genetic and biochemical approach.

OBESITY AND DIABETES: MAJOR
GLOBAL THREATS OF THIS MILLENNIUM

In modern times rapid urbanization and change in lifestyle
has increased the prevalence of obesity in manifold,
especially the young generation has modified their food
habits with high calorie junk foods. Furthermore rapid
development of technology has increased the tendency
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of uptaking sedentary lifestyle with less or no work at all,
increasing the chances of getting obese. Obesity which
is a major global threat virtually affecting both developed
and developing countries. In Central America easy access
to high calorie food and adoption of sedentary lifestyle
has increased the prevalence of both diabetes and
obesitym where in developing countries like countries in
Latin America” and East Asia tise in income has shifted
the mass from low calorie whole grain diet to high calorie
processed foods which is far energy dense affecting not
only the adults but the children and adolescents as well.
BMI ot body mass index and WC or Waist Circumference
Is two major parameters to measure obesity"". Higher
value of BMI (30 kg/ rnz) and WC increases the risk of
type 2 diabetes, high cholesterol, high blood pressure and
heart disease.

Type 2 is the most prevalent form of diabetes acco-
unting 90%-95% of the cases, especially in developed
countries'”, According to recent estimates of the
International Obesity Task Force, up to 1.7 billion people
of the wotld’s population are at a heightened risk of weight-
related, non-communicable diseases such as type 2 diabetes
which is majorly a lifestyle disorder (International Diabetes
Federation, 2004). According to International Diabetes
Federation India accounts for the largest number of
people (50.8 million) suffering from diabetes in the world,
followed by China (43.2 million) and United States (26.8
million). This metabolic syndrome is closely associated with
different macro and microvascular disorders” (Table 1).
The most prevalent diabetic macrovascular complication
is Cardiovascular disorder (CVD)", which in turn is
associated with environmental risk factors as well as genetic
predisposition. Antidiabetic drug metformin is particulatly
useful for overweight and obese diabetic patients. Our
earlier report indicates that metformin is particularly useful
to restore the antioxidant status of cells hampered in type 2
diabetes stress'"”.

Therefore type 2 diabetes and obesity interplays
together to exert more deteriorating effect incorporating
other metabolic syndromes such as CVD, dyslipidemia
and hypertensionlm’zsj.

ADIPONECTIN: STRUCTURE AND
RECEPTORS

The correlation between rapidly emerging type 2 diabetes
and obesity still remained a major question for researcher.
It was hypothesized that metabolic dysfunction may
cause to acquire obesity which in turn can develop type
2 diabetes. Adipocyte, the major energy storing cell is
a storage site of a number of hormones as well whose
prime function remains to govern lipid metabolism.
Major adipocyte derived hormones are adiponectin,
leptin, resistin and visfatin'’. Leptin and adiponectin
exerts positive effect on lowering blood glucose whereas

resistin tends to increase blood glucose levels (Figure 1).
Reported for the first time by Scherer ef " 1995,
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Table 1 Vascular complications in type 2 diabetes

Microvascular complications

Macrovascular complications

prevalence prevalence

Retinopathy 23.7% Cardiovascular disease 11.4%
Background 20.0% Peripheral vascular disease 4.0%
Proliferative 3.7% Cerebrovascular accidents 0.9%

Nephropathy 5.5% Hypertension 38.0%

Peri-neuropathy 27.5%

Adiponectin, also known as Acrp30 (adipocyte complement-
related protein of 30 kDa) is a protein exclusively
secreted by adipocyte having huge structural similarity
with C14%". Three monomers (30 kDa) associate
together at the globular domain to form the adiponectin
trimer, where four to six trimers associate through their
collagenous domains to form the high order structure.
Monomeric adiponectin has not been observed in the
plasma and it is believed to remain within adipocyte™.
Human adiponectin is encoded by the ADIPOQ gene
on the chromosomal locus 3q27 consisting three exons
and two introns®, involved in regulating glucose levels
as well as fatty acid breakdown'. Mouse adiponectin is a
247 amino acid long protein where human adiponectin is
a protein product of 244 amino acids consisting of four
domains, an amino-terminal signal sequence, a variable
region, a collagenous domain (cAd) consisting of 22 Gly-
X-Y repeats, and a carboxy-terminal globular domain
(gAd)?". Tt is the most abundant adipokines with its

