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Abstract: Adiponectin, a protein secreted by adipocytes, gained a special medical attention in the past two decades mostly due to its
relation to obesity,  a  major health problem worldwide.  Moreover,  adiponectin has shown to have a preventive effect  on insulin
resistance,  diabetes  and  cardiovascular  diseases.  Lately,  obesity  has  been  classified  as  a  chronic  inflammatory  state,  whereby
dysregulated adipocytes and high infiltration of macrophages shift toward the production of pro-inflammatory cytokines like TNF-α
and IL-6 among others. This status contributes to a decrease in adiponectin levels, thus leading to the emergence of obesity related
complications. This review will focus on the hormone adiponectin and its mechanisms of action in relation to insulin resistance,
diabetes, cardiovascular effect and atherosclerosis. It will also cover the various therapeutic approaches aiming to increase the levels
of this important cytokine, and to highlight the promising role of AdipoRon, an adiponectin receptor agonist, and of diet.
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1. INTRODUCTION

Adiponectin is a specific protein secreted by adipocytes with presumptive anti-atherogenic and anti-inflammatory
characteristics [1]. It is documented that increases in the adipose mass are associated with a rise in the proportion of
adipose  tissue  macrophages,  as  well  as  a  variety  of  metabolic  and  endocrine  complications  [2].  Actually,  multiple
molecules released by adipocytes may contribute to the development of insulin resistance, Type2 Diabetes Mellitus
(T2DM) and Hypertension (HTN) [3]. Such complications are intensely connected to the levels of pro-inflammatory
cytokines (e.g. TNF-α, IL-6), among other factors [4]. On the other hand, adiponectin is reduced in obese and diabetic
subjects. A study comparing the levels of adiponectin between obese and non-obese individuals has found that it is
lower in obese subjects and a strong negative correlation existed between adiponectin levels and Body Mass Index
(BMI) [5].  One possible explanation is  that  TNF-α inhibits  adiponectin production by reducing its  gene expression
through the phosphorylation of Jun-N-Terminal Kinase (JNK), which suppresses PPAR-gamma activity on DNA. This
mechanism was confirmed by demonstrating that adiponectin mRNA expression in adipocytes treated with TNF-α was
increased following the addition of a JNK inhibitor [6]. Such a low adiponectin state, along with the increase in the
synthesis of pro-inflammatory cytokines, promotes the development of insulin resistance. In addition, the dysfunctional
adiponectin and insulin signaling pathways predispose to metabolic and vascular complications [7]. This article will
shed light on the most recent data concerning the production and the multiple functions of adiponectin as well as the
respective mechanisms of  action;  the co-existence of  hypoadiponectinemia with a  wide range of  diseases  linked to
insulin resistance such as Coronary Artery Disease (CAD) and Hypertension (HTN) will be also covered.
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2. OBESITY: A WORLDWIDE PROBLEM

Obesity is now considered as a serious health problem worldwide, creating an economic burden on the health care
systems [8] of rich as well as poor countries. Body Mass Index (BMI) is a commonly used method to define obesity, a
BMI of 30 kg/m2 or more is a cutoff point in the diagnosis of obesity. It is also used to classify obesity; class 1 - mild
obesity BMI of 30.0 - 34.9 kg/m2, class 2 - moderate obesity BMI of 35.0 to 39.9 kg/m2 and, class 3 - extreme obesity
BMI of 40.0 kg/m2 and above [9]. Data from 2013 showed that the prevalence of obesity among adults was 32,8% in
USA, 21, 1% in Canada, 28,7% in Australia, 27.7% in Lebanon, 35.8% in Saudi Arabia [10] and from 30% to 70% in
the Eastern Mediterranean Region (EMR) [11]. In 2016, a double increase in the prevalence of obesity worldwide was
reported [12]. In 2014, the number of adults affected by obesity has exceeded 600 million [11].Approximately 300,000
adults in the US die yearly due to a disease related to obesity being also ranked, as one of the primary causes of death
[13]. Obesity is common risk factor for Type2 Diabetes (T2DM), Coronary Artery Disease(CAD), Hypertension (HTN)
and dyslipidemia, the co-occurrence of these three disease entities is termed as the Metabolic Syndrome [14].As obesity
being the most common cause of insulin resistance, obesity epidemic is the leading cause in the rise of T2DM incidence
[15].  Data collected from 2011 revealed that T2DM is now affecting around 285 million people worldwide, with a
probability that this number will rise to 439 million by the year of 2030 [16] with 25 million in the United States alone.
Nowadays, obesity is ranked, as one of the primary causes of death in the US [13]. It is imperative to point that this
epidemic is not only affecting adult but also it has become an emerging problem among children and adolescents; 155
million and 30 to 45 million children are overweight and obese, respectively [17]. Moreover, it has been shown that
infanthood obesity increased worldwide from 1990 to 2010, to reach a prevalence of 6.7% in 2010. It is also expected
that it would extend more by 2020 with a prevalence of 9.1% [11 - 18].

