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Adiponectin, the most abundant secreted adipokine, has received great attention from the scientific
community since its discovery [1]. The huge number of studies is justified by the insulin-sensitizing
role and the beneficial effects of adiponectin in diabetic conditions [2,3]. Over the years, a large body
of evidence has supported a pleiotropic role of the hormone in different tissues in which it influences
varied physiological aspects both in healthy and in diseased conditions.

This Special Issue, entitled “Mechanisms of Adiponectin Action”, shows the pleiotropic role of
adiponectin by presenting three research articles and seven reviews focused on recent findings about
adiponectin in different target tissues. The Special Issue contains two reviews about adiponectin in
skeletal muscle, a classical adiponectin target tissue, in which the hormone affects both metabolic [4]
and regenerative properties [5]. Krause et al. report a close relationship between physical exercise and
expression and circulating levels of adiponectin in both healthy and diseased population. Indeed, a
higher adiponectin level is associated with greater physical activity, while some conditions, such as
inactive obese, pre-diabetic, and diabetic patients, are characterized by decreased adiponectin levels.
The restoration of proper adiponectin levels can be achieved with physical exercise, and this leads to
increased insulin sensitivity [6]. Gamberi et al. discusses the current knowledge about adiponectin in
myopathies (both non-inherited/acquired and inherited myopathies). The paper reports that some
myopathies (as Duchenne muscular dystrophy and collagen VI-related myopathies) are characterized
by a decreased circulating adiponectin level and that hormone replenishment induces beneficial effects
in the diseased muscles [7]. Studies about the involvement of adiponectin in cancer have been growing
in the last years. Parida et al. report how obesity and adiposity are closely related to cancer progression
in several types of tumors (such as liver, pancreatic, prostate, and colorectal cancers). Obesity acts
by dysregulating adipokine production, leading to the upregulation of oncogenic adipokines, such
as leptin, and the downregulation of adiponectin, which plays a protective role in obesity-associated
cancers [8]. About the relationship between obesity and cancer, Gelsomino et al. describe the role of
adiponectin in the onset of obesity-associated female cancers (such as cervical, ovarian, endometrial, and
breast cancers), reporting that adiponectin exerts anti-proliferative actions in some female cancers [9].
Barbe et al. report an overview of the expression levels and signaling pathways of adiponectin in
male and female reproductive tract, from gametogenesis to embryo implantation and embryonal
development. In addition, the authors describe some diseases associated with infertility, characterized
by altered adiponectin levels (such as polycystic ovary syndrome, ovarian and endometrial cancers,
endometriosis, gestational diseases, preeclampsia, and foetal growth restriction) [10]. Smolinska
et al. report a research article describing a comparative transcriptomic study performed in control
and adiponectin-treated endometrial tissues isolated from 15- to 16-day-pregnant pigs. The findings
evidence that adiponectin affects processes important for reproductive success, such as cell proliferation,
cell adhesion, and synthesis of steroids, prostaglandins, and cytokines [11]. The anti-atherogenic role
of adiponectin has been widely recognized. Yanai et al. illustrate the mechanisms underlying the
anti-atherogenic role of the hormone, describing methods (such as weight loss, exercise, administration
of nutritional factors and anti-diabetic drugs) leading to the rise of circulating adiponectin, which have
been proven to have protective effects against atherosclerotic progression [12]. A role of adiponectin
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in the mitigation of renal injury due to diabetes has been proposed. Kim et al. highlight recent
advances about adiponectin and kidney diseases, describing adiponectin signaling pathways in healthy
and disease conditions. In particular, the review discusses the possible strategies for upregulating
adiponectin and adiponectin receptors and the possible use of the receptor agonist AdipoRon in
the amelioration of overt diabetic kidney disease [13]. Furthermore, this Special Issue contains two
research articles regarding adiponectin involvement in human follicular dermal papilla cells and
the interaction of adiponectin with nerve growth factor β (NGFβ) and secreted protein acidic and
rich in cysteine (SPARC). Park et al. report that kojyl cinnamate ester derivatives and Seletinoid G
promote adiponectin secretion by human follicular dermal papilla cells. In addition, cell medium
containing secreted adiponectin induces the expression of hair growth-related factors, thus suggesting
an involvement of the hormone in the promotion of hair growth in humans [14]. Finally, Okura et al.
investigate the interaction between adiponectin and NGFβ and SPARC. Surface plasmon resonance
analysis demonstrated a physical interaction between adiponectin and NGFβ, and this interaction was
confirmed in neuronal cultured PC12 cells [15].

Collectively, the papers reported in this Special Issue reinforce the idea that adiponectin plays an
important role at the systemic level and that hypoadiponectinemia is associated with many diseases.
The exogenous administration of adiponectin has often beneficial effects in diseased tissues, suggesting
that the planning of new drugs able to activate adiponectin signaling could be a new tool for the
amelioration of several pathologies.
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Abstract: Adiponectin regulates metabolism through blood glucose control and fatty acid oxidation,
partly mediated by downstream effects of adiponectin signaling in skeletal muscle. More recently,
skeletal muscle has been identified as a source of adiponectin expression, fueling interest in the role
of adiponectin as both a circulating adipokine and a locally expressed paracrine/autocrine factor.
In addition to being metabolically responsive, skeletal muscle functional capacity, calcium handling,
growth and maintenance, regenerative capacity, and susceptibility to chronic inflammation are all
strongly influenced by adiponectin stimulation. Furthermore, physical exercise has clear links to
adiponectin expression and circulating concentrations in healthy and diseased populations. Greater
physical activity is generally related to higher adiponectin expression while lower adiponectin levels
are found in inactive obese, pre-diabetic, and diabetic populations. Exercise training typically restores
plasma adiponectin and is associated with improved insulin sensitivity. Thus, the role of adiponectin
signaling in skeletal muscle has expanded beyond that of a metabolic regulator to include several
aspects of skeletal muscle function and maintenance critical to muscle health, many of which are
responsive to, and mediated by, physical exercise.

Keywords: skeletal muscle; regeneration; adiponectin isoforms; exercise; training

1. Introduction

Since the discovery of adiponectin over 20 years ago [1], nearly 20,000 scientific articles have been
published on this adipokine; reflecting an intense interest from the scientific community. Although
originally identified as an adipose tissue secreted protein, adiponectin is now known to be expressed
by multiple tissues including skeletal muscle. In conjunction with other canonical metabolic hormones
(e.g., insulin, leptin, etc.), adiponectin helps to regulate metabolism through blood glucose control
and fatty acid oxidation [2–5]. Despite being expressed and secreted by adipocytes, obesity-associated
metabolic disorders such as insulin resistance and type 2 diabetes (T2D) are inversely related to
adiponectin levels (i.e., circulating adiponectin decreases despite greater fat mass) [5,6]. Furthermore,
low adiponectin levels are related to an increased rate of progression of diabetic complications such
as nephropathy, retinopathy, and cardiomyopathy [7]. Thus, much of the research focus has been on
elucidating the mechanistic roles played by adiponectin in regulating metabolism across multiple
tissues, and how its expression is regulated under normal and pathophysiological circumstances. More
recently, other physiological roles of adiponectin have emerged, including that skeletal muscle both
expresses and is sensitive to adiponectin. Consequently, the purpose of this review is to highlight the
physiological roles of adiponectin in skeletal muscle and the pathophysiology related to dysregulated
adiponectin expression. Given the potency of regular physical exercise to improve metabolic control,

Int. J. Mol. Sci. 2019, 20, 1528; doi:10.3390/ijms20071528 www.mdpi.com/journal/ijms4
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this review will also examine how adiponectin expression is altered by exercise and whether benefits
of exercise are mediated, at least in part, by the actions of adiponectin.

2. Expression and Post-Translational Modification of Adiponectin

Well over 200 proteins are reported to be expressed and secreted by human adipocytes, one of
which is adiponectin (also referred to as adipocyte complement-related protein of 30 kDa [Acrp30],
Adipocyte, C1q, and collagen domain-containing protein [ACDC], or Adipose most abundant gene
transcript 1 protein [apM-1]) [8]. Originally, expression and release of adiponectin into the circulation was
thought to be restricted to adipose tissue [1], however, it is now established that adiponectin is produced
and secreted from a number of cell types, including skeletal and cardiac muscles [9–16]. Adiponectin is
part of a large family of secreted protein hormones, the C1q TNFα Related Proteins (CTRP), many of
which have overlapping biological functions [17]. At least eight isoforms of adiponectin exist following
post-translational modifications of the initial gene product [18]. In the plasma, adiponectin exists as
low molecular weight trimers (LMW) that can associate with one another to form middle molecular
weight hexamers and high molecular weight (HMW) multimers of various sizes [19] (Figure 1), while
the adiponectin monomer is not detected in the circulation. These post-translational modifications
and associations impact the stability and biological activity of adiponectin in the circulation [18,19].
Indeed, HMW adiponectin has been shown to have a greater predictive power for insulin resistance
than total plasma adiponectin [20]. Adiponectin is one of the most abundant adipokines in the plasma,
circulating in the range of approximately 5 to 30 μg/mL with a half-life of 13 and 17.5 h for the
HMW and low molecular weight isoforms, respectively [21]. This expression level is approximately
0.05% of total serum protein content. In comparison, other notable adipokines have been reported
in the ng/mL scale. For example, leptin and plasminogen activator inhibitor (PAI)-1, range between
1 to 200 ng/mL [22,23] and 15 to 550 ng/mL [24], respectively.

Through proteolytic cleavage, adiponectin can also exist as globular adiponectin (gAd; Figure 1)
and reports suggest that, although it is expressed at very low levels, gAd displays biological activities
that are distinct from the properties of the full-length adiponectin protein [25–28]. Throughout the
remainder of the review, the isoform of adiponectin (globular, trimeric, hexameric, or HMW) will be
indicated where possible. However, a major limitation in how the findings of adiponectin studies
are interpreted is that the adiponectin isoform is often not delineated, possibly due to the reliance on
pan-adiponectin antibodies for detection.

The secretion, stability, and signaling function/potency of adiponectin is dependent not only
on multimeric conformation, but how adiponectin is post-translationally modified. Adiponectin
shares structural similarities with some collagen types and, similar to collagen, is glycosylated and
hydroxylated as part of its post-translational modification [18,29,30]. Trimeric (LMW) adiponectin is
stabilized by interactions of the collagenous domains, while the hexameric and HMW forms further
require disulfide bond formation between cysteine residues [29,30]. Quenching of available cysteine
residues (through excessive fumarate causing succination of cysteine) prevents the post-translational
modifications necessary to produce competent hexamers and HMW adiponectin in type 2, but not
type 1, diabetic rodents [31–33]. Succination is a post-translational modification for many proteins
and appears to be upregulated in obese and diabetic rodents in multiple tissues including skeletal
muscle [33]. Consequently, it is likely that adiponectin expressed by tissues other than adipose is
similarly affected by excessive fumarate. The half-life of circulating adiponectin also appears to
be dependent on post-translational modification. Consistent across species [34], adiponectin has
been demonstrated to be modified by the addition of sialic acid to O-linked glycans (referred to as
sialylation) and the desialylation of adiponectin results in accelerated clearance of adiponectin from
the circulation [35].
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Figure 1. Proposed relationships between adiponectin, exercise, and skeletal muscle function. Multiple
isoforms including the proteolytically cleaved globular isoform signal to tissue including skeletal
muscle, satellite cells, myoblasts, and differentiated myotubes. Physical exercise generally stimulates
increases in adiponectin expression and signaling. Skeletal muscle health is ultimately improved with
sufficient adiponectin signaling via improved cellular functions such as autophagy and regeneration
and suppression of inflammation, endoplasmic reticulum (ER) stress, and proteolysis. Solid arrows
represent relationships, effects, or interactions that are clearly defined in the literature. Broken arrows
with “?” represent relationships, effects, or interactions that are not clearly defined in the literature.

Adiponectin expression follows a circadian rhythm, with circulating concentrations peaking in
the early afternoon [36,37], although the impact of this rhythm is not well understood. Obesity and
the progression from insulin resistance to diabetes has been linked to disruptions in circadian rhythm
stemming from a cycle of disrupted sleep and poor eating habits. A potential link between disrupted
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circadian rhythms and metabolic disease progression is the disruption of rhythmic adiponectin
expression and signaling. For example, mice switched from a normal diet to a high fat diet (to induce
obesity and insulin resistance) caused a phase delay and general decrease in adiponectin expression,
as well as phase delays in adiponectin receptor mRNA peaks [38], similar to observations of obese,
diabetic KK-A(y) mice [39]. Conversely, mice with disrupted expression of circadian rhythm regulators
(Bmal1 and Clock) exhibited an increase in adiponectin expression [40,41]. Interestingly, mice that
were subjected to repeated weight cycling demonstrated disrupted expression of several clock genes
with no significant alteration to plasma adiponectin despite increased adiposity [42]. Clearly, this
potential relationship between circadian rhythms, adiponectin expression, and metabolic diseases is of
tremendous importance and requires further attention.

3. Adiponectin Effects in Skeletal Muscle

3.1. Muscle Function and Calcium Handling

There is little evidence of a direct relationship between adiponectin and skeletal muscle contractile
capacity, and the studies inferring such a relationship are limited. While adiponectin KO mice displayed
a reduction in peak force [13], adiponectin receptor 1 (AdipoR1) KO mice displayed poor capacity for
endurance exercise and a decreased type I fiber percentage but were not tested for peak force [43]. In
contrast, a study of young and elderly BMI- and physical activity habit-matched males and females
reported no correlation between adiponectin levels and contractile force output [44].

Despite scattered evidence of an effect on contractile force, adiponectin does appear to regulate
intramyocellular calcium concentration; important in dictating the contractile force output in muscle.
For example, adding adiponectin to the culture media of differentiated C2C12 myotubes resulted in a
rapid increase in intracellular calcium, an effect that is abolished by siRNA knockdown of AdipoR1 [43],
while a similar effect is also observed in C2C12 myoblasts [45]. These studies offer evidence that the
adiponectin-mediated calcium influx is mediated both by calcium from sarcoplasmic reticulum stores
and the extracellular space [43,45]. Given that intramyocellular calcium modulates contractile force
output, myosin light chain phosphorylation state, and a multitude of gene expression responses [46],
adiponectin likely plays a role in calcium-mediated events in skeletal muscle, assuming that cellular
observations translate in vivo. Indeed, an adiponectin-induced increase in myocellular calcium has
been linked to activation of calmodulin-kinase activation and transcription of PGC-1α [43,45]. Further,
adiponectin has recently been shown to influence calcium transients in cardiomyocytes through
the regulation of sarcoplasmic reticulum calcium ATPase (SERCA) function [47], thereby presenting
another method by which adiponectin may be linked to contractile function through calcium handling.

In both human and animal models of diabetes, reduced skeletal muscle contractile capacity is
typically observed, however, a unified mechanism for this reduction remains elusive [13,48–50]. A
recent study using a high-fat diet (HFD) rat model to induce diabetes (but also characterized by low
adiponectin expression) found reduced peak twitch and tetanic force and a prolonged half-relaxation
time, in addition to reduced SERCA gene expression in the gastrocnemius [51]. However, HFD rats
treated with adiponectin transfection in one gastrocnemius saw partial restoration of force production,
attributable to the restoration of SERCA expression. Further, exercise training had a similar effect on
restoring SERCA expression and contractile parameters, although it is noteworthy that adiponectin
transfection in combination with exercise training did not have a synergistic effect [51]. The observation
of reduced muscle function is in agreement with previous studies on the effect of a HFD [49] or
adiponectin-KO [13]. Consequently, we speculate that adiponectin has limited acute effects on muscle
contraction, but that chronic muscle adiponectin signaling, or lack thereof, in diabetic or adiponectin
KO models leads to changes in calcium handling, and thus influences contractile capacity via both
calcium availability and changes in gene expression.
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3.2. Muscle Development, Growth, Maintenance, and Aging

Adiponectin appears to play a role in regulating muscle mass, with recent mechanistic studies
demonstrating it as a critical signal for muscle regeneration and suppression of proteolysis [25,52–58].
Epidemiological studies support the idea that adiponectin aids in the development and maintenance
of muscle mass. For example, adiponectin was recently implicated in a study of adolescent idiopathic
scoliosis (AIS), a common form of spinal deformity [59]. It is thought that unequal bilateral
development of the paravertebral muscles leads to the development of lateral curvatures of the
spine. Muscle samples of paravertebral muscles from the concave (more developed) and convex sides
of AIS were analyzed via RNAseq. Interestingly, among other genes, adiponectin expression was
found to be high on the concave side relative to the convex side [59], suggesting that this imbalance is
related to unequal rates of paravertebral development.