serum concentration ranging from 5 to 30 pg/mL"".
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Figure 1 Adipocyte-derived proteins with anti-
diabetic actions include leptin, adiponectin,
omentin and visfatin; other factors tend to
raise blood glucose including resistin, Tumor
necrosis factor-a. and Retinol-binding protein
4. (Adapted from Mohamed-Ali et a/*" and Rosen
et al®). LPL: Lipoprotein lipase; HSL: Hormone-
sensitive lipase; NEFA: Non-esterified fatty
acids; ASP: Acylation stimulating protein; TAG:
Triacylglycerol; TNF-o.: Tumor necrosis factor «;
RBP4: Retinol-binding protein; IL6: Interleukin 6.

Chylomicron and VLDL TAG

153

NEFA

Steroid conversion

ASP

Structure of single-chain globular domain adiponectin
(sc-gAd) 1s reported (Figure 2), where globular domain is
composed of three part A, B and C respectivelym. The
adiponectin protein can undergo proteolytic cleavage
and can form the globular form of adiponectin, where
the globular head domain has been reported to increase
the fatty acid oxidation"”. Acrp30 is found in two forms
in serum; one is low molecular weight (LMW) trimer-
dimer where the other one is high molecular weight
complex. Oligomer formation of Acrp30 depends on
the formation of disulfide bond mediated by Cys-39.
Mutation of Cys-39 results in the trimers which can
easily undergo proteolytic cleavage in the collagenous
domain™"

Yamauchi e a/™ reported for the first time about the
two adiponectin receptors which can successfully increase
AMP kinase and PPAR-alpha ligand activities as well as
can accelerate fatty acid oxidation and glucose uptake
by adiponectin. These receptors are named as AdipoR1
which is abundantly expressed in skeletal muscle and
AdipoR2 which is mainly expressed in the liver (Figure
3)[35,3()].

They first successfully performed the cloning of
complementary DNAs encoding adiponectin receptors 1
and 2 (AdipoR1 and AdipoR2) by expression cloningl35].
AdipoR1 and AdipoR2 mRNA expression in the liver
and skeletal muscle increases after fasting and re-feeding
can rapidly restore these to levels equal to the original
fed state (Figure 4)°°. Both of these receptors contain
seven transmembrane domains but they are structurally
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Figure 2 Structure of single-chain

B globular domain adiponectin (sc-gAd). A:
Adiponectin Base region of mouse gAd structure where
blue arrow determines the N terminus and
M1 G42 . E106 N244 red arrow determines the C terminus; B:
ggIITI?siﬁn-llke - Domain organization of human adiponectin
and the sc-gAd, where there are three
domains A, B and C respectively. (Adapted

sc-gAd from Min et af*”).
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Figure 3 Proposed structure of adiponectin receptors (Adapted from Kadowaki et af*®).
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Figure 4 Northern blot analysis of AdipoR1 (top panel) and AdipoR2 (bottom panel) mRNA in mouse tissues (lanes: 1, brain; 2, heart; 3, kidney; 4, liver; 5,
lung; 6, skeletal muscle; 7, spleen; 8, testis)™. AdipoR: Adiponectin receptors.

and functionally completely distinct from G-protein-
coupled receptors. Mild insulin resistance has been
observed in both adipoR1 and adipoR2 knocked out mice,
but complete abolition of adiponectin activity has been
obsetved in adjpoR7/R2 double knockout mice, resulting
in increased tissue triglyceride content, inflammation and
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oxidative stress”

It has been observed by one research group (Figure
5) that abolition of AdipoR2 eradicates [3 cell replication
and neogenesis, thus in presence of high energy diet
although it shows moderate insulin sensitivity initially
and shows moderate body mass, in later state it tends to
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Energy overload Normal energy balance

Energy overload

WT WT/AdipoR?2 -/-

Severe insulin resistance Proper insulin sensitivity

Adequate compensation Proper insulin production

Obesity Normal metabolic profile

AdipoR2 -/-

Moderate insulin resistance
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Type 2 diabetes

Figure 5 Diagram depicting the metabolic profile of wild type and AdipoR2 -/- mice (Adapted from Liu et af*™). WT: Wild type; AdipoR 2: Adiponectin receptors 2.

develop type 2 diabetes™. Insulin resistance consuming

high energy diet increases obesity in wild type (WT) mice,
where normal energy diet in both WT and AdipoR2
double knocked out mice (AdipoR2 -/-) shows normal
metabolism, but AdipoR2 -/- mice with energy ovetload
although shows moderate insulin resistance initially but in
later stage develops type 2 diabetes.