3. ADIPOSE TISSUE: AN ENDOCRINE ORGAN

There are functionally and developmentally two types of adipose tissues in mammals, white and brown adipose
tissues. The brown adipose tissue is preponderant among human newborns and hibernating mammals, it generally richer
in mitochondria and capillaries than the second type. Its role is basically in heat production. On the other hand, the
second type, the white adipose tissue, has a well-established role in energy storage and is responsible of regulating fatty
acid  homeostasis  [8].  It  is  a  type  of  a  soft  connective  tissue  composed  of  adipocytes  encompassed  by  a  complex
extracellular  matrix  including collagen fibers,  blood vessels,  fibroblasts,  mast  cells  and immune cells  among other
constituents [19].When caloric intake exceeds consumption, Free Fatty Acids (FFAs) are esterified to glycerol, stored in
the white adipose tissue as triglycerides and then released into the blood in case of low caloric intake. On the long run,
an extra storage of fat leads to obesity, with a gender specific distribution, and accumulation of visceral fat [20, 21],
which increases the risk of developing insulin resistance, Type 2 Diabetes Mellitus (T2DM), cardiovascular diseases,
hypertension, and dyslipidemia [22] among others. In addition to its role in energy storage, many studies have depicted
the endocrine role of the adipose tissue after the discovery of the hormone leptin [23, 24], secreting adipocytokines and
other  biologically  active  molecules  including:  adiponectin  [25,  26],  inflammatory  cytokines  (TNF-α  and  IL-6),
coagulation and complement factors (plasminogen activator inhibitor-1 and fibrinogen), as well as components of the
renin-angiotensin aldosterone system (angiotensinogen and renin) [19]. Such an array of secretory molecules possess a
wide range of activities in human multiple organ-systems, in particular, the cardiovascular system [27].

4. ADIPONECTIN CHEMISTRY AND SECRETION

Adiponectin  is  an  adipocytokine  secreted  by  the  White  Adipose  Tissue  (WAT).It  is  known  with  the  following
names;  30-kDa  adipocyte  complement-related  protein,  Acrp30,  adipoQ,  APM-1,  and  gelatin-binding  protein-28  or
GBP28 [28].  This  adipocytokine is  composed of  244 amino acids,  shares structural  resemblance with collagen and
TNF-α [29], and comprises an N-terminal collagenous domain and a C-terminal globular domain. It has 3 different
molecular  weights:  Low,  middle  and  high  molecular  weights  (trimer,  hexamer  and  12  to  18  multimer  adiponectin
respectively)  [30].  Studies  have  shown  that  adiponectin  has  insulin-sensitizing  actions,  mostly  exerted  by  its  high
molecular weight [31], in addition to anti-inflammatory and anti-atherogenic effects [32, 33]. Adiponectin exerts its
effects through interaction with two receptors: AdipoR1 and AdipoR2. Each receptor is composed of an intracellular
NH2-terminal  domain,  an  extracellular  COOH-terminal  domain,  and  has  seven  trans-membrane  domains  that  are
distinct from the G-protein coupled receptors [7]. AdipoR1 is abundantly expressed throughout the body but mainly in
the muscle, while AdipoR2 is highly expressed in the liver [31]. Moreover, it is doubtful whether a surface molecule, T
cadherin, is a binding protein or a receptor of adiponectin [34]. Instead, its role in the regulation of cardiac, endothelial
and  Vascular  Smooth  Muscle  Cells  (VSMCs)  proliferation,  migration  and  survival  is  well  known  [35].  Levels  of
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adiponectin differ between genders with higher adiponectin levels among females than males. Studies suggested that
sexual  hormones,  like  estrogen  and  testosterone,  have  a  role  in  regulating  adiponectin  plasma  levels;  however,  its
mechanism of action needs further studies [36, 37]. These sexual characteristics might probably clarify why men are
more prone to insulin resistance and atherosclerosis than women [38, 39].