Similarly, there is evidence that adiponectin provides a protective effect in muscle wasting
conditions. Muscle wasting in sarcopenia is associated with aging and is driven by multiple
factors including motor neuron degeneration and hormonal changes. Adiponectin was found to
be significantly decreased in sarcopenic compared to non-sarcopenic adults [60]. However, in
another study, young and elderly (non-sarcopenic) participants matched for physical activity habits
demonstrated no difference in muscle mass or circulating adiponectin levels [44]. It is worth noting
that in a study of young vs old mice, adiponectin expression was markedly higher in old EDL muscle
compared to young, but AdipoR2 was not expressed as highly in old compared to young muscle [61],
suggesting that disrupted adiponectin signaling, rather than adiponectin levels, may be problematic in
some cases.

Together, these finding are surprisingly at odds with other studies suggesting that higher
adiponectin levels drive muscle wasting. Adiponectin levels were found to be significantly elevated in
sarcopenic males with cardiovascular disease (CVD) compared to non-sarcopenic, CVD controls [62].
Furthermore, adiponectin levels negatively correlated with functional measures such as grip strength
and gait speed [62]. A similar negative relationship between adiponectin and muscle function has
been demonstrated in other studies examining middle aged and elderly people with and without
CVD [63–65]. As well, in a study of spinal and bulbar muscular atrophy patients, circulating
adiponectin levels were found to be higher compared to age-matched healthy control participants,
although circulating adiponectin levels did not significantly correlate with a composite muscle
function score [66]. These epidemiological studies are supported by an in vitro study that manipulated
adiponectin signaling with the use of AdipoRon [61], a small molecule agonist of AdipoR1 and R2 [67].
AdipoRon treatment reduced protein content and newly-formed myotube size in C2C12 cells, while
reducing muscle fiber size in mouse plantaris muscle [61]. Given the well-defined role of adiponectin as
an activator of adenosine monophosphate-activated protein kinase (AMPK) [4,68] and AMPK activity
inhibits the mammalian target of rapamycin (mTOR) [69], perhaps it should not be surprising that
elevated adiponectin signaling would negatively correlate with muscle mass/function. We speculate
that there is a certain healthy range of adiponectin concentrations and/or signaling and significant
deviations below or above that range is pathological. Further study is required to resolve these
apparently opposing roles of adiponectin in the regulation of muscle mass in health and various
disease states.

3.3. Skeletal Muscle Regeneration and Adaptive Capacity

Early studies by Fiaschi et al. provided evidence for the impact of adiponectin on skeletal
muscle regeneration. This group first reported that proliferating skeletal muscle cells responded to
the globular isoform of adiponectin by exiting the cell cycle, committing to the myogenic lineage, and
driving differentiation [52]. This response appeared to be mediated through redox signaling since
treatment with the ROS scavenger, N-acetyl cysteine (NAC), blunted the adiponectin-induced muscle
differentiation [52]. A follow-up study demonstrated that satellite cells isolated from murine tibialis
anterior muscles were sensitive to both full-length and globular adiponectin, though the latter induced
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a greater motility in satellite cells and encouraged expression of matrix metalloproteinase (MMP)-2,
both key components of muscle regeneration [25]. In that study, it was also demonstrated that activated
macrophages cleaved full-length adiponectin into the globular form, helping to stimulate satellite
cells via p38 mitogen-activated protein kinase (MAPK) activation and serving as a chemoattractant for
further macrophage numbers [25]. An earlier in vitro study had demonstrated that the monocyte cell
line THP-1 cleaved full-length adiponectin into globular adiponectin whereas Fao hepatocytes, 3T3-L1
adipocytes, and L6 myocytes did not [28], consistent with the work of Fiaschi et al. [25].

Interestingly, recent work using the adiponectin knockout mouse model and adenovirally-mediated
adiponectin overexpression was unable to significantly affect skeletal muscle regeneration when
compared to wild-type mice [58]. However, (adenovirally-mediated) adiponectin overexpression was
capable of improving muscle regeneration in both adiponectin knockout mice and in angiotensin II
infused mice (to mimic chronic heart failure condition or aging conditions) [58], suggesting that while
adiponectin may not be a primary mediator of skeletal muscle regeneration, its presence or absence
can significantly affect the regenerative process. Consistent with this hypothesis, the ability of exercise
training to restore regenerative capacity and contractile function in SAMP10 mouse skeletal muscle (a
model of accelerated senescence) was nullified when the animals concurrently received adiponectin
antibody treatment to lower available circulating adiponectin [56]. Interestingly, the spiny mouse
Acomys cahirinus, notable for its exceptional skeletal muscle regenerative capacity, expresses ~2.5-fold
greater adiponectin in regenerating muscle compared to that of a C57Bl6 mouse counterpart [70], again
suggesting the importance of adiponectin to the regeneration process.

Beyond muscle regeneration, skeletal muscle is also highly adaptable to changes in load
bearing (e.g., hypertrophy in response to chronic load bearing; atrophy in response to unloading).
Exercise-trained SAMP10 mice demonstrated increased grip strength and muscle mass which as
abrogated by anti-adiponectin antibody treatment [56], suggesting adiponectin plays a role in
mediating the hypertrophic response to exercise, though it should be noted that endurance exercise
was the mode of training in this study. To the best of our knowledge, no study has yet to test the
necessity of adiponectin for the hypertrophic response to resistance exercise. Based on these data, it
could be speculated that adiponectin is required for hypertrophy, although such speculation is at odds
with its role of activating AMPK and therefore suppressing mTOR activity.

Skeletal muscle expression of adiponectin, its receptors AdipoR1 and R2, and the adaptor protein
APPL1 are required to relay the adiponectin signal to the cell interior [71] and the state of load bearing
in skeletal muscle dictates the level of expression of these proteins. When overloaded via synergist
ablation, mouse soleus fibers increase expression of adiponectin, both adiponectin receptors (AdipoR1
and R2), and APPL1, similar to what occurs in myoblasts as they differentiate and become myotubes
in vitro [55]. Conversely, after 2 weeks of hindlimb suspension, soleus AdipoR1 expression was
reduced, but not adiponectin, AdipoR2, or APPL1. Upon resumption of normal ambulation patterns,
soleus AdipoR1, adiponectin, and APPL1 significantly increased [55]. The importance of adiponectin
in suppressing muscle atrophy has also been directly demonstrated. Using C2C12 cells, treatment with
either globular adiponectin or with glucopyranosyl tetrahydroxydihydroflavonol (GTDF), a mimetic of
globular adiponectin, stimulated cell differentiation [57]. Furthermore, GTDF or adiponectin protected
against dexamethasone-induced expression of atrogin-1 and MuRF1 (the atrogenes), key genes of
the proteolytic pathway which is highly active during muscle atrophy. This effect was consistent in
rat gastrocnemius in vivo and prevented atrophy [57]. Low expression of adiponectin and elevated
expression of the atrogenes was also noted in a study of cachexia in tumour-bearing mice [72]. Thus,
muscle expression of adiponectin, its receptors, and associated adapter protein are sensitive to the
state of loading and play a role in minimizing proteolysis. We speculate that adiponectin signaling is
altered as a mechanism serving to carry out processes related to hypertrophy and atrophy (Figure 1).
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3.4. Dystrophy and Inflammation

Adiponectin attenuates inflammatory signaling [73] and has recently been demonstrated to
reduce degeneration of muscle in muscular dystrophy. Crossing adiponectin null mice with mdx
mice (a murine model of muscular dystrophy), mdx/adiponectin-null mice were generated [74].
Without adiponectin, muscle contractile force was worsened compared to mdx mice, coinciding with
higher levels of markers of muscle damage (e.g., plasma creatine kinase, pervading Evans Blue Dye).
Restoring adiponectin levels via local gene electrotransfer resulted in reduced markers of inflammation
(TNFα, IL-1β, CD68), greater expression of markers of regeneration (Mrf4, myogenin, Myh3,
Myh7), and morphological improvements (larger muscle fibers, decreased inflammation and ECM in
between fibers). Using adiponectin overexpression in mdx mice, similar improvements (i.e., reduced
inflammation, greater expression of myogenic markers, morphological and functional improvements)
were observed [75]. Furthermore, treating mdx mice with adiponectin reduced the expression of the
Nlrp3 inflammasome, a caspase complex responsible for activating inflammatory cytokines IL-1β
and IL-18 [76], providing a potential link between adiponectin and reduced inflammation in skeletal
muscle. Importantly, adiponectin treatment of myoblasts isolated from Duchenne Muscular Dystrophy
(DMD) patients and cultured into myotubes demonstrated similar results to rodent studies. Analysis
of the secretome of DMD-myotubes treated with adiponectin revealed that expression of several
inflammatory cytokines (TNFα, IL-17A, and CCL28) was repressed while expression of utrophin
was increased [77]. Further, it was recently demonstrated that mesoangioblasts were capable of
fusing with dystrophic muscle in vivo under the influence of exogenous adiponectin treatment [53].
This is important because treatment of dystrophic muscle with myogenic cells expressing competent
dystrophin would ideally result in the replacement of the defective dystrophin gene. If adiponectin
can help in these regards, support for adiponectin as an adjunct in novel treatments against muscular
dystrophy and associated inflammation is warranted.

3.5. Regulation of Autophagy

Reductions in adiponectin and/or adiponectin signaling could be mediating deleterious effects
on skeletal muscle through decreased stimulation of autophagy. Recently, it was demonstrated that
insulin resistant L6 skeletal muscle cells have insulin sensitivity restored with adiponectin exposure [78].
Interestingly, this effect of adiponectin was mediated through restoration of autophagy and reduction
of ER stress, an effect also captured by rapamycin treatment but lost in Atg5-dominant negative cells
that are autophagy-deficient [78]. Activation of autophagy in response to adiponectin (in this case,
globular adiponectin) has also been demonstrated in C2C12 cells, promoting myoblast survival and
suppressing apoptosis [54]. Furthermore, skeletal muscle from adiponectin KO mice displayed reduced
expression of LC3 and beclin-I, key markers of autophagy, as well as histological markers of myopathy
(i.e., centrally located nuclei, accentuated fiber cross-sectional area heterogeneity, necrotic fibers) [54].
Interestingly, high fat diet-induced obesity stimulated autophagy, an effect lost in adiponectin-KO
mice and restored with adiponectin treatment [79].

3.6. Adiponectin Mimetics and Related Proteins

Adiponectin mimetics and related proteins share effects on skeletal muscle similar to those
of adiponectin itself. GTDF [57,80] and AdipoRon [67,81] are agonists of the AdipoR and have
already been described earlier in this review. Evidence is accumulating that proteins closely related
to adiponectin may also play similar roles in skeletal muscle. The C1q/TNF-related protein (CTRP)
family has 16 identified family members including adiponectin, many of which form multimeric
complexes and have biological functions similar to adiponectin [17]. CTRP3 in particular, is notable
due to its positive effect on glucose homeostasis and anti-inflammatory functions [17]. Recently,
CTRP3 was demonstrated to be expressed by embryonic skeletal muscle and by differentiating C2C12
myoblasts [82]. Despite being expressed during differentiation, CTRP3 signaling stimulates ERK1/2
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activity, promotes proliferation, and delays differentiation of C2C12 myoblasts into myotubes [82].
Thus, it is possible that other members of the CTRP family also play key roles in developing and
maintaining a healthy skeletal muscle but have yet to be examined.

4. Mechanisms of Benefits of Exercise Mediated by Adiponectin

Unlike most circulating adipokines, adiponectin is inversely associated with adiposity, visceral
fat in particular [83]. In general, women express greater plasma adiponectin than men, independent
of BMI and fat mass, and there has been suggestion that this relationship is partly influenced by sex
hormones [83]. A number of investigations of the sex-related differences in circulating adiponectin
throughout adolescence suggest that adiponectin is negatively associated with serum androgens given
that there is a drop in adiponectin as young boys progress through puberty, a result not seen to the
same extent in young girls and independent of body composition changes during this period [84,85].

4.1. Acute and Chronic Effects of Exercise on Adiponectin Expression

Circulating adiponectin is negatively associated with insulin resistance, poor glucose control,
and diabetes [86,87], and has anti-inflammatory and anti-atherogenic properties [88]. Further, low
levels of circulating adiponectin are observed in obese individuals [89,90], those with CVD [91], and
some cancers [92]. Consequently, adiponectin has been a prime target for study and manipulation
since its initial characterization. Not surprisingly, because physical activity is a potent countermeasure
against metabolic and CVD [93,94], studies to determine the relationship between exercise and plasma
adiponectin have been plentiful. In rodents, there is evidence to suggest that moderate physical
activity (10 weeks voluntary wheel or treadmill running) can increase plasma adiponectin without
changes in fat mass [56,95], but this is not clear given that neither 10 weeks of endurance running at
70% maximal running capacity nor 10 weeks of high intensity interval training (HIIT) were shown to
significantly increase plasma LMW and HMW adiponectin (as measured by Western Blot) in mice [96].
Similarly, systematic summaries of the relationship between exercise and adiponectin in humans have
shown equivocal findings [97,98]. Observations of plasma adiponectin after a single bout of aerobic
or resistance exercise reveal small changes, if any, in either direction in acute timelines [90,98–101],
while interventions of repeated bouts of exercise training over weeks or months may cause either
an increase [90,98,102], decrease [98,103,104], or no change [98,104–106] in this adipokine. This is not
unusual when attempting to summarize the results of exercise studies because, much like many of the
benefits of an exercise training regime, outcomes are dependent on frequency, mode, intensity, and
type of exercise in addition to a host of individual characteristics (e.g., age, health, fitness level, etc.).
Similarly, there are challenges in interpreting adiponectin changes in response to exercise because of
differences in the sex of study participants, initial body composition, separating fat loss from exercise
related changes, and different methods of measuring adiponectin. For example, serum adiponectin
was reduced in overweight and obese individuals, but not normal weight middle-age adults following
12 months of aerobic (supervised aquatic exercise for 60 min, twice a week) and resistance training
exercise even though all groups improved cardiorespiratory fitness and no group exhibited changes
in fat mass following training [104]. In another study, healthy adult men free of any known chronic
diseases and grouped according to BMI (i.e., normal BMI versus overweight/obese) and activity level
(i.e., sedentary versus active) partook in 2 months of cycle ergometer training (i.e., 3 × 60 min at 50%
VO2peak) [103]. The study authors measured LMW, MMW, and HMW adiponectin by several ELISA’s
and observed reduced total and HMW adiponectin concentrations only after training in the sedentary
groups, but not the active groups, regardless of body composition [103]. The findings of these two
studies suggest that adiponectin levels in normal weight and/or active adults do not respond to low
intensity exercise, whereas overweight/obese individuals show reductions in circulating adiponectin
to these exercise intensities, especially when body composition is unchanged.

In contrast, when exercise is associated with significant body fat loss, it appears that circulating
adiponectin is increased. For example, sedentary and obese (30 kg/m2 < BMI > 40 kg/m2) but
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otherwise healthy adult (37 ± 7 y) men and women who participated in a supervised aerobic
(60 to 75 min/session, three sessions/week at 500 to 600 kcal/session) exercise training regimen and/or
reduced calorie diet for 12 weeks, only exhibited changes in adiponectin when the interventions were
associated with weight loss [107]. Further, in relatively healthy older (71.2 ± 5.0 years) adult men
and women who completed 12 weeks (3 d/wk) of combined moderate intensity endurance (20 min
of walking at 60% to 70% of heart rate reserve) and resistance exercise, adiponectin increased over
50% following exercise training [102]. At a similar intensity (45 min at 70% of maximum heart rate,
3×/week) performed by middle-aged hypertensive men, plasma adiponectin was elevated at 8 and
12 weeks of the intervention [108]. Nonetheless, in both studies, increases in circulating adiponectin
were either significantly correlated with body fat [102] or occurred in the presence of significant
weight loss [108] (Figure 1). Future studies should consider the impact of progressive exercise training
on the adipocyte secretome and related molecular signaling, perhaps best achieved with isolated
adipocyte studies.