In increased oxidation of fatty acids such as in
Nonalcoholic steatohepatitis (NASH) the expression
levels of AdipoR1/R2 and insulin receptor substrate
isoforms 2 (IRS-2) were significantly decreased, whereas
IRS-1 was significantly increased"”.

ADIPONECTIN AND ITS ROLE IN OBESITY
AND DIABETES

Although it circulates in high concentrations, adiponectin
levels are lower in obese subjects than their lean coun-
terparts. Apart from negative correlations with measures
of adiposity, adiponectin levels are also reduced in
association with insulin resistance and type 2 diabetes’.
Epidemiological studies in different ethnic groups revealed
that low level of plasma adiponectin, especially its HMW
form can be an important key factor for type 2 diabetes,
hypertension, atherosclerosis and myocardial infarction"!.
Other than preventing insulin resistance and adipose
tissue inflammation, adiponectin has been associated
to exert several cardioprotective roles through direct
actions on heart as well as on other vascular cells (Figure
6)*. Adiponectin has negative correlation with insulin
resistance, along with it maintains negative correlation
with plasma triglyceride and low density lipoproteins
(LDLs) where it has positive correlation with high density
lipoproteins (HDLs)™. In this review we will try to
elucidate the role of adiponectin in acquiring adiposity in
various aspects, Z¢., from the metabolomic view to genetic
predisposition.
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Adipocyte derived adiponectin can modulate the
functions of cardiomyocytes, endothelial cells, endothelial
progenitor cells, macrophages, leukocytes, and vascular
smooth muscles in both endocrine and paracrine manner
(Figure 6). Here we will discuss the possible roles of
this adipokine in type 2 diabetes mellitus, obesity and
dyslipidemia.

Studies in Japan showed that hypertension has a major
effect on atherosclerosis and CVD events in persons with
high body mass index with T2DM", Adiponectin and its
association with lipid metabolism and increased obesity
are studied well in many populations.

Mode of actions of this potential biomarker
Adiponectin serves as a central regulatory protein in
many metabolic pathways playing crucial role in many
metabolic disorders. Its importance as a potential
biomarker in type 2 diabetes is increasing rapidly. The
major way to estimate plasma adiponectin is by Sandwich
ELISA. Lower plasma adiponectin level (< 5 pg/mL)
is associated with increasing obesity and acquiring of
metabolic disordets.

As a key factor of the metabolic pathway: Adiponectin
has multifunctional roles in metabolic synchronization
(Figure 7). Adiponectin (ADIPOQ) an adipocyte derived
hormone activates ADIPOR1 and ADIPOR2, the two
adiponectin receptors; it also activates PPARy ultimately
increasing the rate of B oxidation which is a major
pathway for lipid metabolism. ADIPORI increases the
action of number of genes including NF-k3, TNFaq, L1,
11.4. NF—kB1411 furthermore decreases VCAM1, ICAM1
and IL18 levels; these are important genes involved in
inflammation. ADIPORT1 also activates p38MAPK,
another gene involved in transcriptional machinery. The
action of PI3K is indirectly regulated by ADIPORI.
P13K acts on HSP90 which again increases the action of
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Figure 6 Actions of adiponectin in different cell line (Adapted from Xu et af*?). EC: Endothelial cell; EPCs: Endothelial progenitor cells; VSMC: Vascular smooth

muscles; eNOS: Endothelial nitric oxide synthase.

endothelial nitric oxide synthase (eNOS), which is related
to oxidative stress. ADIPOR2 activates APPL1 which up
regulates AMP-activated protein kinase 1 (AMPKT1) which
again up regulates eNOS™*! increasing the production
of nitric oxide. Elevated AMPK also increases the
action of PEPCK ultimately increasing gluconeogenesis.
APPL1 works on Akt which increases Glut4 translocation
ultimately elevating glucose uptake of the cell™ (Figure
7). Derived from adipocyte it comes in contact with blood
plasma and directly acts on Adipo R1/R2 receptors which
further activates/inhibits the downstream genes related to
oxidative stress and inflammation. Plasma and hemolysate
of patients of type 2 diabetes contains elevated level
of protein carbonyl content, which indicates increased
oxidative stress*,

T-cadherin (CDH13) localizes adiponectin to the
vascular endothelium. It has been reported that T-cadherin
deficiency by siRNA knockdown prevented the ability
of adiponectin to promote cellular migration and
proliferation™. T-cadherin protects from stress-induced
pathological cardiac remodeling by binding with adiponectin
and activating its cardioprotective functions in mice'*”

Mechanisms of action: Adiponectin exhibits two major
mechanisms of action by which it inhibits obesity and
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type 2 diabetes, one by increasing insulin sensitivity and
the other way is to increase fatty acid oxidation.