5. ADIPONECTIN INSULIN SENSITIZING ACTION

Adiponectin through its binding to adipoR1 activates and induces the phosphorylation of the AMPK pathway [40],
leading to an increase in the utilization of  glucose and the oxidation of  fatty acids in muscle and liver  [41,  42].  In
addition, this binding promotes extracellular calcium ion (ca2+) entry, leading to activation of ca2+/calmodulin-dependent
protein kinase kinase-b (CaMKK)b necessary for AMPK activation [43]. On the other hand, Adiponectin can bind and
activate AdipoR2, thus enhancing fatty acid oxidation through activating PPARa and the expression of its related genes
[40]. Subsequently, PPARg coactivator (PGC)-1a expression is increased along with an increase in mitochondria in
myocytes [43]. Adiponectin also decreases glucose production by the liver through the reduction of mRNA expression
of phosphoenolpyruvate carboxykinase and glucose-6-phosphatase;  two essential  enzymes in gluconeogenesis [31].
Furthermore,  adiponectin  could  work  on  the  ceramide  signaling  pathway.  It  induces  the  activation  of  ceramidase;
therefore, lowers the hepatic ceramide levels leading to an improvement in insulin sensitivity. On the contrary, a fall in
adiponectin levels can lead to high ceramide in the liver, which could be involved in insulin resistance [43] (Fig. 1).

Fig. (1). Adiponectin from secretion to action.
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6. ADIPONECTIN CARDIOPROTECTIVE EFFECTS

In vitro studies show that adiponectin decreases macrophages phagocytic activity, inhibits their transformation into
foam cells  [44,  45],  and  enhances  Nitric  Oxide  (NO)  production  by  PI3  kinase/Akt-mediated  phosphorylation  and
activation of eNOS [46]. Moreover, adiponectin decreases the production of TNF-α [40], and also reduces its effect on
enhancing  the  expression  of  Vascular  Cell  Adhesion  Molecule-1  (VCAM-1),  Endothelial-leukocyte  adhesion
molecule-1  (E-selectin)  and  Intercellular  Cell-Adhesion  Molecule  1  (ICAM-1),  thus,  decreasing  the  adhesion  of
monocytes to the endothelial cells [44]. Furthermore, when attached to Platelet-Derived Growth Factor-BB (PDGF-BB)
and  inhibiting  the  growth-factor  stimulated  ERK  (extracellular-signal-regulated  kinase)  signaling,  adiponectin
attenuates the proliferation of Vascular Smooth Muscle Cells (VSMCs) [44]. Moreover, in vivo studies in adiponectin
knockout mice show high expression of TNF-α mRNA [47]. Besides, epidemiological studies, conducted in humans,
recognize  that  individuals  with  low  adiponectin  levels  are  more  prone  to  heart  diseases,  thus  identifying  it
cardiovascular  protective  effect  [48].  However,  it  is  important  to  note  that  T  cadherin  has  a  significant  role  in  the
expression  adiponectin  cardioprotective  effect  [49].  It  has  been  shown  that  adiponectin  induces  the  expression  of
mRNA and, therefore, the protein synthesis of tissue inhibitor of metalloproteinase in macrophages by increasing the
production of IL-10. It also inhibits the apoptosis of endothelial cells, thus, it protects against plaque rupture through the
inhibition of matrix metalloproteinase activity [50].