4.2. Physical Activity Behaviour and Adiponectin Expression

In contrast to training interventions, large cross-sectional studies of physical activity behaviour
and adipokine/inflammatory biomarker expression tend to show a relationship between greater
volumes of physical activity and/or moderate to vigorous physical activity (MVPA) and plasma
adiponectin that is independent of body fat. For example, older (~60 y) adult women who exhibited
greater accelerometer-measured total activity were found to have higher circulating adiponectin,
and though this relationship was attenuated after adjusting for BMI, a significant correlation still
existed [109]. Moreover, women in the highest quartiles of both total activity and MVPA had
significantly higher serum adiponectin than the lowest quartiles (Alessa et al. 2017). This relationship
was also observed in young boys and girls (~9 y), where plasma adiponectin was positively associated
with VO2peak, even though this correlation was weak [110]. In a recent study out of Japan, with
one of the largest samples (>10,000) of middle-aged (40 to 69 y) adults, serum concentrations of total
adiponectin and HMW adiponectin were greatest in those individuals who were in the highest quartiles
of accelerometer-measured light-intensity physical activity (LPA) and MVPA [111]. Not surprisingly,
the individuals in the highest quartiles of physical activity also had the lowest BMIs, however the
authors used isotemporal substitution analysis to show that replacing 60 min of sedentary time with
LPA could be linked to increased total and HMW adiponectin levels by 4% to 13%, respectively,
even after adjusting for body fat [111]. In the latter two studies, both girls and women had higher
adiponectin levels than boys and men, even though they had lower maximum aerobic capacity [110] or
physical activity levels [111], respectively, indicating that the circulating expression of this adipokine is
regulated by many factors. Indeed, in middle aged Japanese men and women followed over 3 years,
lower plasma adiponectin was observed in individuals who developed type 2 diabetes independent of
visceral fat mass even though self-reported physical activity was not different between those with and
without diabetes [112].

4.3. The Link Between Exercise, Adiponectin, and Improved Metabolic Health

Understanding the metabolic signals linked to increased circulating adiponectin could help
to explain some of the above observations. However, other than a general idea that adiponectin
both regulates [68] and is regulated by plasma FFA [113], the specific trigger initiated by increased
physical activity and exercise in humans is not clear [114,115]. It is likely that even this response
is multifaceted and, much like many of the observations noted in this review, the data regarding
differential processing of the LMW, MMW, and HMW adiponectin are scarce. Interestingly, in one
exercise training study, middle-aged adult men and women separated by performance on an oral
glucose tolerance test (normal glucose tolerance versus impaired glucose tolerance/non-diabetic) and
by presentation with type 2 diabetes performed 20 min of supervised biking or running, 20 min of
swimming, and 20 min of cool down sessions, 3 days/week for 4 weeks [116]. In older participants
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(~50 y) and those with T2D or impaired glucose tolerance, circulating adiponectin was reduced,
while following exercise, adiponectin was increased, a result associated with reduced fat mass. These
authors also found, however, that muscle adiponectin receptor mRNA was increased following exercise
training, and suggested that when translated to receptor protein expression, could be part of the insulin
sensitizing effects of regular exercise [116]. Consequently, in addition to investigation into the different
molecular weight forms of adiponectin, it would be prudent for exercise studies to examine muscle,
liver, and/or other tissue expression of adiponectin receptor expression along with some measure
of function. In this context, two recent reports out of the same lab showed that diet, exercise type,
and tissue had different interactive effects of the expression of the different molecular weight forms
of adiponectin in mice [96,117]. Chronic endurance and HIIT exercise were independently able to
attenuate many of the metabolic impairments caused by a high fat diet. Yet, while the expression
of LMW and HMW adiponectin in the plasma was relatively unchanged by both exercise types,
exercise and high fat feeding interacted to markedly increase muscle HMW adiponectin and reduce
adiponectin receptor mRNA versus untrained animals only in muscles suspected to be used during
exercise (i.e., the gastrocnemius vs masseter) [96,117]. Further, the addition of a calorically-restricted
diet to an endurance exercise program appears to be a potent stimulus to counter the inflammatory and
metabolic deregulatory effects of prior high fat feeding, including elevating circulating adiponectin
back to normal levels and increasing adiponectin receptor protein expression in responsive tissues,
such as the liver [118]. Both the translational and functional implications of these observations remain
to be determined, but in the aforementioned studies, the authors noted differential downstream
signaling gene products that would indicate altered function of these muscles.

It is also important to note that although physical exercise benefits several of the processes also
influenced by adiponectin, the mechanisms through which exercise mediates these benefits may occur
independent of adiponectin expression. Indeed, many of the studies noted above showed some
type of advantageous metabolic change regardless of whether circulating adiponectin was increased,
decreased, or remained the same. Further, it has been shown that adiponectin KO mice, when
exercise trained, demonstrate improvements in expression of mitochondrial markers and activation of
intracellular signaling kinases similar to wild type animals, suggesting that adiponectin is not required
to mediate exercise-induced benefits in skeletal muscle [119,120]. Nonetheless, it is likely that the
physiological change linking exercise to adiponectin expression may or may not occur, but exercise
and adiponectin can exert positive metabolic, muscular, and cardiovascular effects independent of
each other.

5. Future Directions and Conclusions

The promise of adiponectin as a clinically relevant biomarker and potential therapeutic target
continues to expand. Originally deemed an adipose tissue-specific hormone, the past decade has
revealed adiponectin expression by numerous tissues including skeletal muscle and the potential for
treating not just metabolic diseases but other skeletal muscle conditions such as muscular dystrophy.
Its importance for normal physiologic function of skeletal muscle has been demonstrated in studies
of muscle development, regeneration, protein turnover, and regulation of inflammatory signaling.
The relationship between physical activity (quantity and quality/type) and circulating and local
adiponectin isoforms (trimers, hexamers, HMW, and globular) is not yet clear, although a general
relationship of high intensity exercise reducing body fat mass leading to greater adiponectin circulation
has been established.
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Abbreviations

T2D Type 2 Diabetes Mellitus
Acrp30 Adipocyte complement-related protein of 30 kDa
ACDC Adipocyte, C1q, and collagen domain-containing protein
apM-1 Adipose most abundant gene transcript 1 protein
CTRP C1q TNFα Related Proteins
LMW Low molecular weight
HMW High molecular weight
PAI-1 Plasminogen Activator Inhibitor-1
gAd Globular adiponectin
AdipoR1,2 Adiponectin receptors 1,2
HFD High-fat diet
AMPK Adenosine monophosphate-activated protein kinase
mTOR Mammalian target of rapamycin
SERCA Sarcoplasmic reticulum calcium ATPase
CVD Cardiovascular disease
AIS adolescent idiopathic scoliosis
NAC N-acetyl cysteine
MMP Matrix metalloproteinase
MAPK Mitogen-activated protein kinase
GTDF glucopyranosyl tetrahydroxydihydroflavonol
DMD Duchenne Muscular Dystrophy
HIIT High intensity interval training
VO2 Volume of oxygen consumption
BMI Body mass index
LPA Light-intensity physical activity
MVPA Moderate to vigorous physical activity
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Abstract: In skeletal muscle, adiponectin has varied and pleiotropic functions, ranging from metabolic,
anti-inflammatory, insulin-sensitizing to regenerative roles. Despite the important functions
exerted by adiponectin, the study of the hormone in myopathies is still marginal. Myopathies
include inherited and non-inherited/acquired neuromuscular pathologies characterized by muscular
degeneration and weakness. This review reports current knowledge about adiponectin in myopathies,
regarding in particular the role of adiponectin in some hereditary myopathies (as Duchenne muscular
dystrophy) and non-inherited/acquired myopathies (such as idiopathic inflammatory myopathies
and fibromyalgia). These studies show that some myopathies are characterized by decreased
concentration of plasma adiponectin and that hormone replenishment induces beneficial effects
in the diseased muscles. Overall, these findings suggest that adiponectin could constitute a future
new therapeutic approach for the improvement of the abnormalities caused by myopathies.

Keywords: adiponectin; muscle; myopathies

1. Introduction

1.1. Adiponectin in Skeletal Muscle

In skeletal muscle, adiponectin exerts several and pleiotropic biological effects, including
the involvement in cellular metabolism that has been immediately evident since its discovery [1].
Adiponectin is mainly produced by adipose tissue as “full-length” (fAd) form, which can associate
to form complexes circulating in the plasma. Circulating adiponectin oligomers comprise High
Molecular Weight (HMW), Medium Molecular Weight (MMW), and Low Molecular Weight
(LMW) forms [2]. fAd can be enzymatically cleaved to the smaller “globular form” (gAd) by the
elastase produced by monocytes [3] or macrophages [4]. Skeletal muscle expresses two unusual,
seven-transmembrane-spanning, and G-protein-independent adiponectin receptors, AdipoR1 and
AdipoR2 [1]. The metabolic effects of adiponectin occur through the activation of intracellular
signalling pathways initiated by the binding with the adiponectin receptors of the adaptor protein
containing pleckstrin homology domain, phosphotyrosine binding domain, and leucine zipper
domain (APPL1) [5]. APPL1 plays a crucial role in adiponectin-mediated effects, as the recruitment
of glucose transporter GLUT4 to the plasma membrane [6] and the activation of AMP kinase
(AMPK) [7]. Full AMPK activation occurs through both phosphorylation by liver kinase B1 (LKB1) and
AMP binding [8]. In skeletal muscle, AMPK induces the inhibitory phosphorylation of Acetyl-CoA
carboxylase (ACC), leading to decreased formation of malonyl CoA [9], activation of oxidation,
and inhibition of fatty acid synthesis [9]. Moreover, adiponectin-dependent fatty acid oxidation in
skeletal muscle occurs also through the activation of p38 MAPK and PPARα signalling pathways [10].
In addition, adiponectin regulates mitochondrial biogenesis through the binding with AdipoR1.
This event leads to the activation and increased expression of peroxisome proliferator-activated
receptor gamma coactivator 1-alpha (PGC-1α), which promotes mitochondrial biogenesis, the increase
of oxidative metabolism, and formation of type I myofibers [11].
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In skeletal muscle, adiponectin exerts an insulin-sensitizing role in which the decreased
intracellular lipid content induced by the hormone is deeply involved [12]. Among the several types of
lipids, elevated intracellular levels of ceramide have been reported to have cellular deleterious effects
and greatly contribute to insulin resistance [13–15]. Adiponectin decreases intracellular ceramide
content through the activation of ceramidase activity associated to AdipoR1/AdipoR2. Ceramide is
then converted in sphingosine, which, in turn, became phosphorylated to sphingosine 1-phosphate
(S1P) due to sphingosine kinase. Sphingosine and S1P are involved in PPARα and AMPK activation,
respectively, thus leading to lipid oxidation, mitochondrial biogenesis, and glucose utilization [15–17].
This mechanism has been suggested to be involved in insulin sensitivity, since it decreases cellular
availability of sphingolipid precursors and therefore enhances insulin signalling due to reduced
ceramide content [17]. In addition, the sphingolipid-mediated pathway, involving probably ceramidase
activity, has been reported to be involved in blocking apoptosis in cardiomyocytes [17].

1.2. Adiponectin Is a Myokine and a Myogenic Factor

Alongside adipose tissue, which secretes in the blood stream endocrine adiponectin through a
largely elucidated molecular mechanism [18–20], a local secretion of the hormone has been reported
by several tissues [21], including skeletal muscle. Several papers described skeletal muscle as secretory
organ [22,23] able to locally secrete adiponectin [4,24–27]. In skeletal muscle, myotubes enhance the
secretion of fAd in inflamed or pro-oxidant microenvironment [26,27] that is generated by a trauma.
This condition could lead to the recruitment of macrophage which participate to the cleavage of fAd
into gAd [4].

Besides the metabolic and insulin-sensitizing role, adiponectin acts as a myogenic factor through
the participation in muscle differentiation and tissue regeneration, and influencing the behavior
of muscle cells. Adiponectin acts on satellite cells, a population of stem cells involved in muscle
regeneration in adult skeletal muscles, which undergo activation following trauma [28]. Adiponectin
promotes satellite cell activation through the activation of the p38 MAPK signalling cascade [4].
In addition, adiponectin induces the expression of the transcription factors Snail and Twist, responsible
for the activation of a motile program, thus permitting satellite cells to reach the site of damage.
Cell motility induced by adiponectin involves the enhancement of metalloproteinase-2 secretion,
thus facilitating the arrival of satellite cells to damaged site by degrading extracellular matrix [4].
In vitro, adiponectin acts as a myogenic factor both in myoblasts and in mesoangioblasts. In myoblasts,
adiponectin induces the exit of cells from cell cycle and promotes myotubes formation [27]. We reported
that adiponectin in myoblasts activates autophagy and that this autophagic process is strictly associated
with the myogenic role of the hormone. Indeed, the inhibition of autophagy leads to the impairment
of myotube formation due to adiponectin. These in vitro results were confirmed on adiponectin-KO
mice, that showed decreased autophagy markers in skeletal muscle and a myopathic phenotype,
thus demonstrating a close correlation between activation of autophagy and the differentiating role of
adiponectin in skeletal muscle [29]. In addition to the role on resident muscle cells, as satellite cells
and myoblasts, adiponectin also acts on the non-resident muscle precursors, mesoangioblasts [30].
These are multipotent cells capable of differentiation towards myogenic lineage and that gave
promising results in gene therapy for the treatment of Duchenne muscular dystrophy [31,32].
Where mesoangioblasts are concerned, adiponectin affects in vitro several cellular features as the
increased mesoangioblast migration towards myotubes, the enhancement of cell survival upon
growth factor withdrawal or extracellular matrix detachment and promotes myogenesis [33]. The ex
vivo treatment of mesoangioblasts with adiponectin and the following injection of treated cells into
dystrophic muscles of sarcoglycan-null mice ameliorates in vivo mesoangioblast survival and improves
their engraftment in the diseased muscles [33].

Decreased plasma adiponectin levels have been associated to different pathologies, including
obesity and type 2 diabetes [34–36]. Obesity induced endoplasmic reticulum stress and impaired
unfolded protein response in adipocytes, and both mechanisms seem to be responsible for the
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diminished adiponectin secretion in obese mice [37,38]. Hypoadiponectinemia alters several functions
of skeletal muscle, such as glucose and lipid metabolism and muscle regeneration [39,40]. Indeed,
obese mice display diminished regenerative capacity of skeletal muscle following injury, probably
due to a reduced macrophage recruitment and angiogenesis [39], increased lipid accumulation and
pro-inflammatory cytokines, and impaired satellite cell activity [40].

2. Adiponectin in Myopathies

Although the key role of adiponectin in healthy skeletal muscle has been well established,
the study of the hormone in myopathies is just getting started. Myopathies refer to neuromuscular
disorders of skeletal muscles characterized by muscular degeneration and weakness. Myopathies may
be classified into two main categories: inherited and non-inherited/acquired myopathies. Inherited
myopathies include muscular dystrophies, congenital myopathies, mitochondrial myopathies,
and metabolic myopathies. Non inherited/acquired myopathies comprise inflammatory myopathies,
toxic myopathies, and myopathies associated with systemic conditions [41].

Figure 1 summarizes the main results obtained on adiponectin in both inherited and
non-inherited/acquired myopathies.

Figure 1. The state of the art about adiponectin in myopathies. Each panel reports the results obtained
in the different myopathies (inherited and not inherited/acquired) about adiponectin. More details are
explained in the text.

2.1. Adiponectin in Inherited Myopathies

Muscular dystrophies are inherited disorders, triggered by a genetic mutation that typically affects
striated muscle tissue. Duchenne muscular dystrophy (DMD) is an X-linked recessive defect caused by
dystrophin gene mutation. Dystrophin is a key scaffolding protein of the dystroglycan complex [42],
which connects the myofibers to cytoskeleton and the extracellular matrix. Dystroglycan complex
injuries lead to sarcolemma instability and vulnerability to mechanical stress, [43] thus permitting the
infiltration of immune cells and generating inflammation, necrosis, and severe muscle degeneration.
The chronic inflammation/oxidative stress plays a crucial role in DMD pathogenesis [44].