APPL1, stimulated by adiponectin can interact with
both adiponectin receptors and can mediate the down-
stream events such as lipid oxidation and membrane
translocation of glucose transport 4 (GLUT4), thus
increasing glucose uptake (Figure 7), providing a platform
for increased insulin sensitization!"”. APPL1 also acts as a
mediator of adiponectin signaling pathways by interacting
directly with ADIPOR1/ADIPOR2 or signaling
proteins, thereby playing critical roles in cell proliferation,
apoptosis, cell survival, endosomal trafficking, and
chromatin remodelhngl48]. APPL1 modulates the insulin
signalling pathway by acting with Akt and PI3K™! (Figure
7).

The major form of storing and transporting fatty
acids is triglycerides. Adiponectin has been reported to
decrease tissue triglyceride content by increasing the
expression of CD30, a fatty acid transporterlso]. Increased
tissue TG content activates PI3K and Glut4 increasing
glucose uptake, elevating insulin resistance”’". Thus,
lowering of tissue triglyceride content promotes insulin
sensitivity. Along with adiponectin has been also reported
to increase the expression of PPARo which further
lowers the tissue triglyceride content™, Some researcher
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Figure 7 A proposed models of adiponectin metabolic pathway and associated genes. HMW: High molecular weight; LMW: Low molecular weight AdipoR1:
Adiponectin receptor 1; PPARy: Peroxisome proliferator-activated receptor gamma; Glut4: Glucose transporter type 4; APPL1: Adaptor protein, phosphotyrosine
interaction, pH domain and leucine zipper containing 1; Akt: Protein kinase B; COX2: Cyclooxygenase 2; AMPK: Adenosine monophosphate-activated protein kinase;
PI3K: Phosphoinositide 3-kinase; NF-kpB: Nuclear factor kappa-light-chain-enhancer of activated B cells; TNFa.: Tumor necrosis factor alpha; IL: Interleukin; p38
MAPK: p38 mitogen-activated protein kinase; HSP90: Heat shock protein 90; eNOS: Endothelial nitric oxide synthase; PEPCK: Phosphoenolpyruvate carboxykinase;
NO: Nitric oxide; VCAM: Vascular cell adhesion protein; ICAM: Intercellular adhesion molecule.

group has demonstrated the role of adiponectin in
activating AMPK which can stimulate § oxidation and
glucose up taking™”.,

It has been established that adiponectin enhances insulin-
stimulated IRS-1 tyrosine and Akt phosphorylation.
Activation of the LKB1/AMPK/TSC1/2 pathway
alleviates the p70S6 kinase-mediated negative regulation
of insulin signaling, providing a mechanism by which
adiponectin increases insulin sensitivity in cells”™.

Other than playing a crucial role as an insulin
sensitizer, adiponectin also defeats obesity and obesity
onset type 2 diabetes by increasing fatty acid oxidation.
Increased fatty acid oxidation in turn also elevates insulin
sensitivity. As stated earlier, adiponectin associated
activation of AMPK phosphorylation which in turn
implements major role in fatty acid oxidation. In cultured
myotubes C2C12, adiponectin treatment has been

Baishidenge ~ WJD | www.wjgnet.com

157

associated with increased PPARq activity; expression of
some downstream genes such as suchasacyl-CoAoxidase
and carnitinepalmitoyltransferasel has been also reported,
thus promoting fatty acid oxidation™". Adiponectin
induces fatty acid oxidation in muscle cells by sequential
activation of AMPK, p38 MAPK (mitogen activated
protein kinase) and PPARo™. It has been studied in
humans that LDL activity is correlated positively with
plasma adiponectin level, thus LPL may represent a
link between low adiponectin levels and dyslipidemia
in both nondiabetic individuals and patients with type
2 diabetes™ where plasma TGs is negatively correlated
with LDL activity and positively with diabetic state™.