7.  OBESITY  AS  A  CHRONIC  INFLAMMATORY  STATE  ASSOCIATED  WITH  LOW  ADIPONECTIN
LEVELS

Obesity  is  a  chronic  inflammatory  state,  in  which  adipocytes,  because  of  high  nutritional  intake,  undergo
hypertrophy and hyperplasia, such a situation leads to cellular stress that induces oxidative stress and an inflammatory
response in the adipose tissue [8]. The hypertrophied adipocytes along with the resident immune cells of the adipose
tissue synthetizes a high amount of pro-inflammatory cytokines including TNF-α [51]. In fact, during obesity, there is a
marked accumulation of immune cells in the stromal fraction of adipose tissue. This infiltration of the expanded adipose
tissue  leads  to  hypoxia,  followed  by  accumulation  of  macrophages  to  participate  in  the  angiogenesis  process  [40].
However, a difference is noted between the adipose tissue from lean compared to obese individuals. The adipose tissue
from  lean  subjects  produces  a  great  proportion  of  anti-inflammatory  cytokines  such  as  adiponectin,  Transforming
Growth Factor Beta (TGFB), Interleukin (IL)-10, IL-4, IL-13, IL-1 Receptor antagonist (IL-1Ra), and apelin. On the
other hand, the adipose tissue from obese subjects produces mostly pro-inflammatory cytokines such as TNF-α, IL-6,
leptin, visfatin, resistin, angiotensin II, and plasminogen activator inhibitor 1 [51]. Two subtypes of macrophages (M1
and  M2)  have  been  described  in  the  adipose  tissue  of  obese  people.  The  M1  subtype  secretes  pro-inflammatory
cytokines such as IL-1b, IL-6, TNF-α [52], iNOS and Reactive Oxygen Species (ROS) [40], which can interfere with
insulin  signaling  and  adipogenesis  in  adipocytes.  On  the  other  hand,  the  M2  subtype  produces  anti-inflammatory
cytokines such as IL-10 [52], IL1 receptor antagonists and arginase-1 [34]. They play a role in tissue remodeling and in
the protection against obesity induced insulin resistance [53]. In distinction to mice, the presence of M1 and M2 subsets
of macrophages has not been established in human, but rather a mix between M1 and M2 has been observed. In fact,
obesity causes a switch from M2 phenotype to M1 phenotype, thus contributing to insulin resistance in mice and human
[54]. Interestingly, inducing weight loss by exercise or even by bariatric surgery causes a decrease in the number of
adipose tissue macrophages along with a decrease in the pro-inflammatory markers in both the adipose tissue and in the
plasma [52]. In addition, it has been shown that the adaptive immune system also plays a role in the obesity associated
inflammatory  state,  whereby  the  early  infiltrating  lymphocytes  may  contribute  to  inflammation  by  activating  and
amplifying the number of adipose tissue macrophages [55]. In an animal model of obesity, a high number of cytotoxic
CD8+ cells has been observed to participate in the stimulation and recruitment of adipose tissue macrophages along
with the triggering of the pro-inflammatory cascades linked to insulin resistance [56]. Similar to the switch from the
anti-inflammatory  M2  macrophages  to  the  pro-inflammatory  M1  macrophages  in  obesity,  there  is  a  change  in  the
balance between the T helper 1 and T helper 17 lymphocytes, which are pro-inflammatory CD4+ cells, and the T helper
2 and regulatory T lymphocytes, which are anti-inflammatory CD4+ cells; causing the release of cytokines from the
recently  recruited  macrophages  [52].  Besides,  it  is  important  to  highlight  the  fact  that  the  switch  from  the  pro-
inflammatory macrophages M1 to the anti-inflammatory macrophages M2 is achieved through an AMPK dependent
mechanism [43, 57]. In addition, it  has been shown that obesity does not only reduce adiponectin levels but also it
decreases the expression of its receptors AdipoR1/R2. In ob/ob mice, a reduction in adiponectin associated AMPK is
observed  in  the  skeletal  muscle.  This  is  an  indicator  that  low  expression  of  AdipoR1  and  AdipoR2  in  obesity  is
connected with insulin resistance [43]. The increased levels of TNF-α from the dysfunctional adipose tissue in obesity
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might explain the negative association between visceral adiposity and adiponectin levels [50]. The oxidative stress, the
chronic  inflammatory  state  and  its  pro-inflammatory  cytokines,  along  with  the  infiltration  of  macrophages  and  the
release of ROS in adipose tissue of obese individuals, can cause the inhibition of adiponectin gene expression and thus
could be a reason behind the low adiponectin level in obesity [58]. Interestingly, based on the fact that adiponectin has
an anti-inflammatory role on endothelial cells and macrophages, therefore, the hypoadiponectinemia in obesity makes
the pro-inflammatory status worse, forming a vicious circle that lowers more the adiponectin [59].