So far, most of the studies on adiponectin and dystrophies were mainly performed on mouse
models. mdx mice, a widely used mouse model of DMD, show decreased plasma adiponectin
level due to a reduced secretion of adiponectin by adipose tissue [45], probably as the result of the
systemic inflamed and stressed environment present in mdx mice. Indeed, adiponectin secretion
by adipose tissue is strictly dependent by stressed conditions. Decreased adiponectin level is
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associated with obesity [35], diabetes [34,36], and coronary artery disease [46], and is closely related
with oxidative stress [38,47]. Impaired mitochondrial function in adipocytes induced endoplasmic
reticulum stress, which leads to the activation of signalling pathways, involving c-Janus Kinase (JNK)
and Cyclic AMP-dependent transcription factor (ATF)-3A, culminating in decreased adiponectin
synthesis [20]. Replenishment of adiponectin, obtained by crossing mdx mice with transgenic mice
moderately overexpressing adiponectin, counteracts muscle inflammation by reducing the expression
of inflammation markers as Tumour Necrosis Factor (TNF) α and Interleukin (IL)-1β and upregulating
the anti-inflammatory cytokine IL-10. Besides its anti-inflammatory properties, adiponectin also
improves myogenic program as well as muscle function. Indeed, mdx–adiponectin mice displayed
partial or complete restoration of the regulators of the early phase of differentiation MyoD, Myf5,
as well as Mrf4 [45]. The importance of adiponectin in the physiology of the dystrophic muscle has
been confirmed using adiponectin KO–mdx mice that displayed a worsened dystrophic phenotype.
Conversely, reinsertion of adiponectin gene in the skeletal muscle of mdx–adiponectin KO mice lead to
decreased expression levels of several oxidative stress/inflammatory markers as well as the activity of
NF-κB, and the concomitant increased expression levels of the myogenic markers [48].

Studies performed on primary human cultures of myotubes from DMD patients confirmed the
results obtained in mdx mice. In line with the studies on animal models, human dystrophic myotubes
show a local decrease of adiponectin secretion [49]. Moreover, primary cultures of human myotubes
isolated from DMD patients exposed to chronic inflammation, confirming the anti-inflammatory effects
of adiponectin in skeletal muscle. This protective effect occurs through AdipoR1 binding and activation
of AMPK-SIRT1-PGC-1α signalling pathway, thereby leading to NF-κB downregulation [45,49].
Analysis of the myokine secretion profile of DMD human myotubes treated with adiponectin
following an inflammatory stimulus, pointed out the downregulation of several pro-inflammatory
molecules (as TNFα, IL-17A, and CCL28) and the upregulation of anti-inflammatory IL6. Accordingly,
adiponectin regulates the expression level of the NLRP3 inflammasome, which has been reported
to be involved in the worsening of DMD [50]. DMD human myotubes expressed threefold increase
of NLRP3 level in comparison to healthy myotubes, and their treatment with adiponectin or with
miR-711—considered a strong candidate for the adiponectin anti-inflammatory action [51]—attenuates
NLRP3 inflammasome expression level [50]. Concerning circulating adiponectin in DMD patients,
a single study reports the increase with age of plasma adiponectin [52].

Inherited myopathies comprise the Collagen VI-related myopathies (COL6-RM). Collagen VI is
one of the most abundant extracellular matrix proteins in adipose tissue [53–55] and its expression is
positively regulated by glucose levels and negatively by PPAR-γ agonists and leptin [56,57]. COL6-RM
refer to congenital muscular dystrophy caused by mutation in one of the human collagen VI genes
(COL6A1, COL6A2, and COL6A3) and are characterized by a varied degree of muscle weakness
and joint contractures. They include early severe forms (as Ullrich Congenital Muscular Dystrophy,
UCMD), milder presentations (as Bethlem Myopathy, BM) and intermediate phenotypes [58].

Recently, we performed a study of adiponectin and collagen VI-related myopathies using collagen
VI-null (Col6a1−/−) mice that display myopathic phenotype close to human patients, thus representing
a good animal model for the study of these genetic disorders [59]. Our findings show that Col6a1−/−

mice have decreased plasma adiponectin and impaired local adiponectin secretion by skeletal muscle.
We found Col6a1−/− myoblasts display several metabolic abnormalities, including impaired glucose
uptake, altered mitochondria membrane potential, associated with a decreased oxygen consumption.
These metabolic defects are reverted by adiponectin replenishment that restores Col6a1−/− metabolic
properties close to that of the healthy myoblasts [60].

Where human samples are concerned, transcriptome analysis performed using skeletal muscle
biopsies of UCMD patients pointed out an increase of the mRNA levels of the main adipokines
(as leptin and adiponectin). However, this transcriptomic data has not been confirmed at the
intracellular protein level due to the small number of patients available [61].

24



Int. J. Mol. Sci. 2019, 20, 1544

Myotonic dystrophy type 1 (DM1) is a rare genetic disorder characterized by muscle wasting
and metabolic comorbidity and increased risk of developing insulin resistance (IR) and type 2
diabetes [62]. An analysis carried out in 21 DM1 patients revealed a decrease of total plasma
adiponectin with a selective, marked decrease of the HMW oligomers. Although not yet proven,
it has been hypothesized that the decreased adiponectin level might contribute to the worsening of IR
and metabolic complications observed in DM1 patients [63].

2.2. Adiponectin in Non-Inherited/Acquired Myopathies

Non-inherited myopathies include idiopathic inflammatory myopathies (IIM), which refers to a
heterogeneous group of autoimmune muscle disorders classified in four phenotypes: dermatomyositis
(DM), polymyositis (PM), necrotizing autoimmune myositis, and inclusion-body myositis.

A pivotal study in DM and PM patients focused on the analysis of serum adipokine levels useful
as markers of disease, showed no changes in adiponectin amount [64]. However, it has been reported
a close correlation between serum adipokine levels and the onset of the metabolic syndrome in DM
young female patients. This study reported that serum adiponectin levels are positively correlated
with the onset of metabolic syndrome, which is highly prevalent in DM patients in relation to age and
disease progression [65].

Adiponectin has also been studied in other types of non-hereditary myopathies. These include
fibromyalgia, which is a disorder characterized by widespread musculoskeletal pain accompanied by
fatigue, sleep, memory, and mood issues [66]. This study, planned to evaluate leptin and adiponectin
levels in patients with fibromyalgia with or without overweight or obesity, showed no difference of
adiponectin amount in comparison to healthy subjects [67].

Recently, an involvement of adiponectin in blocking muscle atrophy has been reported [68].
Muscle atrophy is caused by excessive protein breakdown associated to a decreased protein synthesis
as a consequence of several pathologies like AIDS, cancer, renal and cardiac failure [69]. Adiponectin
is able to mitigate muscle atrophy both in vitro and in vivo, and this beneficial effect occurs through
the activation of AMPK and Akt signalling pathways [68].

3. Future Perspectives

Although just beginning, the study of adiponectin in myopathies highlights a possible role of
the hormone in the ameliorations of the abnormalities observed in these diseases. These preliminary
studies reinforce the idea that the study of adiponectin in myopathies must proceed. As some inherited
myopathies, such as DMD, are associated with a decreased content of plasma adiponectin, the hormone
could potentially be used as a marker for the onset of the pathology. So far, several studies explored
adiponectin as a biomarker in different diseases including hepatitis C, various types of cancers,
inflammation, renal disease, and atherosclerosis [70]. More importantly, adiponectin treatment induces
in some myopathies the amelioration of the defects induced by the pathology. This finding opens the
possibility about the use of adiponectin as a new tool for the improvement of abnormalities caused by
muscular pathologies. Several efforts were performed towards the planning of new pharmacological
therapies able to induce adiponectin beneficial effects in pathologic conditions. In 2013, Kadowaki’s
group published a paper describing the discovery of an orally active synthetic small molecule (called
AdipoRon) that binds to and activates both AdipoR1 and AdipoR2 receptors [71]. It has been reported
that AdipoRon induces the same physiological effects of adiponectin in healthy tissues such as liver and
skeletal muscle [71]. In addition, AdipoRon induces beneficial effects in some pathologic conditions as
insulin resistance and type 2 diabetes in mice [71], cardiac disease induced by pressure overload [72],
pancreatic cancer [73], liver injury by galactosamine [74], and diabetic nephropathy due to the decrease
of ceramide content and lipotoxicity [75]. At the time, while gene therapy has not yet reached the
desired results for the cure of congenital muscular myopathies, the treatment of myopathic patients
with adiponectin or its agonists could be considered.
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Abstract: Adipose tissue has been recognized as a complex organ with endocrine and metabolic
roles. The excess of fat mass, as occurs during overweight and obesity states, alters the regulation of
adipose tissue, contributing to the development of obesity-related disorders. In this regard, many
epidemiological studies shown an association between obesity and numerous types of malignancies,
comprising those linked to the endocrine system (e.g., breast, endometrial, ovarian, thyroid and
prostate cancers). Multiple factors may contribute to this phenomenon, such as hyperinsulinemia,
dyslipidemia, oxidative stress, inflammation, abnormal adipokines secretion and metabolism. Among
adipokines, growing interest has been placed in recent years on adiponectin (APN) and on its
role in carcinogenesis. APN is secreted by adipose tissue and exerts both anti-inflammatory and
anti-proliferative actions. It has been demonstrated that APN is drastically decreased in obese
individuals and that it can play a crucial role in tumor growth. Although literature data on the impact
of APN on carcinogenesis are sometimes conflicting, the most accredited hypothesis is that it has a
protective action, preventing cancer development and progression. The aim of the present review is
to summarize the currently available evidence on the involvement of APN and its signaling in the
etiology of cancer, focusing on endocrine malignancies.

Keywords: adiponectin; adipose tissue; obesity; endocrine cancer

1. Introduction

Obesity represents a condition of chronic excess fat mass. Several epidemiological studies have
revealed an alarming increase in the number of obese individuals worldwide [1]. It is important to
emphasize that obesity represents a risk factor for the onset of different metabolic disorders, such
as type 2 diabetes, as well as for the development of cardiovascular diseases [2]. Moreover, it has
been well established that the risk of many types of malignancies is increased in obese individuals [3].
Recent evidence indicates, indeed, that excess adiposity is associated with about 20% of all cancers [4].
For these reasons, obesity is a substantial public health challenge, representing one of the major causes
of avoidable mortality and morbidity [5].

Molecular mechanisms linking excessive adiposity with the development of cancer are complex
and still not completely known. Multiple factors potentially contribute to this relationship. Obesity
is, in fact, often related to metabolic defects that may favor not only cancer initiation, but also its
progression [6]. These abnormalities include: adipose tissue low-grade inflammation, which implies
the production of specific inflammatory adipocytokines, oxidative stress, peripheral insulin resistance
with hyperinsulinemia and dyslipidemia [7,8]. In particular, growing interest has been recently placed
on the role of adipose tissue-secreted molecules in the development of cancer [9]. Adipose tissue,
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initially thought as a mere fat mass depot, is now widely recognized as an active endocrine organ [10].
It secretes different types of molecules called adipokines, which are implicated in the pathogenesis of
numerous types of malignancies [9,11]. Among others, adiponectin (APN) has been demonstrated to
have several functions in human physiology balancing glucose and lipid metabolism and revealing
insulin-sensitizing, anti-apoptotic and immune regulatory effects [10,12,13]. Hypoadiponectinemia
has been, in fact, consistently associated with obesity-related insulin resistance and type 2 diabetes,
as well as with a higher risk of various cancer types [9,14], and thus this molecule has generally
been considered a beneficial adipokine. Indeed, several studies have demonstrated that increasing
plasma APN levels and, therefore, the activation of its intracellular signaling, are able to mitigate the
deleterious effects of metabolic dysfunctions on tumor development and progression [15]. Thus, the
possibility of mimicking some of the cancer-protective properties of APN has attracted significant
interest within the scientific community for the potential therapeutic applications of this approach.
However, research on the role of APN on tumor growth has provided evidence for both positive and
negative influences, raising doubts on the previously thought protective role of APN on cancer risk
and progression [16]. Even more unexpected were data on the role of APN on the risk of all-cause
mortality. In fact, a positive, rather than negative, relationship has been reported between APN and
death rates across various clinical conditions, including different types of malignancy [17]. Therefore,
understanding the complexity of APN’s metabolism, and linking its signaling pathway to cancer
development and prognosis, represent a challenging task.

In this review we will summarize the currently available data on this topic, mainly focusing on
endocrine malignancies (e.g., breast, endometrial, ovarian, thyroid and prostate cancers), which seem
to be deeply linked to dysfunctional APN secretion and action.

2. APN Structure and Receptors

APN is encoded by AdipoQ, a gene that makes a monomeric molecule made up of 244 amino
acids and consists of a signal region at the NH2-terminus, a variable region, a collagenous domain and
a globular domain at the COOH-terminus (Figure 1) [18].

Figure 1. APN’s molecular structure and isoforms. Monomeric APN is able to trimerize to form
low molecular weight (LMW) APN. Two trimers can then combine to form middle molecular weight
(MMW) hexamers. The trimers are able to form 12- or 18-mers with high molecular weight (HMW).

After post-translational modifications, APN circulates in trimeric, hexameric, and multimeric
high-molecular weight (HMW) isoforms. Each isoform is able to activate distinct signal transduction
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pathways, regulating various biological functions [10]. Moreover, a globular version of APN, resulting
from proteolytic cleavage of the COOH-terminal domain, circulates in small concentrations in plasma.

The different APN isoforms mediate distinct effects in various tissues and organs. For example,
the HMW isoform, which is the most biologically active, is believed to mediate the pro-inflammatory
effects of APN, whereas the trimeric isoform has been suggested as responsible for its anti-inflammatory
activity [19].

APN acts through its classical receptors, AdipoR1 and AdipoR2, which have been demonstrated
to have different binding affinity for the different APN isoforms [20]. There are seven trans-membrane
domain receptors that activate a signaling cascade, leading to numerous metabolic and immune-related
effects. AdipoR1 is expressed almost ubiquitously, whereas AdipoR2 is mostly expressed in hepatocytes
and white adipose tissue [20]. In addition, a non-classical APN receptor, the T-Cadherin (which acts
through calcium dependent mechanisms) has been found to bind the hexameric and HMW species of
APN, but not the trimeric or globular species [21].

3. Adiponectin Signaling and Mechanisms of Carcinogenesis

The role of APN in endocrine cancer risk is deeply linked to many complex dysfunctions, including
an altered adipose tissue homeostasis and the activation of multiple epigenetic pathways within tumor
cells and neoplastic microenvironment [22]. A correlation between hypoadiponectinemia, obesity and
hormonally influenced cancers has been found in several clinical studies [23,24]. While the majority
of evidence shows an inverse correlation between APN and endocrine malignancies, another group
of studies associates increased circulating APN levels with tumor progression [25]. Indeed, it has
been proposed that low APN concentrations could be associated with cancers linked to an excess of
fat mass and to sex steroid hormones, while higher plasma APN levels might indicate high levels of
inflammation and advanced stages of malignancy [25,26].

A robust amount of studies in the past two decades have suggested that APN exerts its
antineoplastic effects on endocrine cancers via two main mechanisms. First, it can affect endocrine
tumor growth by acting directly on cancer cells through receptor-mediated pathways. Secondly, it
may indirectly influence cancer biology by modulating insulin sensitivity, inflammation and tumor
angiogenesis [23]. In the following section we will briefly discuss the in vitro and in vivo observations
of these different mechanisms.