It has been well postulated that subjects with type
2 diabetes has reduced mitochondrial content and
decreased electron transport chain activity””. Adiponectin
has been reported to increase mitochondrial biogenesis
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and oxidative capacity in mice which in turn is favorable
for glucose metabolism as well as fatty acid oxidation as
mitochondria is the major cellular site of metabolism®™
In human model also the adiponectin stimulated
mitochondrial biogenesis has been observed™ (Figure 8).

Adiponectin binds to its receptors which activates
AMPK and stimulates the phosphorylation of ACC2
which in turn increases fatty-acid oxidation. As previously
discussed adiponectin can activate peroxisome proliferative
activated receptor-o (PPARq) stimulating transcription
of genes in the fatty-acid oxidation pathway and
decreasing triglyceride content in muscle, thus promoting
fatty acid oxidation (Figure 8) and improving insulin
sensitivity™", Independent of changes in transcription
and mitochondrial mass, the improvements in lipid
oxidation occur in less than 6 h in mice'™. Adiponectin
activation of AMPK by upstream kinase AMPK kinase
activates transcription of myocyte enhancer factor
2C and phosphorylation of peroxisome proliferative
activated receptor y coactivator 1-o0 (PGCla), which in
turn increases mitochondrial content, oxidative capacity,
and oxidative-fibre type composition. Central to the
development of mitochondrial dysfunction is reactive
oxygen species (ROS) production, which reacts with
DNA, protein, and lipids leading to oxidative damage.
ROS production is inversely related to mitochondrial
content. Activation of the adiponectin pathway reduces
the generation of ROS by two processes: (1) Increasing
mitochondrial content, which in turn decreases the
workload for each mitochondrion leading to reduced
membrane potential («—A¢) and lower ROS production;
and (2) adiponectin increases PGCla activity which
increases the transcription/activity of the antioxidant
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enzyme SOD?2 that decreases super oxide radical (02",

Oxidative stress is a major consequence of type 2
diabetes and obesity related disorders. Previously in
our laboratory we had established that hyperglycaemic
condition increases the oxygen releasing capacity of
haemoglobin which in turn boosts the effect of oxidative
stress in diabetes and CVDs!™, Oxidative stress which is
a major indicator of inflammation correlates significantly
with adiponectin metabolic pathway. Study by a research
group demonstrates that lower adiponectin level is
significantly associated with higher inflammatory state”"!.

Other than decreasing circulating free fatty acid
and lowering triglyceride content adiponectin has been
also observed to exert anti-inflammatory and anti-
atherogenic effects by reducing TNFq-induced monocyte
attachment to endothelial cells and inhibiting platelet
derived growth factor-BB to minimize vascular smooth
muscle cell proliferation[(’zl. Most adipokines can exert
pro inflammatory effects, among which adiponectin is
increasing its importance as a potential inflammatory
marker. Obesity is characterized by low grade systemic
inflammation®”. Adiponectin inhibits the action of
TNFq which is a key pro inflammatory cytokine in both
vascular and cardiac tissue®. This novel cytokine has
been also reported to decrease the secretion of 1L 8 from
human aortic endothelial cells (HAEC) stimulated with
TNFa, along with it also inhibits IL8 mRNA expression
induced by TNFq. Phosphorylation of IkBa is decreased
by adiponectin, but phosphorylation of ERK, SAPK/
JNK, and p38MAPK remains unaffected®. Adiponectin
also increases intra-cellular cAMP levels in HAEC and
increases PKA activity[(’s]. The inverse relationship of
adiponectin with inflammatory marker CRP has been
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discussed in the next paragraph of this review.

Thus adiponectin exerts several multitasking roles
and combat the prevalence of metabolic disorders like
diabetes and obesity. In first step it works as a fascinating
insulin sensitizer and in second step it increases fatty
acid oxidation. Simultaneously in all above mentioned
mode of actions it acts as an important inflammatory
marker while playing significant role in minimizing
oxidative stress. Thus adiponectin plays affluent role to
protect the metabolic harmony of the system through
various metabolic pathways and considered as one of
the potential biochemical and inflammatory biomarker in
metabolic disorders.