8. INSULIN SIGNALING PATHWAY AND THE MECHANISM OF INSULIN RESISTANCE

The pancreas contains endocrine cells located in the Islets of Langerhans. They produce several hormones including
insulin, glucagon and somatostatin, which are important for the maintenance of euglycemia. Insulin is released from the
pancreas in response to the circulating increased glucose [60]. This hormone enhances the uptake of glucose in the
skeletal  muscles  and  adipose  tissue,  promotes  glycogen  storage  in  the  skeletal  muscle  and  liver,  inhibits
gluconeogenesis and glycogenolysis in the liver, and also boosts lipogenesis inside the hepatic and adipose cells, along
with the inhibition of lipolysis, therefore, preventing the release FFA’s from triacylglycerols [8]. At the molecular level,
when Insulin binds to its receptor, its tyrosine kinase is activated leading to the phosphorylation of its tyrosine residues.
This  step  is  followed  by  the  phosphorylation  of  tyrosine  residues  of  the  Insulin  Receptor  Substrates  (IRSs)  [61].
Phosphorylated  IRS1/2  cause  an  activation  of  two  signaling  pathways;  the  phosphatidylinositol  3-kinase  (PI3K)-
AKT/protein  kinase,  and  the  Ras-Mitogen-Activated  Protein  Kinase  (MAPK)  pathway  [8].  Akt  activation  plays  a
central  part  in  promoting  the  translocation  of  Glut4  and  the  synthesis  of  glycogen  [61].  On  the  other  hand,  the
mechanism of insulin resistance is characterized by an impairment in the insulin signaling pathway in the cells that are
responsive to insulin like the adipocytes, myocytes, hepatocytes and the -cells. After the establishment of the insulin
resistant state, many patients develop Beta cell failure, triggering the onset of Type 2 Diabetes Mellitus (T2DM) [15].
Many clues now suggest that obesity associated inflammation plays a key role in insulin resistance. TNF-α was the first
pro-inflammatory cytokine reported to be involved in the initiation and evolution of insulin resistance [51].Studies on
TNF-α  in  the  1990’s  demonstrated  that  when  treating  adipocytes  with  TNF-α,  the  insulin  signaling  is  disrupted,
specifically due to changes in the transcription of insulin receptor, IRS-1 and Glut4 [62]. TNF-α activates intracellular
kinases c-Jun N-Terminal Kinase (JNK) and IkB Kinase (IKK), leading to the phosphorylation of IRS on its ser-307
residues, to the suppression of insulin mediated phosphorylation of IRS-1 tyrosine residues, and the activation of its
downstream molecules [15]. In addition, TNF-α increases the expression of cytokine signaling 3 (SOCS3) suppressor
that mediates the ubiquitination of IRS1 and IRS2, therefore, interfering with insulin signaling [40]. Moreover, studies
using animal models demonstrated that increasing the TNF-α levels cause insulin resistance, and blocking the effects of
TNF-α using genetic or pharmacological methods improve the obesity associated insulin resistance [63]. These studies
clearly indicate that an inflammatory immune pathway may lead to the development of insulin resistance in obesity.