3.1. Direct Mechanisms: Receptor-Mediated and Paracrine

The main direct mechanism determining APN’s protective role on endocrine cancer cells is the
activation of adenosine monophosphate-activated protein kinase (AMPK). This protein represents
a crucial regulator of energy balance, as it is responsible for cellular adaptation to metabolically
challenging states such as inflammation and oxidative stress. In such conditions, AMPK turns off
anabolic and proliferative pathways, while increasing the production of adenosine triphosphate
(ATP) [27]. APN stimulates AMPK through an increase of AMP levels, and by means of various cellular
mediators comprising the adaptor protein APPL-1, calcium-dependent kinases and the liver kinase B1
(LKB1) [28]. Specifically, it has been demonstrated that LKB1 plays a fundamental role in necessitating
breast cancer cells for AMPK activation, and for the consequent inhibition of tumor cell adhesion,
migration and invasiveness [29]. AMPK activation negatively influences cancer development by
affecting some of the key mechanisms that regulate cell growth [30]. In fact, it is able to induce the
expression of important molecules involved in cell cycle arrest and apoptosis, such as p53 and p21 [31].
This mechanism of action has been proven in many types of malignancies, especially endocrine
cancers. APN treatment was in fact shown to stimulate AMPK in breast [32,33], prostate [34,35] and
endometrial cancers [36], mediating tumor growth inhibition. Down-regulation of the mammalian
target of rapamycin (mTOR) signaling pathway was implicated in many of these studies [29,34].
Moreover, in MDA-MB-231 breast cancer cells, APN-related AMPK pathway activation has been
demonstrated to induce protein phosphatase 2A (PP2A), a tumor suppressor protein involved in Akt
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dephosphorylation [37,38]. Additionally, some studies have shown a direct negative influence of APN
on the PI3K/Akt signaling pathway, which determines a series of events leading to cell death and,
therefore, to tumor growth inhibition (Figure 2) [11].

Figure 2. APN’s receptor-mediated and paracrine actions on endocrine cancer cells. (A) APN activates
adenosine monophosphate-activated protein kinase (AMPK) via an increased expression of the adaptor
protein APPL-1 as well as the Ser/Thr kinase LKB1. AMPK activation affects cell growth by inducing p53,
p21 and phosphatase 2A (PP2A) expression. Down-regulation of the mammalian target of rapamycin
(mTOR), PI3K/Akt and Cyclin D1 signaling is also implicated in the APN-mediated growth arrest
and apoptosis; (B) In adipocytes, APN inhibits aromatase activity, lowering estrogen production and
reducing ERα-stimulation in adjacent breast cancer cells. It negatively affects pro-survival pathways.

APN also modulates signal transducer and activator of transcription 3 (STAT3) signaling. STAT3
is activated by adipokine-induced JAK phosphorylation and regulates various processes related to
cancer development and progression [39]. For example, it has been demonstrated that APN treatment
is able to down-regulate leptin-induced STAT3 phosphorylation, reducing tumor cell growth [39].
Furthermore, APN has been shown to regulate the cAMP/PKA pathway, modulating anti-proliferative
actions leading to cell apoptosis in MCF7 breast cancer cells [32].

Of note, APN influence in endocrine cancer cells may also depend on paracrine interactions
between adipocytes and tumor cells, being that these cell types are in close proximity to each other [40].
A typical example of this mechanism can be seen in the case of breast cancer [40]. In that situation,
APN determines an inhibition of aromatase activity in adipocytes, lowering estrogen production and
reducing estrogen receptor alpha (ERα) stimulation in adjacent breast cancer cells. This phenomenon
negatively affects pro-survival pathways [40,41]. However, it is important to emphasize that the
molecular links between adipose tissue and endocrine cancer cells are far more complex and not yet
fully characterized. They involve, in fact, other adipocyte-secreted molecules (e.g., leptin and resistin),
numerous inflammatory cytokines (e.g., TNFα, IL-6), extracellular matrix elements, pro-angiogenic
factors (e.g., vascular endothelial growth factor (VEGF)), as well as metabolic regulators like insulin
and insulin-like growth factor I (IGF-I) [40,42].
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3.2. Indirect Mechanisms: Insulin-Sensitizing, Immune-Related, Anti-Angiogenic Effects

Through different mechanisms, APN can exert indirect antineoplastic actions, including
insulin-sensitizing, immune-related and angiogenesis-related effects, although conflicting evidence has
been published [23]. An indirect link between the insulin pathway, AP, and endocrine carcinogenesis has
been shown in many studies. It is well documented that insulin supports tumor cell proliferation [43,44].
Serum APN levels appear to be inversely related to fasting insulin concentrations, and are reduced
in conditions of insulin resistance [45]. Since these metabolic conditions represent risk factors for
endocrine cancer development, APN might act as an anticancer agent due to its significant effect on
insulin post-receptor signaling [46]. Specifically, APN is a strong inhibitor of the PI3K/Akt/mTOR
pathway, being able to reduce tumor cell growth induced by insulin and by other growth factors [47].

Immune system deregulation represents a crucial pathophysiological factor in determining
increased cancer risk [48,49]. Abnormal immune response is an important constituent of obesity,
and contributes to the development of obesity-related disorders such as cancer. Adipose tissue
overgrowth accompanies the infiltration of various types of immune cells from both innate and
adaptive immunity [50]. Immune cells infiltrating tumor microenvironments and adipocytes secrete
pro-inflammatory adipocytokines, providing a condition of low-grade inflammation which favors
cancer initiation and progression [51]. Specifically, macrophage infiltration and its phenotypic switching
toward an M1 phenotype, constitute critical mechanisms related to increased tumor growth in settings
of excess adiposity [52]. In pathological conditions characterized by a chronic inflammatory response
such as an infection, but also metabolic diseases such as obesity, type 2 diabetes and atherosclerosis, a
lowering of serum APN concentrations has been observed [53]. Obesity, in particular, is associated with
increased pro-inflammatory markers such as IL-6, TNF-α and c-reactive protein (CRP). APN has been
shown to exert immune regulatory and anti-inflammatory actions and may thus mitigate the increased
risk of cancer development related to states of obesity-induced inflammation [54]. Particularly, APN
influences the function of myelomonocytic cells that are important regulators of innate immunity.
Moreover, APN negatively affects macrophage phagocytic activity [55].

One of the main mechanisms of cancer development is the recruitment of blood vessels to provide
nutrients and oxygen to cancer cells [56]. Inhibition of angiogenesis has been demonstrated to suppress
tumor growth and may therefore represent a promising therapeutic option [57,58]. Regarding the
role of APN in angiogenesis and cellular proliferation, the literature appears to be contradictory.
Several studies suggest, in fact, that APN has an anti-angiogenic effect both in vitro and in vivo.
In particular, Brakenhielm et al. characterized the strong inhibition of angiogenesis exerted by
APN [57], which involves specific signaling pathways such as the mitogen-activated protein kinase
(MAPK) and cAMP-PKA pathways [59]. Conversely, convincing molecular data suggest that APN
might have a powerful pro-angiogenic effect that could promote cancer development particularly in
murine mammary tumor models [60]. Further studies are needed to better define the role of APN on
tumor angiogenesis.

4. Breast Cancer

Breast cancer represents the most common malignancy in the female sex and the second most
frequent tumor worldwide [61]. In both premenopausal and postmenopausal patients, obesity is
considered an important risk factor for the development and progression of breast cancer, lowering a
patient’s chances of survival [62].

Several studies have investigated the role of adipocytokines in breast cancer, suggesting a pivotal
role of APN in its development and recurrence [63,64]. Within the mammary gland, epithelial cells
included in peri-glandular adipose tissue are exposed to both circulating and locally secreted adipokines
from adjacent adipocytes. As mentioned above, this paracrine interaction, in addition to the circulating
effect of the hormone, may influence breast cancer development [65,66].

APN demonstrated in vitro anti-proliferative and pro-apoptotic effects on breast cancer cells,
suppressing cell growth and proliferation, and inhibiting the migration and invasion capabilities of
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cancer cells [33,67–69]. Moreover, epidemiological studies reported a significant inverse association
between APN and breast cancer risk (Table 1) [70–72]. This association appears to be stronger for
postmenopausal women, although contrasting data have been sometimes published [73]. Significantly
lower APN levels have been shown in women with breast cancer compared to healthy controls,
especially during the postmenopausal period, suggesting that APN might influence proliferation
of breast cancer cells in a low estrogen environment [70,74–76]. Conversely, other studies have
indicated a stronger association in women of childbearing age [33,77]. A randomized trial conducted
on premenopausal women with intraepithelial neoplasia or micro-invasive breast cancer demonstrated
that baseline APN levels predict new breast events. After a median of 7.2 years, a 12% reduction in
the risk of developing breast cancer was reported per unit increase of APN [78]. Recently, a large
meta-analysis of 31 studies concluded that low serum APN concentrations might be linked to an
increased risk of breast cancer in female patients regardless of age [79]. An inverse association between
plasma APN levels and increased tumor aggressiveness has also been shown: low APN concentrations
were associated with larger tumors, higher histological grade and increased metastasis rate [70,74,80].
Moreover, it has been reported that lower plasma APN concentrations represent a risk factor for
progression from intraepithelial to invasive cancer, regardless of age or body mass index (BMI) [78].
Another recent meta-analysis including 27 case–control studies confirmed that serum APN might
be inversely associated with breast cancer, but suggested differences in ethnicity, showing higher
associations in Asian than Caucasian women [81]. These differences across ethnicity have not been
reported in other previously published meta-analyses [73,82]. Authors speculate that several factors
influencing serum APN concentrations, like different lifestyle and dietary habits or fat distribution,
may explain these results [81,83].

The mechanisms through which APN determines its protective role against breast cancer are yet
unclear, but various molecular mechanisms have been proposed [79]. Specifically, it is known that low
serum APN levels are associated with hyperinsulinemia, which has been demonstrated to promote
the proliferation of tumor cells acting as a growth factor through insulin and IGF-I receptors [84,85].
Furthermore, Brakenhielm et al. demonstrated that APN acts as a negative modulator of angiogenesis
by suppressing endothelial cell proliferation [57]. It also induces a signaling cascade that results in
apoptosis through the activation of caspases 3, 8 and 9 [57]. APN may also affect breast cancer risk
by altering serum estrogen levels; it has, in fact, been demonstrated that APN levels are negatively
associated with estrogen concentrations [86]. While these data contribute to understanding the
crucial role of APN on breast cancer pathophysiology, several studies have not confirmed these
findings [75–77,87]. According to some authors [88], this discrepancy could be partially due to the
presence of various APN isoforms with different molecular weights. In particular, an increased breast
cancer risk has been specifically related to low levels of the HMW isoform, rather than to total APN [88].

It has been also suggested that APN’s effect on breast cancer growth may differ in relation to ERα
expression. Most studies show that in ERα-negative breast cancer cells, APN has an anti-proliferative
and pro-apoptotic effect [89–91]. Instead, ERα positivity seems to negatively interfere with the
anti-proliferative effect of APN on breast cancer cell growth [92,93]. In ERα-positive cells, low APN levels
favor the interaction of APPL1 (a mediator of signaling pathways of cell proliferation, apoptosis and cell
survival) with AdipoR1, ERα, IGF-IR and c-Src, determining MAPK phosphorylation. This interaction
promotes ERα activation at genomic levels, inducing breast cancer cell proliferation [92]. In contrast,
APN-induced AMPK/LKB1 pathway activation results in mTOR inhibition in ERα-negative cells,
limiting breast cancer progression [94]. Different genes appear to be involved in the anti-proliferative
action of APN in ERα-negative breast cancer cells. They include p53, Bax, Bcl-2, c-myc and cyclin
D1 [67,90,95]. Therefore, APN is able to inhibit ERα-negative cell growth and progression both in vitro
and in vivo.
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Despite the complexity of the association between APN and breast cancer, the preponderance of
evidence suggests a correlation between low serum PN concentrations and breast cancer risk (Table 1).
Further large case–control studies are necessary to better explain the role of APN on the different breast
cancer phenotypes and among different ethnicities.

5. Endometrial Cancer

Endometrial cancer is the most frequent gynecologic malignancy and the fourth most common
type of cancer among women. It has a worldwide incidence of about 280,000 new cases annually [111].

Obesity represents one of the most important risk factors for the onset of endometrial cancer [112].
An excess of fat mass leads to reduced serum levels of sex hormone binding globulin (SHBG) and
progesterone, which results in an increased amount of bioavailable testosterone and estrogen. These
hormonal alterations constitute a stimulus for the proliferation of the endometrium and, therefore, for
the development of endometrial cancer. It has been estimated that patients with first-degree obesity
(BMI 30–35 kg/m2) or severe obesity (BMI > 35 Kg/m2) have respectively a 2.5 times and 5 times higher
risk of developing endometrial cancer than average-weight patients [113]. This correlation appears to
be even more critical because it has been recently reported that pre-pubertal obesity (7–13 years) is
associated with the onset of this type of cancer in adult age [114]. Moreover, several studies correlate a
patient’s weight loss with a reduction of endometrial cancer risk [16].

The excess of adipose tissue may exacerbate endometrial cancer risk through several other
mechanisms, including insulin resistance, excessive aromatization of adrenal androgens in the
adipocytes (resulting in higher levels of endogenous estrogens), chronic inflammation and the
production of several adipokines (including APN) [115]. In a recent meta-analysis, low APN levels,
typical of obese women, were associated with a 53% greater risk of developing endometrial cancer [99].
This inverse correlation between plasma APN concentration and endometrial cancer risk is supported
by most of the data published on this topic [96,100,116,117]. In particular, a strong inverse association
was demonstrated in peri- or post-menopausal patients, while the association for women of fertile age
was not univocal [97,98,118]. Furthermore, some authors have shown an inverse correlation between
the circulating levels of APN and endometrial cancer staging, and women with lower APN levels, in
fact, showed a more advanced endometrial cancer stage with a greater frequency [119].

The mechanisms by which APN inhibits the growth of endometrial cancer cells are not yet
well known. However, several hypotheses have been formulated which imply the previously
mentioned activation of AMPK (resulting in cell growth suppression and apoptosis), the extracellular
signal-regulated protein kinase (ERK) and Akt pathway inhibition and the reduction of Cyclin D1
expression [120]. Furthermore, some authors have suggested that APN may reduce the Bcl2/Bax
ratio, which causes an increase in the permeability of the mitochondrial membrane, resulting in the
release of Cytochrome-C in the cell cytoplasm and, ultimately, in the activation of caspases-induced
apoptosis [117]. Finally, the pro-apoptotic effect mediated by the APN seems to also occur in the
endothelial cells of blood vessels, which makes it act as a strong anti-angiogenic factor [121].

Not only a lack of APN, but also a defect in its action seems to represent a negative prognostic
factor that underlines the importance of this molecule in the prevention of the endometrial cancer [121].
Several authors have in fact shown that a lower expression of AdipoR1 in endometrial cancer cells is
associated with more advanced tumor stages, a higher percentage of myometrial invasion and lymph
node diffusion [117,120,121].

Summarizing, low circulating APN levels appear to be associated with an increased risk and
worse prognosis of endometrial cancer (Table 1). APN might, therefore, represent a promising tool for
the prevention and early diagnosis of this type of malignancy.

6. Ovarian Cancer

Ovarian cancer is the neoplasm burdened by the highest rate of lethality among female genital
tract malignancies, and affects mainly peri- and postmenopausal women [122]. The main reason for
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this very high mortality rate is due to the fact that the majority of the cases of ovarian cancer are
detected in advanced stages. About 80–90% of ovarian malignancies originate in cells of the ovarian
epithelium, located on the surface of the gland. Other, less frequent histopathological phenotypes are
stromal and germinal tumors, which develop from stromal tissue and germ cells, respectively [122].

The causes of ovarian cancer are not fully understood. The most important risk factors that
have been identified are: genetic predisposition and history of ovarian neoplasia, Caucasian ethnicity,
nulliparity, infertility, a high-fat diet and obesity [123].

Little evidence is available on the role of APN in ovarian cancer risk and progression. Some
authors analyzed serum levels of APN and leptin in 52 patients with ovarian cancer, showing that
both APN and leptin concentrations were significantly lower in women with ovarian cancer than in
healthy individuals [101]. Other authors showed that women affected by ovarian cancer with a low
leptin/adiponectin ratio had statistically longer progression-free survival times (using Kaplan–Meier
survival estimates) than those with a higher leptin/adiponectin ratio [124]. The same trend was found
in relation to the tumor responsiveness to chemotherapy, and women with a lower ratio in fact showed
a better clinical response [125].