Correlation with other adipocyte derived hormones
Adipocyte is involved with the releasing of another
three hormones playing some roles in metabolism;
these are leptin, resistin and visfatin. Where low plasma
adiponectin has been observed in obesity, leptin levels
become significantly higher, having an inverse correlation
with adiponectin. Increased subcutaneous fat has been a
major determinant of leptin levels. The action of leptin
remains to decrease appetite, thermogenesis and increase
fatty acid oxidation'®. The leptin signal is transmitted
by the Janus kinase, signal transducer; and activator
of transcription pathway decrease glucose, and reduce
body weight and fat*”. One research group showed
that adiponectin is more influenced by visceral adipose
tissue where leptin is by subcutaneous adipose tissue'”
where fasting glucose, insulin, HOMA-IR and triglyceride
has an inverse correlation with adiponectin and leptin
maintaining a fairly positive association with these
parameters””. Tt is reported that leptin/adiponectin ratio
alters in type 2 diabetes as this alteration increases insulin
resistance™. Another research group reported the plasma
leptin/adiponectin ratio as an important atherogenic
index'”. Thus it can be concluded that where adiponectin
is a proinflaimmatory adipokine giving proatherogeneic
effect, leptin serves as an antiinflammatory molecule
giving a direct antiatherogenic effect.

The plasma level of resistin, a cysteine rich adipokine
has been observed to increase in type 2 diabetes but this
increase in level is not correlated with insulin resistance
and adipositym]. Another research group found a
decrease in serum resistin value in patients with type
2 diabetes™". Where adiponectin level is significantly
associated with lipid profile, BMI, resistin levels seem
to level independent of these attributes in patients with
type 2 diabetes mellitus'™. Thus the association of
resistin with type 2 diabetes, obesity and dyslipidemia is
still a new field to explore; and the association of this
adipokine with adiponectin is poorly understood.

Visfatin, another adipokine maintains a direct
relationship between plasma visfatin levels and type 2
diabetes mellitus. Visfatin binds to the insulin receptor
at a site distinct from that of insulin and causes hypogly-
caemia by reducing glucose release from liver cells
and stimulating glucose utilization in adipocytes and
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myocytes. Visfatin is upregulated by inflammation and
hyperglycaemia and downregulated by insulin”™. Where
the association of visfatin with diabetes mellitus has been
well studied its correlation with adiponectin is poorly
known. Although it has been postulated in one article
that adiponectin maintains a fairly inverse relationship
with visfatin”*. Thus activity of other adipokines with
adiponectin is still remained a major field to explore in
metabolic syndrome.

Association with other important diabetic biomarker
Adiponectin which is increasing its importance as a
potential biomarker maintains some association with
other diabetic biomarkers such as fasting insulin, C-
reactive protein (CRP) and homocysteine. Fasting insulin
and CRP has been observed to maintain an inverse
correlation with adiponectin level™. A data observed on
Asian Indian obese men revealed that serum adiponectin
level is inversely related with fasting insulin and CRP"™,
Both adiponectin and CRP is strongly associated with
insulin sensitivity where CRP is more dependent on
adipositym. One study group found no significant
correlation between plasma homocysteine level and
adiponectin in patients with type 2 diabetes™. Although
an inverse relationship was found between adiponectin
and homocysteine in patients with type 1 diabetes but
no significant association has been reported in type 2
diabetes””.

Genetic variants and expression of genes in adiponectin
metabolic pathway

Genetic polymorphisms in ADIPOQ gene and the genes
of its receptors has been a major reason for functional
defect of this novel adipokine. Genetic polymorphisms
of the other genes present in adiponectin metabolic
pathway may also alter the functional properties of
adiponectin and thus promoting the progression of
insulin resistance, dyslipidemia and atherogenesis. These
genetic polymorphisms have seen in many ethnic groups.
ADIPOQ gene polymorphisms were associated with the
tisk of T2DM in Chinese Han populationlsoj. It has been
observed that rs2241767AG genotype increases the risk
of T2DM in obesity grouplSOJ. A study in south Indian
population implies ADIPOQ gene +276 G/T and -3971
A/G polymorphisms are associated with generalized
obesity and +349 A/G with central obesitylsu.