9. HYPOADIPONECTINEMIA RELATIONSHIP TO INSULIN RESISTANCE AND TYPE 2 DIABETES

Recent research revealed that adiponectin levels are associated with the presence of diabetes [64 - 69]. In fact, a
study in the Japanese population has shown that total and High Molecular Weight (HMW) adiponectin are negatively
correlated with the risk of type 2 diabetes, taking into consideration other confounding variables [64]. Moreover, other
studies supported the fact that diabetes risk is lower when adiponectin levels are higher [65], and adiponectin levels are
in an inverse relationship with the degree of adiposity, fasting plasma glucose and insulin levels [66]. Furthermore, a
nested case-control study showed that adiponectin levels were lower in newly diagnosed diabetics compared to controls.
Such findings indicate that adiponectin has an important role in the etiology of T2DM [32]. Furthermore, combined
studies do support the theory that adiponectin has an essential role in the development of T2DM. Lately, a few genes
linked to adiponectin levels have been recognized. Actually, a cohort study on three different ethnicities indicated that
multiple genetic loci  related to adiponectin levels have an impact on the risk of insulin resistance and T2DM [67].
Additionally, a diabetes locus has been identified on the chromosome 3q27, the chromosome where adiponectin gene is
present  [68].  Another  study  on  Japanese  patients  with  T2DM  and  non-diabetic  matched  controls  recognized  four
missense mutations in adiponectin globular domain gene. The I164T mutation was seen in higher frequency in diabetic
cases compared to control subjects. Subjects carrying this mutation exhibited some features of the metabolic syndrome
and their plasma adiponectin levels were lower than subjects free of this mutation [69]. Combining these findings, one
could postulate that alterations in the adiponectin gene that result in less secretion of adiponectin may constitute a cause
of the pathophysiology of T2DM.
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10. HYPOADIPONECTINEMIA LINKED TO CARDIOVASCULAR DISEASES

The dysfunctional adipose tissue in obesity causes an activation of the renin angiotensin aldosterone system, which
is an important player in modulating blood pressure in obesity [70]. It has been demonstrated that in obesity, there is a
prominent angiotensin II (AngII) release from the abdominal subcutaneous adipose tissue. Angiotensinogen (AGT),
renin,  and Angiotensin  Converting Enzyme (ACE) were  demonstrated in  the  components  of  adipose  tissue in  both
animals and humans [71]. Comparing obese with lean individuals, the levels of renin, AGT, and ACE activities were
higher in the obese and decreased after weight loss. Such changes correlated with changes in systolic blood pressure and
incidence of hypertension [72]. Another explanation of the increased blood pressure in obesity is that excess weight
gain can be accompanied with sodium retention and an increase in the volume of extracellular fluid. Such changes can
activate the sympathetic nervous system, along with insufficient suppression of the renin-angiotensin-system [73]. On
the other hand, some studies have shown that patients with high blood pressure have lower levels of adiponectin than
normotensive individuals, and adiponectin levels were negatively correlated with blood pressure [74]. Other studies,
focusing on the relationship between low adiponectin levels and body mass index in the development of hypertension,
demonstrated  that  low adiponectin  is  an  independent  risk  factor  for  developing hypertension [75].  It  has  also  been
shown that obese men with low adiponectin levels had a higher risk of developing hypertension when compared to
other obese men with high adiponectin levels. However, the etiology of how low adiponectin could induce hypertension
is unclear. As adiponectin induces fatty acid oxidation, the high levels of FFA’s in obesity could play a role through the
activation of the sympathetic nervous system. Moreover, because adiponectin has anti-oxidative and anti-inflammatory
roles,  a  low adiponectin may increase the risk of developing hypertension by inducing oxidative and inflammatory
injuries to the vessels [73]; by inflicting a dysfunctional endothelium mediated vasoreactivity [50]. Furthermore, it is
well established that endothelial cell dysfunction is an important event in the pathophysiology of atherosclerosis, plaque
disruption and thrombosis. Endothelial cell dysfunction can be initiated by high glucose, angiotensin II and oxidized
low-density lipoprotein, also by impaired activity of Nitric Oxide Synthase (eNOS). It is documented that adiponectin
counters the effect of angiotensin II on the endothelial cells and prevents their apoptosis by increasing the association
between eNOS and heat shock protein 90 (HSP90) [76]. Besides, it is pertinent to know that AngII has an important
role in the pathogenesis of hypertension and atherosclerosis. Several studies suggested that AngII can cause insulin
resistance. In fact, hypertensive subjects and animal models treated with angiotensin I converting enzyme inhibitors
showed an improvement in insulin resistance [77].  Similar results were obtained using AII type 1 receptor (AT1R)
blocker [78]. It has been demonstrated that insulin mediated glucose uptake was disrupted in normal rats after 14 days
of  administering a  specific  dosage of  AngII,  probably leading the  authors  to  hypothesize  that  AngII  causes  insulin
resistance at the intra cellular level, in line a direct decrease in adiponectin levels was observed [79]. Further studies
conducted by Furuhashi et al.  showed that adiponectin concentrations increased along with improvement in insulin
resistance after treatment with AT1R blocker, an angiotensin I converting enzyme inhibitor in patients with essential
hypertension [80]. Another study by Kumada et al. has shown that hypoadiponectinemia is an independent risk factor
for  Coronary  Artery  Disease  (CAD)  in  men  after  adjusting  for  CAD risk  factors  [48].  Taken  all  together,  one  can
conclude  that  AngII  in  obesity  can  reduce  adiponectin  levels,  raise  blood  pressure,  and  increase  the  risk  of
atherosclerosis.  The  subsequent  hypoadiponectinemia  causes  insulin  resistance  and  can  also  contribute  to  the
development  of  hypertension  and  atherosclerosis.