Furthermore, Li et al. showed that AdipoR1 expression levels in cancerous ovarian tissues
represents an independent prognostic factor of the disease, being positively associated with overall
survival in patients [126]. Finally, some authors showed that APN is able to repress human ovarian
cancer cell growth and reverse the stimulatory effects of 17β-estradiol and IGF-1 on cell proliferation
through the downregulation of their receptors [127]. In conclusion, although little available evidence
has suggested a protective role of APN on ovarian carcinogenesis, additional studies are necessary to
elucidate its function in ovarian tumor onset and progression.

7. Thyroid Cancer

Thyroid cancer is the most common endocrine malignancy [61]. The majority of lesions are
represented by well-differentiated carcinomas, mainly papillary thyroid carcinoma and follicular
carcinoma (85% and 12% of cases, respectively), while only a small part of thyroid neoplasms is
represented by anaplastic carcinoma and medullary carcinoma [128]. The association between increased
adiposity and the risk of thyroid cancer has not been univocally established. In a large meta-analysis,
increase of weight, BMI, waist or hip circumference and waist-to-hip ratio were associated with a
greater risk of papillary, follicular and anaplastic thyroid cancers [129]. Several hypotheses have been
formulated to suggest potential mechanisms for this link, implicating factors such as inflammation,
oxidative stress, hyperinsulinemia and a deregulated secretion of adipokines (mainly leptin and
adiponectin) [130].

In 2011, Mitsiades et al. showed that patients with any form of thyroid cancer had significantly
lower levels of circulating APN compared to healthy subjects [105]. These data were partially confirmed
by a large, multicenter prospective study, which showed a relationship between low serum APN
concentrations and the presence of thyroid cancer in female patients (but not male, probably due
to the low percentage of males recruited for the study). The negative relationship with APN was,
however, absent, even among women, when the time interval between blood collection and thyroid
cancer diagnosis was less than six years [102]. Finally, in a recent paper, no direct association between
decreased levels of APN and tumor size or stages was found [103].

Several in vitro studies have shown that even if thyroid cancer cells express both AdipoR1 and
AdipoR2, papillary thyroid carcinoma cell lines express a significantly lower number of receptors than
normal thyrocytes [105,131]. Finally, when APN levels were measured in patients with medullary
carcinoma, no significantly different blood concentrations were found compared to controls [104].
Further studies are needed to elucidate the role of APN in thyroid cancer risk.
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8. Prostate Cancer

Prostate cancer is the most common malignancy in males and represents the fifth leading cause of
cancer death in men [61]. A sedentary lifestyle, together with a high-calorie and high-fat diet, are risk
factors for the development of prostate cancer. Extensive evidence has shown that the excess adipose
tissue is deeply involved in the onset and progression of prostate cancer [132,133]. Recent studies have
highlighted the central role of APN and its receptors in prostate cancer, even if some evidence appears
to be contradictory [134]. Immunohistochemistry analyses have shown a decreased expression of
both AdipoR1 and AdipoR2 receptor isoforms in prostate neoplastic tissues in comparison to healthy
prostate tissue [135]. Results of a meta-analysis indicated that concentrations of APN in prostate
cancer patients were significantly lower than in controls [106]. Specifically, some authors showed that
reduced concentrations of APN were related to prostate cancer development and progression [110].
Other authors showed that knockdown of APN leads to increased tumor proliferation and invasion,
decreasing tumor suppressing genes [136]. A large prospective study on plasma APN levels and
prostate cancer risk and survival showed that men with higher circulating APN concentrations had a
decreased risk of developing poorly differentiated cancer or metastases [108]. Moreover, APN treatment
has been demonstrated to increase cellular anti-oxidative protection and decrease oxidative stress in a
dose-dependent manner in human prostate cancer cell lines [137]. Growing evidences indicate that APN
performs an anti-proliferative action in prostate cancer cells, inhibiting dihydrotestosterone-activated
cell proliferation [138]. The over-expression of APN in prostate cancer cell lines has been demonstrated
to inhibit mTOR-mediated neoplastic cells proliferation [139]. Finally, Gao et al. showed that microRNA
323 is able to stimulate VEGF-A-mediated neo-angiogenesis in prostate cancer tissues through the
downregulation of APN’s receptors [140].

In contrast with these results, several authors have indicated that there is no significant
association between APN expression and prostate malignancy [109], or that there is even a significant
positive correlation between APN concentrations and incidence of low or intermediate-risk prostate
cancer [107]. Plasma APN levels were reported detectable at higher concentrations in subjects with
T3 (advanced outside) than in subjects with T2 (confined within the prostate) stage cancer. Authors
have notably suggested that cachexia during the final stages of prostate cancer could be a reason for
this phenomenon [25]. Furthermore, some evidence has indicated that AdipoR2 expression is directly
associated with prostate cancer progression and metastatization [141,142].

Several genetic polymorphisms can result in a predisposition to increased prostate cancer risk. In a
metanalysis of 133 published studies, AdipoQ rs2241766 and AdipoR1 rs10920531 variants were related
to a higher risk of prostate neoplasia. Conversely, AdipoR1 rs2232853 variant was associated with a
lower risk of developing this type of malignancy [134]. Finally, three common AdipoQ polymorphisms
were evaluated in a large cohort of patients with localized prostate cancer who underwent radical
prostatectomy: AdipoQ rs182052 allele was associated with both a higher risk of biochemical recurrence
and decreased APN levels. Stratified analyses showed that this correlation was more evident in patients
with abdominal fat distribution [143].

In conclusion, according to the predominance of literature showing an inverse correlation between
APN and the risk of prostate neoplasia, APN deficiency might be a potential biomarker for the early
detection of prostate cancer. Elevating APN levels in prostate cancer patients could be, therefore,
a useful therapeutic target. Nevertheless, considering that literature data appear to be sometimes
conflicting, further studies, both epidemiological and experimental, are warranted to clarify the
association between APN and the development of prostate neoplasia.

9. Adiponectin Role in Endocrine Cancer Metastasis

Metastasis is an extremely complex process that represents a major issue in the management of
cancer. Besides its role in cancer promotion, aberrant APN secretion has also been associated with
tumor spread and metastasis [144]. Regarding endocrine malignancies, APN has been demonstrated
to be able to suppress many important processes related to metastatization such as adhesion, invasion
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and migration of breast cancer cells [29]. This may occur in an LKB1-mediated manner: APN increases
the expression of LKB1, determining an increased phosphorylation of AMPK. This phenomenon is
of crucial importance for the modulation of two tumor suppressors, TSC2 and TSC1, and leads to a
decreased phosphorylation of p70S6 kinase (S6K) and, ultimately, to reduced cancer cell migration
and invasion [144]. APN’s protective role on endocrine cancer metastasis is also partially regulated
through the AMPK/Akt pathway. It has been in fact shown that APN-activated AMPK decreases the
invasiveness of MDA-MB-231 cells by inducing PP2A-mediated Akt dephosphorylation [38].

APN was also demonstrated to have a suppressive effect on metastatic endometrial cancer
cells [145]. APN was, in fact, able to inhibit leptin-induced cancer invasion, which requires the
inactivation of the JAK/STAT3 pathway and the stimulation of AMPK signaling.

Future studies on the role of APN and other adipose tissue-secreting molecules on cancer invasion
and metastatization should, therefore, focus also on LKB1-mediated effects, on the signaling pathways
APN uses and on the potential interactions with other adipose tissue-secreting molecules that might
contribute to the spreading of tumors.

10. Future Perspectives and Therapeutic Implications

Since many studies associate endocrine cancer protection with APN-mediated signaling, drugs
intended to bypass APN by directly activating its molecular pathways have been investigated in order
to find potential strategies (both prophylactic and therapeutic) and counteract tumor development [146].
However, efforts to engineer APN protein have often been challenging, partly due to a lack of knowledge
on the peculiar actions of different APN isoforms [147]. Two suggestions have been proposed to
possibly take advantage of the anti-cancer properties of APN: the identification/development of APN
receptor agonists, and the increase of endogenous APN concentrations [16]. The first APN receptor
agonist that was produced, ADP355, included several amino acids in its structure, which were able to
stabilize the molecule protecting it from proteolytic enzymes. In vivo, intraperitoneal administration
of 1 mg/kg/day ADP355 for 28 days in immunocompromised mice was demonstrated to suppress the
development of human breast cancer xenografts by 31%, with a good safety profile [147]. It was also
able to modulate different signaling pathways such as AMPK, STAT3, PIK3/Akt and ERK1/2 [147,148].
Using a high throughput assay, several naturally occurring APN receptor agonists were recently
identified [149]. These compounds, acting preferably on AdipoR1 (e.g., matairesinol, arctiin, arctigenin,
gramine) or AdipoR2 (e.g., syringin, parthenolide, taxifoliol, deoxyschizandrin) were demonstrated to
share important anti-cancer properties with APN, including anti-proliferative and anti-inflammatory
effects [149].

Furthermore, it is also conceivable to increase endogenous levels of APN. Peroxisome
proliferator-activated receptor-gamma (PPARγ) ligands have been proposed as a promising tool
to reach this therapeutic target. It has been demonstrated that thiazolidinediones (synthetic PPARγ
ligands) are able to increase APN concentrations in a dose- and time-dependent manner [150]. Even
if promising data have been initially produced on the anti-cancer role of several thiazolidinediones
(such as troglitazone and efatutazone), their effects on tumors remain to be clarified, given that phase 2
trials failed to show sufficient efficacy [151,152]. Moreover, we must consider that modifying these
receptor interactions could also result in unfavorable effects. In this regard, several possible side
effects derived from chronic APN treatment (such as infertility, cardiac damage and reduced bone
density) have been proposed by some authors [153,154]. For these reasons, further studies are needed
to elucidate the clinical relevance of such therapeutic approaches. Finally, it must be remembered that
APN may also be regulated by dietary or lifestyle habits. Daily consumption of fish, omega-3 and fiber
supplements [83], together with aerobic exercise of moderate intensity, have in fact been demonstrated
to significantly increase circulating APN concentrations [155].

41



Int. J. Mol. Sci. 2019, 20, 2863

11. Conclusions

Obesity represents a major health and social problem strongly increasing the risk for various severe
complications comprising endocrine cancer development. Our understanding on obesity-associated
malignancies has been rapidly improving during recent years. Among other mechanisms, growing
interest has been placed on the regulation of adipocyte-secreted molecules as a critical factor influencing
cancer pathophysiology.

APN has been recognized as a key mediator linking obesity and endocrine-related malignancies.
The multifaceted role of APN includes a series of complex biological actions on different cancer
metabolic pathways and tumor microenvironments. The majority of epidemiological evidence clearly
demonstrates that hypoadiponectinemia is related to an increased risk of obesity-related malignancies
and poor cancer prognosis. Nevertheless, APN has sometimes shown potentially contradicting
actions in endocrine-related tumorigenesis. We believe that this topic represents a promising research
field, but there remain several challenges before uniquely considering APN as a treatment strategy
in cancer. A more profound understanding of the pathophysiological links between the different
APN isoforms and endocrine-related malignancies is therefore required in order to develop effective
and safe therapies. Moreover, molecular and environmental settings under which APN acts as an
anti-inflammatory or pro-inflammatory adipokine need to be further examined. Finally, the specific
roles of each APN receptor and signaling pathway on the different types of endocrine cancers also
remain largely unknown. Further studies are therefore needed to clarify these aspects.
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JAK Janus kinase
IL-6 Interleukin-6
STAT3 Signal transducer and activator of transcription 3
ERK1/2 Extracellular signal-regulated protein kinases 1 and 2
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VEGF Vascular endothelial growth factor
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MAPK Mitogen-activated protein kinase
IGF-I Insulin-like growth factor I
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PPARγ Proliferator-activated receptor-gamma
S6K p70S6 kinase
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Abstract: Adiponectin is one of the most important adipocytokines secreted by adipocytes and is called
a “guardian angel adipocytokine” owing to its unique biological functions. Adiponectin inversely
correlates with body fat mass and visceral adiposity. Identified independently by four different
research groups, adiponectin has multiple names; Acrp30, apM1, GBP28, and AdipoQ. Adiponectin
mediates its biological functions via three known receptors, AdipoR1, AdipoR2, and T-cadherin,
which are distributed throughout the body. Biological functions of adiponectin are multifold ranging
from anti-diabetic, anti-atherogenic, anti-inflammatory to anti-cancer. Lower adiponectin levels have
been associated with metabolic syndrome, type 2 diabetes, insulin resistance, cardiovascular diseases,
and hypertension. A plethora of experimental evidence supports the role of obesity and increased
adiposity in multiple cancers including breast, liver, pancreatic, prostrate, ovarian, and colorectal
cancers. Obesity mediates its effect on cancer progression via dysregulation of adipocytokines
including increased production of oncogenic adipokine leptin along with decreased production of
adiponectin. Multiple studies have shown the protective role of adiponectin in obesity-associated
diseases and cancer. Adiponectin modulates multiple signaling pathways to exert its physiological
and protective functions. Many studies over the years have shown the beneficial effect of adiponectin
in cancer regression and put forth various innovative ways to increase adiponectin levels.

Keywords: adiponectin; obesity; cancer

1. Discovery of a Guardian Angel Adipocytokine

White adipose tissue (WAT), once regarded as the major site of energy storage and homeostasis, is
now known to be an endocrine organ producing numerous biologically active molecules and hormones,
one of the most important being adiponectin. Mainly secreted by adipocytes, adiponectin is also
produced to some extent by bone marrow, osteoblasts, fetal tissue, myocytes, cardiomyocytes, and
salivary gland epithelial cells [1,2]. The first report on adiponectin was published in 1995, where it was
denoted as an adipocyte complement related protein of 30 kDa (Acrp30), specifically expressed in the
adipose tissues and differentiated adipocytes [3]. Another group identified mouse adiponectin and
referred to it as AdipoQ using an mRNA differential display technique. They reported 247 amino acids
polypeptide coded by adipoQ cDNA specifically in adipose tissues of mice and rats. Importantly, they
also showed the reduction of adipoQ mRNA in obese mice and humans [4]. These two pioneering
papers indicated the function of adiponectin in energy homeostasis. The next few years observed
a revolutionary rise in the exploration of adiponectin. In 1996, another research group discerned
adiponectin as the most abundant transcript in the cDNA library of human adipose tissue, which
was termed as adipose most abundant gene transcript1 (apM1) [5]. In the same year, yet another
group isolated adiponectin from human plasma using affinity chromatography, followed by protein
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sequencing and referred to as gelatin-binding protein of 28 kDa (GBP28) [6]. Adiponectin is a small
protein composed of 224 amino acids, present in circulating concentrations as high as 2 to 10 μg/mL in
humans. The protein encompasses a signal domain followed by a variable domain which is species
specific, a collagen domain, and a globular domain.

Berg and colleagues and Yamauchi and colleagues were the first to identify the physiological
importance of adiponectin and highlighted the adiponectin axis as a possible therapeutic field for the
treatment of diabetes [7,8]. Enhanced circulating levels of adiponectin inhibits gluconeogenesis [9].
They concluded that reduced adiponectin in obese- and adipose-tissue-deficient mice serve as a
responsible factor for the development of insulin resistance [9]. The work of Yamauchi et al. [8]
reported decreased adiponectin in insulin resistance and altered insulin-sensitive mice models. In
the continuation work, Yamauchi et al. showed that in skeletal muscle, both globular as well as
full-length adiponectin are able to induce AMP activated protein kinase (AMPK), while only full-length
adiponectin can stimulate AMPK in liver cells [10]. Ahima and co-workers [11] demonstrated that
intravenous injections of adiponectin lead to an increase in the adiponectin level in cerebrospinal
fluid. Intracerebroventricular administration of adiponectin in leptin-induced obese mice caused
enhanced thermogenesis, weight loss, and decrease in serum glucose and serum lipid levels [11]. The
second decade of the 21st century observed the rediscovery of the physiological role of adiponectin.
Holland et al. [12] observed increased ceramide content in the liver of obese mice (ob/ob mice or
high-fat diet mice). An increase in ceramide is associated with insulin resistance, cell death, and
atherosclerosis [13]. Holland et al. [12] reported that adiponectin enhances the ceramide catabolism in
the liver via the ceramidase activity of its receptors, AdipoR1 and AdipoR2, which was independent of
AMPK activation. Xia et al. reported a decrease in the ceramide level in transgenic mice with genetically
induced acid ceramidase activity in the hepatic cells or in adipose tissues [14]. The contribution of
adiponectin is not only restricted to liver, but also extends to other major organs. Rutkowski et al.
showed that overexpression of adiponectin recovered the kidney podocytes rapidly and demonstrated
low intestinal fibrosis. But the lack of adiponectin caused irreparable albuminuria and damage in
kidney podocytes [15]. Adiponectin enhances the myocyte enhancer factor-2 (MEF2) induction in
cardiomyocytes via p38 MAPK (mitogen-activated protein kinases) signaling [16].