The polymorphism -1131 T/C in apolipoprotein
A5 gene is associated with postprandial hypertriacylgly-
cerolemia, elevated small, dense LDL concentrations
and oxidative stress in non-obese Korean men'*”
and dyslipidemia in Brazilian subjectsl83J (Table 2). A
significant association of -11391 G/A adiponectin gene
polymorphism with waist circumference in diabetic
patients has been observed™. In white Europeans, +276
G/T was associated with higher serum adiponectin
concentrations where -10066 G/A was associated with
lower serum adiponectin concentrations”. Genetic
polymorphisms of ADIPOR1 and ADIPOR?2 are also
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Table 2 List of SNPs found in the genes of adiponectin pathway in metabolic disorders such as type 2 diabetes, obesity, dyslipidemia

and cardiovascular disorders (coursey to http://www.genecards.org/ for providing the information regarding SNP loacation)

Ref. Gene SL No. Location Variation SNP ID
Blech et al™ PPARy 1 Intron 1 Pro12Ala 151801282
Blech et al™; ADIPOQ 1 5 flanking region -11365 C/G 15266729
Ramya et al®! 2 Intron 1 -4522 C/T rs822393
3 Intron 1 3971 A/G 15822396
4 Intron 1 +276 G/ T rs1501299
5 Exon 1 coding synonymous +45T/G 152241766
6 Intron 1 +349 A/G 152241767
7 Intron 1 +712G/A rs3774261
8 5’ flanking region -11391 G/ A 1517300539
9 Exon 3 splicing enhancers Y111HT/C 1517366743
Wang et al™ ADIPOR1 1 Intron 1 +5646 A/G 151342386
2 Intron 1 +5843 A/G 151342387
3 Intron 1 -101T/G 152275737
4 5’ transcription factor binding site  -8503C/T 156666089
Vaxillaire et al™ ADIPOR2 1 Exon 3 splicing enhancers +33371 C/T 1512342
2 Intron 1 +26314 A/G 1767870
3 5 flanking region -64241 T/G 151029629
4 Intron 1 +8645 G/C 151468491
5 Intron 1 +14645 A/T 154766415
6 Intron 1 35361 G/A 1510773982
Thameem et al™ eNOS/NOS3 1 Exon 3 splicing enhancers Glu298Asp 151799983
2 Intron 1 786 T/C 152070744
Zhang et al™™ NF-kB 1 5’ flanking region -94 insertion/deletion  rs28362491
Rees et al™™ PEPCK 1 5 flanking region -232C/G 152071023
Jangetal™ and Ferreiraetal®™ Apolipoprotein A5 gene (APOA5) 1 5 flanking region -1131T/C 15662799
Ol et al"™ COX-2 1 5 flanking region 765G/ C 1520417
Ho et al™™ L4 1 5 flanking region -590 C/T 152243250

IL-6: Interleukin 6; AdipoR: Adiponectin receptors; eNOS: Endothelial nitric oxide synthase; PPARy: Peroxisome proliferator-activated receptor gamma;

COX2: Cyclooxygenase 2; NF-kB: Nuclear factor kappa-light-chain-enhancer of activated B cells.

involved in altered function of adiponectin and have
been observed by many groups (Table 2). Polymorphisms
of other pathway genes like eNOS, NF-kB, PEPCK,
14 (Table 2) has been also reported to play roles in
development of type 2 diabetes, thus they may correlate
with adiponectin and regulate its function.

Adiponectin gene function is not solely dependent
on gene polymorphisms rather expression levels of
certain genes may modulate its function significantly.
Both in type 2 diabetic patients and in animal models of
insulin resistance it has been observed that the mRNA
expression and secretion of adiponectin is significantly
decreased®™*. Very low calorie diet has been reported
to raise adiponectin mRNA level, whereas re-feeding
significantly decreases the mRNA level in morbidly obese
women™. AdipoR2 mRNA expression in subcutaneous
tissue is negatively associated with insulin resistance
and metabolic parameters independently of obesity
may mediate the improvement of insulin resistance in
response to exercise™. PPARy agonist thiazolidinedione
has been reported to increase adiponectin level in animal
models and human patients[%]. A single nucleotide
polymorphism in Pro12Ala in PPARy is reported to
be involved in type 2 diabetes. PPARy has been found
to undergo obesity-induced and protein kinase cdk5-
mediated phosphorylation at Ser’” which mediates
obesity-induced down-regulation of adiponectin in white
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adipose tissue'".