11. ADIPONECTIN AND CHRONIC KIDNEY DISEASE

As illustrated in this text, adiponectin plays a significant role in reducing cardiovascular risk, decreasing insulin
resistance, enhancing skeletal muscle glucose uptake and suppressing hepatic glucose production. It has, as well, an
anti-inflammatory effect and may play a role in decreasing apoptosis and proliferation in cancer cells [81]. Furthermore,
high adiponectin levels have been shown to be inversely related to obesity and associated with reduced cardiovascular
risk. Yet, a unique situation prevails in Chronic Kidney Disease (CKD) whereby a high cardiovascular risk persists
despite an elevated adiponectin level [82]. Although felt to be elevated because of a low renal clearance, the level of
adiponectin  in  CKD  is  more  complex,  thus  involving  a  decrease  of  fat  mass  in  CKD  and  an  increase  of  reactive
oxidative  species  (due  to  inflammation)  with  consequent  down  regulation  of  gene  expression  [83].In  addition,
adiponectin has been studied in relation to microalbuminuria in non-diabetic hypertensive patients and in diabetes type
2. It was found that adiponectin is inversely related to the rate of excretion of microalbuminuria without prediction on
the decrease in Glomerular Filtration Rate (GFR) [84, 85]. Indeed, detailed experimental studies in mice have shown
that  Knockout  mice  for  adiponectin  showed  podocytes  effacement  and  microalbuminuria  that  resolved  easily  after
adiponectin  replacement  [86].  Tsigalou  et  al.  have  shown  that  obesity  or  malnutrition  is  the  driving  force  for
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hyperadiponectinemia in hemodialysis patients and is linked to increased mortality [87]. Furthermore, the high level in
hemodialysis patients has been correlated with a decrease of low mineral density, concluding that adiponectin may play
a  role  in  low  bone  resorption  in  End  Stage  Renal  Disease  patients  [88].Paradoxically  there  was  an  increase  in
adiponectin level with severity of disease and progression of T1DM, postulated to be due to an increase in oxidative
stress. A feedback due to an elevated adiponectin may be needed to decrease the reactive oxidative stress and NADPH
oxidase activity [89].