Adiponectin works by AdipoR1 and AdipoR2 receptors, which are unique and universally
expressed. AdipoR1 is most abundantly found in skeletal muscle whereas AdipoR2 is predominantly
present in liver [17]. AdipoR1 exhibits higher affinity for globular adiponectin, whereas AdipoR2
shows higher affinity for full-length adiponectin [17]. Both AdipoR1 and AdipoR2 accumulate in
homodimeric and heterodimeric complexes once bound by adiponectin [17]. Hug et al. [18] identified
T-cadherin, a member of the cadherin superfamily, as an effective receptor of hexamers and of high
molecular weight (HMW) adiponectin oligomers. Adiponectin can exert its biological functions by
directly interacting with its specific receptors that provide some organ and functional specificity to
adiponectin. In addition, multiple regulatory mechanisms tightly regulate adiponectin and further
control its biological impact on various organs in normal as well as disease state.

2. Tight Regulation of Adiponectin at Multiple Levels

2.1. The Role of Coactivators in Transcriptional Regulation of Adiponectin

Peroxisome proliferator-activated receptor gamma is an important transcription factor belonging
to the PPAR family, is a positive regulator of adiponectin transcription, and is widely expressed in
adipose tissue. Lower adiponectin levels have been associated with the P12A mutation in PPARγ.
The Thiazolidinedione class of medications (TZDs) are PPARγ agonists that stimulate adiponectin
production and are used as antidiabetics. Its efficacy has been shown in vitro as well as in vivo
studies [19–21] but could be limited by a mutation at a putative PPARγ-recognizing PPAR response
element (PPRE) site [19]. However, some reports demonstrate an increase in high molecular weight
(HMW) adiponectin biosynthesis in response to TZDs without changing adiponectin mRNA levels
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indicating a predominantly translational regulation of adiponectin synthesis. Forkhead box protein O1
(FoxO1) is another key regulator of adipocyte differentiation which is known to positively regulate
adiponectin transcription [22]. Biological functions and cellular localization of this transcription factor
is regulated by NAD-dependent deacetylase Sirt1 (sirtuin 1) and by additional post-translational
modifications including phosphorylation and acetylation. It complexes with CCAAT-enhancer-binding
proteins (C/EBPα) which in turn is stimulated by Sirt1 overexpression, consequently, activating
adiponectin promoter [23]. However, FoxO1 activity could be controlled by multiple upstream events
that can in turn regulate adiponectin levels. C/EBPα interacts with the CCAAT motif of the adiponectin
promoter recruiting co-activators, in turn stimulating transcriptional activity. Co-expression of PPARγ
and C/EBPα are known to significantly increase adiponectin expression [24,25]. Sterol regulatory
element-binding proteins (SERBPs) are membrane-bound precursors that interact with the nuclear
envelope or ER (endoplasmic reticulum) membranes. Sterol regulatory element-binding proteins
regulate the transcription of lipid-metabolizing enzymes. Binding of SREBP to the SERBP response
element (SRE) on adiponectin promoter amplifies adiponectin expression. Adiponectin promoter
is also transactivated by SREBP-1c and is prevented in case there is a mutation in the SRE motif.
Adenovirus-mediated overexpression of SREBP-1c is known to elevate adiponectin levels in 3T3-L1
adipocytes [26].

2.2. Involvement of Multiple Co-Factors in Transcriptional Repression of Adiponectin

cAMP response element-binding protein (CREB) is a master regulator of adipogenesis and has
been associated with systemic insulin resistance in obese state [27]. Camp response element-binding
protein indirectly represses adiponectin transcription by upregulating transcription factor ATF3
(activating transcription factor 3), which binds to the AP-1 (activator protein-1) site next to the
NFAT (nuclear factor of activated T-cells) binding site of adiponectin promoter [28]. Nuclear factor
of activated T-cell proteins are calcium-sensitive proteins associated with immune functions and
have been detected in 3T3-L1 adipocytes [29]. Overexpressed in obesity and diabetes, they have
been associated with WAT activity but the exact mechanism of NFAT in adiponectin regulation
is unclear. Nuclear factor of activated T-cell binding site deletion in adiponectin promoter [27]
enhances adiponectin expression while overexpression of NFAT diminishes adiponectin transcription.
Additional transcription factors involved in downregulation of adiponectin transcription include
AP-2β (activating enhancer binding protein-2β), IGFBP-3 (IGF-1-binding protein 3), and Id3 (inhibitor
of differentiation-3) [30]. Fat accumulation in obese state induces a hypoxic microenvironment,
which is known to inhibit adiponectin transcription via hypoxia inducible factor 1 alpha (HIF1α).
Obesity-induced chronic inflammation leads to overexpression of TNFα (tumor necrosis factor alpha),
IL6 (interleukin 6), IL18 (interleukin 18), and other pro-inflammatory cytokines that are also known to
inhibit adiponectin. Tumor necrosis factor alpha suppresses transcription activator PPARγ via JNK
(c-Jun N-terminal kinases)-mediated phosphorylation which reduces its DNA binding [31]. Tumor
necrosis factor alpha also promotes IGFBP-3 inhibiting adiponectin transcription and conferring insulin
resistance [32]. Tumor necrosis factor alpha has also been shown to inhibit FoxO1 and C/EBPα [30,32].
Interleukin 6 suppresses adiponectin transcription in 3T3-L1 adipocytes via p44/42 MAPK pathway [33].
Interleukin 18, on the other hand, phosphorylates and activates NFATc4, a repressor of adiponectin
transcription in a ERK (extracellular-signal-regulated kinase) 1/2 dependent manner [28].

2.3. Control of Adiponectin Expression via Post-Translational Modifications

Post-translational modifications are the most important determinants of adiponectin functionality
since different isoforms (trimeric, hexameric, and HMW multimeric forms) of adiponectin exhibit
different biological activities. While trimeric and hexameric forms mostly regulate food intake [34],
HMW forms of adiponectin mostly regulate insulin sensitivity, hepatic gluconeogenesis, and other
metabolic functions [35]. Other forms also mediate some metabolic functions. Since different forms
of adiponectin function differently, activity of adiponectin can be modulated by changing the ratios
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of different isoforms of adiponectin in serum. For example, activity of thiazolidinediones, statins,
and angiotensin receptor blockers depend on increasing the proportion of HMW adiponectin [30].
There is very little evidence to support the notion that adiponectin isoforms can interconvert after
secretion indicating that modulation of intracellular processes guiding multimerization of adiponectin
is important. Multimerization of adiponectin into HMW complexes is a complicated and active area
of research. Structurally, adiponectin has an N-terminal variable domain, a collagenous domain,
and a C-terminal globular domain. Production and secretion of HMW adiponectin is dependent on
hydroxylation and glycosylation of lysine residues of the collagenous domain [36–39]. Substitution of
lysine residues for arginine completely abolishes HMW adiponectin synthesis. Multimerization also
requires proline hydroxylation [39]. Inhibiting prolyl and lysyl hydroxylases using 2,20-dipyridyl can
completely impair adiponectin multimerization [39]. ER retention of folded adiponectin molecules
without being secreted leads to ER stress. It is very common in obese state and it is a major factor
causing low circulating adiponectin levels. ER retention of adiponectin is maintained by thiol-mediated
retention via (ER) chaperone protein 44 (ERp44) [40]. Thiol bond-reducing agents induce a 7- to
8-fold increase in secretion of adiponectin in 3T3-L1 adipocytes. Thiol-bond formation is also the
determinant of adiponectin folding and assembly prior to secretion [40]. Another important factor in
multimerization and release is intermolecular disulfide bond exchange by ER chaperone Ero-1La [41].
Increased expression of Ero-1La or inhibition of SIRT1, suppressor of Ero-1La results in increased
assembly and release of HMW adiponectin [41]. Similarly, ERp44 inhibition using TZDs may be utilized
to prevent ER retention of adiponectin and increase its circulatory levels [42]. DsbA-L (disulfide-bond
A oxidoreductase-like protein) is yet another ER chaperone known to directly bind to adiponectin and
aid HMW multimerization [43]. Though the mechanism is not completely understood, PPARα agonists
are known to upregulate DsbA-L [43]. Hence, a combination of molecular events at the transcriptional
and translational level regulate adiponectin (Figure 1).

Figure 1. Multiple signaling networks converge to regulate adiponectin.
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3. Physiological Functions of Adiponectin

3.1. A Central Role in the Reproductive System

Similar to other adipokines like leptin, resistin, and ghrelin, adiponectin plays a central role in
reproductive functions. Circulating levels of adiponectin are known to be higher in females compared
to males; testosterone exposure has been shown to reduce serum adiponectin levels. In the ovaries,
adiponectin receptors 1 and 2 have been found to be expressed in granulosa cells, oocytes, and corpus
luteum [44]. Adiponectin induces expression of cyclooxygenase 2 (COX2), vascular endothelial growth
factor (VEGF), and prostaglandin E synthase (PGES) in granulosa cells in a porcine model [1]. Similarly,
increased adiponectin and AdipoR1 gene expression was observed in immature rat ovaries in response
to human chorionic gonadotropin (hCG) [45]. Some studies also suggest a role of adiponectin in ovarian
steroidogenesis, while additional studies showed species-specific variable results. Gene expression
changes induced by adiponectin in the ovaries have been demonstrated to be modulated by AMPK
(AMP activated protein kinase) or ERK1/2-MAPK dependent pathway [45]. Adiponectin-induced
AMPK has been shown to regulate the energy requirement for follicular growth. AMPK phosphorylates
PPARγ, which structurally resembles steroid hormone receptors, repressing its transactivation [45].
PPARγ is known to influence steroidogenesis, ovulation, oocyte maturation, and maintenance of
corpus luteum [45]. AMPK and PPARγ, therefore, cooperatively regulate the energy balance in the
ovary, thus, ensuring optimum growth of ovarian follicles [46,47]. However, mice lacking functional
AdipoR1 or AdipoR2 do not demonstrate defective reproduction suggesting that adiponectin is not
indispensable for reproductive functions and evidence suggests adiponectin’s effect on the ovaries
is by virtue of its insulin sensitizing efficiency [46,47]. The essential role of adiponectin has been
explained in the early stages of fetal development [48]. Adiponectin receptor expression is higher in
the endometrial epithelium of women in the mid-secretory phase of the menstrual cycle indicating a
role of adiponectin in the endometrial changes associated with embryo implantation [49]. Additionally,
adiponectin inhibits IL-1β-mediated inflammatory response via AMPK [49] in the stromal cells of
endometrium. Adiponectin has also been detected in early developmental stages of rabbits, pigs,
and mice embryos, and improves development of pig embryo by accelerating meiosis in a p38MAPK
dependent manner. During developmental stages, adiponectin is not confined to adipose tissue but is
also expressed in epidermis, smooth muscle fibers, small intestine wall, major arterial vessels, and
ocular lens suggesting multifold functions of the hormone that remain to be understood. Gestational
diabetes, a common pregnancy-related complication is also correlated with plasma adiponectin levels.
Women who develop gestational diabetes during late pregnancy exhibit lower adiponectin levels in
early pregnancy [1]. Hypoadiponectinemia has also been associated with polycystic ovary syndrome
(PCOS), a major cause of anovulatory infertility, though reports have been inconsistent. Polycystic
ovary syndrome is known to have a strong genetic association and it has been reported that single
nucleotide polymorphism (SNP) in the adiponectin gene might be associated with increased risk of
PCOS. Polycystic ovary syndrome patients are susceptible to glucose intolerance, insulin resistance,
hypertension, and hyperlipidemia with evidently low circulating adiponectin levels [1].

3.2. Regulation of Insulin Sensitivity and Protection against Fatty Liver

Adiponectin is shown to be protective against fatty liver disease and a low circulating adiponectin
has been observed in patients with chronic hepatitis and liver steatosis; inverse quantitative correlation
between circulating adiponectin and grade of hepatic steatosis has been found. Some studies also
suggest a SNP variation in adiponectin and mutation in AdipoR2 receptor to be associated with hepatic
steatosis and fibrosis [50,51]. The most important known biological role of adiponectin is the regulation
of insulin sensitivity in muscle cells, which makes it a central player in type 2 diabetes mellitus (T2DM)
and metabolic syndrome. In humans, adiponectin is also known to be secreted by the skeletal muscles
where it regulates lipid metabolism via AMPK, p38MAPK, and PPARα pathways [52,53] resulting
in more efficient glucose metabolism via glucose transporter type 4 (GLUT4) receptor and fatty acid
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oxidation, thus maintaining insulin sensitivity [54,55]. Though both AdipoR1 and AdipoR2 have
been detected in the skeletal muscles, the relative levels of the two receptors appear to be regulated
by insulin levels, fasting–feeding cycles, and other pathophysiological situations; potentially via a
PI3K/FoxO1 mediated pathway [56]. Direct role of adiponectin in regulating insulin sensitivity and the
fact that adiponectin deficient mice are insulin resistant accompanied by lower insulin production in
response to glucose intake suggests a potential role of adiponectin in regulation of insulin production
by the β-cells which express both AdipoR1 and AdipoR2 [57]. Adiponectin receptor levels are also
lower in pancreas of genetically obese mice. Consistently, adiponectin administration increases insulin
secretion in response to glucose in experimental mice [58,59]. In vitro, adiponectin has been shown
to prevent free fatty acid induced programed cell death in β-cell lines [59]. Adiponectin, thus, plays
an important role in survival and functions of the pancreas protecting it from physiological damage,
which in turn regulates the levels of insulin in the body that is central to most metabolic processes.
In fact, Zyromski et al. [60] elegantly demonstrated that increasing circulating adiponectin in obese
rodents by cannabinoid receptor-1 antagonist leads to recovery of acute pancreatitis.

3.3. Adiponectin in the Central Nervous System

Adiponectin receptors have been detected throughout the central nervous system including the
hypothalamus and brainstem and can stimulate neuroendocrine and autonomic responses in the central
nervous system (CNS) [61]. While some studies suggest that intracerebroventricular administration
of adiponectin results in elevated energy expenditure and promotes weight loss without effecting
appetite, some other studies show adiponectin induces increased food intake and reduced energy
expenditure. While these results are conflicting, it also draws attention to the fact that adipokines by
nature are neuromodulators that signal the brain to regulate food intake and energy expenditure in a
context specific manner. Adiponectin receptors have been detected in the pituitary gland of humans
suggesting a direct role in regulation of pituitary functions. Using in vitro models, adiponectin has
been demonstrated to inhibit growth hormone (GH) and luteinizing hormone (LH) production by
rat pituitary cells [62,63]. Yet other studies have indicated a cerebro-protective role of adiponectin
via endothelial nitric oxide synthase (eNOS)-mediated pathway as well as migraine-associated
inflammation and vasodilation, though more detailed studies are required [63]. In addition to playing
important roles in normal physiology, an imbalance in adiponectin levels is associated with multiple
pathophysiological states.