There are certain evidences that adrenomedullin
(ADM) may modulate the expression of adiponectin
gene. One group of scientists postulated that a genetic
variant in ADM gene (rs182052) alters the expression
of adiponectin gene and minimizes plasma adiponectin
levels?. A variation in CDH13 (rs4783244) showed
strong associations with total adiponectin and HMW
adiponectin in Fast Asian population where people
with this variation have significantly lower adiponectin
plasma level, but adiponectin sensitivity tends to increase,
eventually maintaining a better metabolic proﬁlew’].

Glucocorticoids are also reported to regulate adi-
ponectin gene expression in human adipocytes, where
TNFa does not seem to directly inhibit adiponectin
synthesis in human adipocytes”™. SIRT1 and Foxol, two
important genes involved in insulin sensitivity whose low
expression leads to impaired Foxol-C/EBPa, complex
formation, has been reported to decrease adiponectin
expression in obesity and type 2 diabetes”. CRP has
been reported to suppress adiponectin gene expression
partially through the PI3K pathway where decreased
production of adiponectin might represent a mechanism
by which CRP regulates insulin sensitivity”™,

Genetic polymorphisms which supposed to be
a screening tool of adiponectin metabolic disorder
may be overpowered by the altered gene expression of
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Figure 9 Hypothetical model showing the interrelation between adiponectin, obesity and type 2 diabetes mellitus.

adiponectin and related genes. Both of these actions
may significantly be associated with low expression of
adiponectin which in turn is positively correlated with
insulin resistance increasing the prevalence of diabetes

and obesity.

Adiponectin and epigenetics

Epigenetic association of adiponectin expression is
remained a big question to answet. DNA methylation
can partly explain the link between the early exposures
to a detrimental fetal environment, where the mother
is hyperglycemic which may in turn increase the risk to
develop obesity and diabetes later in life"™. One group
found significant correlation between the mother blood
glucose level and placental DNA methylation at cytosines
located at ADIPOQ gene proximal promoter CpG
islands""!. Expression and methylation of ADIPOR1
gene isolated from skeletal muscle cells has been modified
after an exercise period of 6 mo in subjects who are first
degree relatives of type 2 diabetes patients"”. But still
there ate few evidences of the epigenetic modulation of
adiponectin and remains a promising field to explore.

Clinical aspects

Balanced diet with adequate exercise can combat obesity
and type 2 diabetes in manifold. Although genetic
predisposition is a main key factor of these disorders
by still maintaining a well-balanced energy is still a
beneficiary supplements in preventing these disorders.
Exercise can fairly maintains plasma adiponectin levels
and thus promoting insulin sensitivity. One study shows
that acrobic exercise increases insulin sensitivity among
diabetic patients mediated by adiponectin”, although
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drug treatment may be required to normalize plasma
adiponectin levels. Adiponectin replenishment therapy
is yet not possible as biologically active recombinant
adiponectin proteins are inherently unstable and difficult
to producelmsj. Certain drug classes such as antidiabetic
drugs glitazones and sulfonylureas, and angiotensin
receptor blockers, ACE inhibitors and nicotinic acid
exert beneficial effects on insulin resistance partly by
increasing plasma adiponectin levels. Others such as
tetrahydrobiopterin or certain antioxidants are also
promising in normalizing plasma adiponectin levels™™,
Omega-3 polyunsaturated fatty acids has been reported
to increase plasma adiponectin to leptin ratio in stable
coronary artery disease, thus playing a cardioprotective
role, might in turn be beneficiary for diabetes and
obesity“mj. Thus a healthy life style with some oral
supplements may increase adiponectin levels in patients

with type 2 diabetes.

CONCLUSION

Adiponectin, the novel adipocyte has been demonstrated
well to play crucial role in obesity and type 2 diabetes
mellitus (Figure 9). It is increasing its importance as a
potential biomarker in above mentioned diseased state
as: (1) It increases insulin sensitivity; (2) It increases fatty
acid oxidation; (3) It correlates significantly with oxidative
stress; and (4) It acts as an important inflammatory
biomarker and up/down regulates many genes in various
metabolic pathways. Thus adiponectin could be a novel
target for the therapeutic approach to treat diabetes
mellitus in near future. Recombinant adiponectin is not
effective thus altered expression of adiponectin or related
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pathway genes could be an effective tool for researchers
to mediate its function which in turn may minimize the
prevalence of obesity, type 2 diabetes or other metabolic
disorders.
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