12. THERAPEUTIC CONSIDERATIONS

As adiponectin is an important player in metabolic and cardiovascular balance, it is believed that it can be used in
the management of diabetes, metabolic syndrome and cardio-vascular diseases. However, it is important to know that
adiponectin itself cannot be used orally because it is mainly a protein which can be degraded by the digestive enzymes,
therefore, it will not be able to reach the blood stream [29]. It is believed that there are means to increase the levels of
adiponectin, either by increasing its gene expression or by using a mimicker protein [90]. Thiazolidinediones (TZDs)
are common insulin sensitizing drugs used in the management of type 2 diabetes. They are ligands of a nuclear receptor
found mainly in adipose tissue and called Peroxisome Proliferator Activated Receptor (PPAR)-gamma. PPAR-gamma
controls  the expression of  genes involved in adipocyte differentiation resulting in smaller  adipocytes that  are more
sensitive to insulin, in addition to other genes that mediate the normal balance of glucose and lipids; thus, decreasing
the levels of free fatty acids [91, 92]. Clinical trials studied the effects of TZDs treatment. They showed that in fasting
plasma glucose, insulin levels became lower after the administration of TZDs along with an improvement in insulin
sensitivity  in  diabetics  and  an  increased  in  adiponectin  plasma  levels  and  its  mRNA  expression  by  activating  the
promotor  of  adiponectin gene.  TZDs also interfered with TNF- suppressive effect  on adiponectin production;  thus,
TZDs by increasing adiponectin levels might have a preventive role against atherosclerosis [93, 94]. Another way to
modulate adiponectin actions is by the production of an agonist acting on its receptors. A study that investigated the
presence of small molecules that can act on adiponectin receptor has revealed a small molecule named AdipoRon. The
administration of  this  agent  resulted in  enhanced phosphorylation of  AMPK in muscle  and liver,  decreased fasting
plasma glucose and plasma insulin levels along with an increased rate of fatty acid oxidation leading to decreased levels
of  plasma  FFA’s  and  triglycerides  [94].  These  findings  strongly  indicate  an  improvement  in  insulin  sensitivity.
Furthermore, AdipoRon significantly attenuated oxidative stress markers and reduced the degree of inflammation in the
White  Adipose  Tissue  (WAT).  These  effects  were  not  observed  in  adiponectin  receptors  knockout  mice,  a  finding
strongly indicates that AdipoRon acts on AdipoRs. Therefore, adiponectin agonists like AdipoRon could be a possible
therapeutic agent in the management of T2DM [95]. The structural composition of AdipoR1 and AdipoR2 should be
profoundly investigated in order to optimize AdipoR agonists. Recently, anti-AdipoR antibodies were produced and
were able to identify the composition of AdipoRs, and the subsequent crystals obtained from this binding. They also
helped in the identification of the crystal structures of AdipoR1 and AdipoR2 [96]. Gaining more insight about their
structure gives us a major opportunity to optimize the AdipoR agonist “AdipoRon” and shifts its use as an important
class of medication in the management of diabetes [97]. Thus, the adiponectin and its receptors are important targets in
the management of obesity linked insulin resistance [98]. Lately, the role of Lactobacillus rhamnosus GG (LGG), a
probiotic, in modulating adiponectin levels was elicited; thus indicating the possible role of using the gut microbiota as
a target in the treatment of obesity related disorders. A study using animal models showed that oral administration of
LGG into mice fed with a specific high fat diet led to an improvement in insulin sensitivity and a decrease in body
weight compared to mice fed with a normal diet [99]. A decrease in gluconeogenesis was observed as a result of a
suppression of  G6Pase and PEPCK expression along with an upregulation of  PPAR-a,  therefore,  glucose and lipid
metabolism  were  improved.  An  activation  of  AMPK  in  skeletal  muscle  and  in  the  adipose  tissues  was  observed.
Furthermore, higher expression of GLUT4 mRNA in skeletal muscle and adiponectin release from the adipose tissue
were detected [100].

CONCLUSION

In summary, low adiponectin levels are linked to many metabolic and cardiovascular complications. As obesity is
the most common leading cause of insulin resistance, it is a link to many disease entities like T2DM, dyslipidemia,
hypertension and atherosclerosis. Although it is confirmed that adiponectin is lower in obese subjects, this might be a
clue to the development of obesity-a worldwide health epidemic- related problems. It is also observed that adiponectin
can be low in these diseases, when taken solely, regardless of the presence of obesity. By observing the important role
of this cytokine and understanding its normal function, it is imperative to target its levels with a specific therapeutic
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approach and be able to raise its concentrations, which might play role in the management and the prevention of these
devastating diseases.
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