4. Perturbations in Adiponectin Levels Manifest in Disease States

4.1. Association of Adiponectin with Inflammation

In contrast to most other adipokines, adiponectin is a well-known anti-inflammatory agent. Using
in vitro systems, it has been demonstrated to inhibit B cells differentiation from bone marrow and elevate
expression of anti-inflammatory cytokines IL10, IL6, TNFα, and IFNγ in monocyte-derived cell types
by inhibiting NFκB (nuclear factor kappa light-chain-enhancer of activated B cells) pathway [64–66].
However, the response is variable depending on the isoforms of the hormone and the cell type
targeted, for example, while low molecular weight adiponectin can inhibit LPS-induced IL6 and
elevate IL10 in differentiated TH1 macrophages, the multimers of the adipokine do not modulate the
abovementioned cytokines [64]. The HMW adiponectin elicit IL6 secretion from monocytes and THP-1
macrophages [64]. Reciprocal regulation of adiponectin by pro-inflammatory cytokines is equally well
known. Obesity is a chronic state of low-grade inflammation with sustained and significantly higher
level of inflammatory cytokines like TNFα that is known to directly inhibit adiponectin transcription.
A large body of research suggests that a higher level of circulating adiponectin in lean humans induces
a resistance to inflammatory stimulus in the macrophages. The context specific role of adiponectin
in inflammatory processes is also implicated by the fact that higher levels of adiponectin in serum
and synovial fluid of rheumatoid arthritis (RA) patients where a sustained inflammatory environment
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results in degradation of joints and disease severity is directly proportional to circulating adiponectin
levels [67,68]. Both adiponectin and adiponectin receptors have been detected in synovial fibroblast
of RA patients indicating a local paracrine signaling event [67,68]. In these synovial fibroblasts,
adiponectin induces IL6 and pro-matrix metalloproteinase-1 (pro-MMP1) synthesis via p38MAPK
and NFκB pathways without influencing other cytokines [69]. It has also been reported to escalate
IL8 production which can be attenuated by inhibiting AdipoR2 using RNA interference but not via
AdipoR1 [69].

4.2. Adiponectin in Cardiovascular Diseases

Cardiovascular diseases (CVDs) strongly correlate with visceral adiposity which in turn associates
with lower circulating adiponectin, verifiable in patients with cardiovascular disease [70]. Similar to
other physiological scenarios, CVD dependence on adiponectin levels is context specific. Lower levels
of HMW adiponectin correlate with incidence of CVD [71]. Hypoadiponectinemia has been associated
with severity of myocardial infraction with elevated levels of TNFα and increased apoptotic death in
myocytes and stromal cells [72]; adiponectin administration attenuates these complications and reduces
severity of infraction via the COX-2/EP4 pathway mediated by AMPK [73]. Adiponectin regulates
the cardioprotective COX-2 signaling via sphingosine kinase (SphK) signaling [73,74]. Additionally,
adiponectin has also been studied in the context of atherosclerosis. In injured blood vessels, adiponectin
has been reported to bind collagen type I, III, and V, suggesting a role in repair of vasculature [1]. It
suppresses vascular cell adhesion protein-1 (VCAM-1) expression in monocytes resulting in suppression
of TNFα synthesis, thus preventing them from adhering to the aortic endothelial cells [75]. Adiponectin
also inhibits the class A macrophage scavenger receptor in macrophages preventing them from being
converted into foam cells, the culprits of atherosclerosis. It has also been proposed that adiponectin
gene variation can be used as a predictor of coronary heart disease risk since T/T homozygotes of the
adiponectin gene were at lower risk of developing coronary artery disease compared to G/G or G/T
genotype individuals [50].

5. Obese State and Adiponectin—An Inverse Relation

In contrast to other known adipokines, adiponectin is inversely related to body mass index (BMI)
and central adiposity; the strongest negative correlation has been observed with waist-to-hip ratio [76].
Undoubtedly, a feedback loop regulates it at transcriptional, translational or post-translational level. A
similar trend in downregulation of its receptors AdipoR1 and AdipoR2 have also been observed [77].
Normal levels of adiponectin as well as its receptors are re-established post weight/fat loss. Though a
number of mechanisms have been proposed, none of them precisely explain the feedback mechanism in
adiponectin regulation. An obese state is a situation of chronic inflammation in the body characterized by
a marked increase in the levels of inflammatory cytokines IL6, IL8, TNFα, and leptin, which are directly
known to inhibit adiponectin transcription. In addition, the most important and well-understood
role of adiponectin is insulin sensitization in the skeletal muscles. Increase in visceral fat mass lowers
systemic adiponectin levels creating insulin resistance in the skeletal muscle while glucose signaling
in response to food intake stimulates elevated insulin secretion by the pancreas that is free from
adiponectin’s regulatory control due to its lower circulating concentrations. As a result, there is
increased conversion of glucose and glycogen into fats, which is then taken up by the skeletal muscles
leading to intramuscular fat accumulation, typical of type 2 diabetes. Consequently, a vicious cycle
is initiated where increased adiposity causes a drop in adiponectin levels that in turn results in fat
accumulation in muscles and vital organs like liver that further lowers adiponectin levels giving way
to cardiovascular diseases and atherosclerosis. Again, gender specific differences are evident since
lower adiponectin levels have been recorded in diabetic men compared to women which has been
partially attributed to higher testosterone levels in men.

Though both total and HMW adiponectin are downregulated, HMW adiponectin is a better
predictor of insulin resistance [78,79]. As such, individuals harboring mutations for adiponectin
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multimerization are more susceptible to type II diabetes [78]. Lipoatrophic mice lacking circulating
adiponectin were found to be hyperglycemic as well as had higher levels of insulin, both of which could
be reverted by continuous adiponectin administration. In light of genetic association, +45 G-allele of the
adiponectin gene has been shown to regulate glucose tolerance and insulin sensitivity [50,80]. Similarly,
AdipoR1 −3882 T > C polymorphism has been shown to be responsible for lower insulin resistance and
fasting glucose levels [50,80]. Adiponectin has been shown to have a direct and immediate effect on
blood pressure and lower circulating adiponectin levels can be considered a predictor of hypertension
risk. Experimentally, angiotensin II administration decreases circulatory adiponectin while angiotensin
II receptor blockade results in increase in its plasma concentrations [81,82]. Adiponectin has been
widely studied in the context of lipoprotein metabolism, a dysregulation of which is termed as
dyslipidemia. Obesity is often characterized by increased triglycerides, free fatty acids and low-density
lipoprotein (LDL), and a decrease in high-density lipoprotein (HDL). Circulatory adiponectin positively
correlates with HDL and size density of LDL, and negatively correlates with plasma triglycerides [83,84].
Hypoadiponectinemia often associates with an atherosclerotic lipid profile. The positive correlation
between HDL and adiponectin is known to be regulated by apolipoprotein A-I (apoA-I) [85]. Metabolic
syndrome is defined as the physiological state of complete metabolic dysfunction characterized by
hyperglycemia, insulin resistance, hypertension, dyslipidemia, and obesity. All these conditions are
strongly associated with lower adiponectin levels, particularly, HMW adiponectin [86,87]. It has
also been shown to be a predictor of metabolic syndrome in a 6-year follow-up study in Japan [87].
Though few studies have been successfully conducted, the physiological relevance of adiponectin
in eating disorders like bulimia and anorexia nervosa is still unclear, since both upregulation and
downregulation of the adipokines in these conditions have been reported. More detailed analyses with
special attention to the confounding factors is required to clearly delineate the inverse relationship
between obesity and adiponectin.

6. Adiponectin- and Obesity-Associated Disorders

Deregulated adiponectin production in obesity may be the leading cause of endometrial
impairment, hypertension, myocardial infarction, and other complexities of metabolic syndrome
along with cancer initiation and progression (Table 1).

Table 1. Obesity-related diseases associated with hypoadiponectinemia.

Diseases Findings

Hypertension Obese patients suffering from hypertension display lower adiponectin.

Atherosclerosis Higher incidences of cardiovascular events are associated with
lower hypoadiponectinemia.

Obstructive sleep apnea
syndrome

OSAS (Obstructive sleep apnea syndrome) patients revealed lower
expression level of adiponectin compared to control patients.

Diabetic retinopathy T2DM patients with diabetic retinopathy have lower levels of adiponectin
compared to T2DM patients without diabetic retinopathy.

Cancer Multiple evidences suggest low adiponectin levels are associated with the
threat of developing several types of cancers.

Metabolic syndrome

Metabolic syndrome represents a group of complications like obesity,
hypertension, dyslipidemia, hyperglycemia, and insulin resistance.
Enhancement of metabolic syndrome components is associated with a
decrease in adiponectin concentration in plasma [88].

Dyslipidemia

Disorder of lipid metabolism leading to high levels of LDL, serum
triglycerides, and decreased levels of HDL. Inverse association exists
between adiponectin level with LDL and serum triglycerides with a positive
association with HDL levels [89].

Hepatic disease
non-alcoholic fat

Inverse association exists between adiponectin level in liver with
non-alcoholic fatty liver disease as well as non-alcoholic steatohepatitis [90].
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6.1. Hypertension

Several factors contribute to the association of obesity and hypertension including sympathetic
activation of the nervous system, endothelial dysfunction (due to an increase in free fatty acids and
oxidative stress), and an abnormal adipokine production [88]. Adults with hypertension display lower
levels of adiponectin [89]. Total adiponectin levels were found to be lower in obese individuals suffering
from hypertension in comparison to lean and normotensive individuals [90]. Adiponectin coordinates
blood pressure by mechanisms regulated by brain and endothelium [91,92]. Studies reveal that
adiponectin suppresses TNFα and inhibits foam cell transformation of macrophages [93]. Adiponectin
prevents the atheroma formation by nitric oxide (NO) production via phosphoinositide 3-kinase (PI3K)
and AMPK pathways in endothelial cells [91,92]. Adiponectin also reduces the proliferation of smooth
muscle cells and TNF-α in macrophages [93].

6.2. Atherosclerosis

There are multiple mechanisms linking obesity to cardiovascular diseases [94,95]. Several
adipokines facilitate the cross-talk between adipose tissue, heart, and vessels in the
“adipo-cardiovascular axis”. A prothrombotic state is stimulated by the altered release of adipokines
that leads to cardiovascular disease and atherosclerosis [96,97]. Reduced levels of serum adiponectin
are interpreters of atherosclerosis and myocardial infarction. Additionally, there is a strong
correlation between hypoadiponectinemia and coronary heart diseases well supported by clinical
trials which confirm that higher incidences of cardiovascular events are associated with lower levels of
adiponectin [98]. Reports suggest HMW adiponectin to be a better independent risk factor than the
total adiponectin for cardiovascular diseases [99,100]. In vivo studies using adiponectin deficient mice
reveal severely injured arteries while adiponectin supplementation impaired neointimal proliferation.
In vitro culture studies demonstrate that platelet-derived growth factor (PDGF), heparin-binding
epidermal growth factor (HB-EGF), basic fibroblast growth factor (BFGF), and epidermal growth factor
(EGF)-induced DNA synthesis, cell proliferation and cell migration are impaired by adiponectin [101].
Adiponectin reduces inflammatory cytokines and adhesion molecules in endothelial cells. Apart
from inhibiting the conversion of macrophages into foam cells, adiponectin also decreases TNF-alpha
production as well as induces the production of the anti-inflammatory cytokine, IL-10 [102].

6.3. Obstructive Sleep Apnea Syndrome

Obstructive sleep apnea syndrome (OSAS) is a condition characterized by recurrent respiratory
disorders during sleep [103]. The level of adiponectin is undoubtedly lower in OSAS patients. A study
by Hargens et al. [104] confirmed lower adiponectin levels in OSAS patients in comparison to controls.
Yet, there are some studies which suggest that patients suffering from OSAS do not show alteration
in adiponectin levels. Intermittent hypoxia resulting in a decrease of total and HMW adiponectin is
argued to be the major cause of the reduction of adiponectin in OSAS [105,106].

6.4. Diabetic Retinopathy

One of the major risk factors for diabetic microvascular complications is obesity. Increased levels of
glucose in T2DM are thought to be a risk for microvascular (retinopathy, nephropathy and neuropathy)
and macrovascular (coronary heart disease, stroke and peripheral vascular disease) complications [107].
The most common complication of diabetic microvascular disease is diabetic retinopathy which affects
30–50% of all diabetics [107]. Both obesity and T2DM patients display decreased adiponectin levels in
circulation. Additionally, T2DM patients with diabetic retinopathy (non-proliferative and proliferative)
have reduced levels of adiponectin compared to patients without retinopathy [108].
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7. Obesity, Adiponectin, and Cancer: Interplay of Bigwigs

Multiple epidemiological evidences associate obesity with the risk of cancer development. The
study conducted by the American Cancer Society comparing individuals with a body mass index
(BMI) over 30 kg/m2 with individuals over 25 kg/m2 concluded that the relative risk of colorectal
cancer is at 1.8 for obese males and 1.2 for obese females [109]. A meta-analysis of 11 studies indicated
the probability of 6% increase in the risk of kidney cancer in men and 7% in women per unit BMI
increase with an average 36% higher risk in overweight individuals (BMI > 25 kg/m2) and 84% higher
risk in obese individuals (BMI > 30 kg/m2) [109]. Lagergren et al. reported a positive correlation
of esophageal carcinoma with increased BMI (>25.6 kg/m2 in males and >24.2 kg/m2 in females)
along with a higher risk in individuals with a BMI greater than 30 kg/m2 [109]. According to the
International Agency for Research on Cancer and the World Cancer Research Fund (WCRF), obesity
is strongly associated with endometrial cancer, adenocarcinoma of the esophagus, colorectal cancer,
postmenopausal breast, prostate, and renal cancer. Leukemia, non-Hodgkin’s lymphoma, multiple
myeloma, malignant melanoma, and thyroid tumors represent some lesser common malignancies
associated with obesity [89,110,111]. The strongest correlation between obesity and cancer risk has
been observed in the case of breast cancer. Approximately 80% of the breast is composed of adipose
tissue or fat. The mammary epithelial cells are therefore in close contact with a cocktail of adipokines
produced by the adipose tissue and any imbalance in the hormonal milieu renders the breast susceptible
to tumorigenesis. Reduced levels of total and HMW adiponectin have been shown be associated
with breast cancers irrespective of age, BMI, hormone status, and other factors which was first
reported by Noguchi and group [112,113]. Adiponectin and its receptors are known to be expressed
in breast epithelial as well as myoepithelial cells of the breast. Cytoplasmic expression of both the
AdiopRs is known in normal breast epithelial and breast cancer cells but breast cancer tissue exhibits a
higher expression of AdipoR2 which also significantly and positively correlates with vascular and
lymphovascular invasion in breast cancer. Adiponectin receptors are known to be expressed on most
breast cancer cell lines including MCF7, T47D, MDA-MB-231, MDA-MB-361, and SKBR3. While
MDA-MB-231, T47D, and MCF-7 showed higher expression of AdipoR1, MDA-MB-361 had higher
expression of AdipoR2. Adiponectin protein distribution also varied between cell lines. Insulin,
insulin-like growth factor-1 (IGF1), leptin, adiponectin, steroid hormones, and cytokines are some
host factors associated with obesity that not only influences the initiation and progression of breast
cancer, but also affects its response to therapies [114]. Reports reveal decreased adiponectin in breast
and endometrial cancer and vice versa in non-small cell lung cancer, pancreatic, liver, prostate, gastric,
renal cell carcinoma, and colon cancer [115–118]. Wei et al. [119] performed a meta-analysis of 107
studies in a random effect model to analyze the levels of circulating adiponectin in cancer patients
versus controls. They found that the circulating adiponectin levels were significantly downregulated
in cancer patients compared to control patients with a pooled SMD of −0.334 μg/mL. Further analysis
of eight different studies showed that the circulating levels of HMW adiponectin was lower in cancer
cases than control cases with a pooled standard mean differences (SMD) of −0.502 μg/mL (Table 2).

Table 2. Studies showing circulating HMW adiponectin and its association with cancer risk. RIA:
radioimmunoassay; ELISA: enzyme linked immunosorbent assay.

Cancer Type Ethnicity Sample Cases/Control Method Reference

Breast cancer Caucasian Serum sample 74/76 RIA [120]
Liver cancer Asian Serum sample 59/334 ELISA [121]
Liver cancer Asian Serum sample 97/97 ELISA [122]

Colorectal cancer Asian Plasma sample 165/102 ELISA [123]
Colorectal cancer Caucasian Serum sample 1206/1206 ELISA [124]

Multiple myeloma Caucasian Plasma sample 174/348 ELISA [125]
Endometrial cancer Caucasian Serum sample 62/124 ELISA [126]

Breast cancer Asian Serum sample 66/66 Other method [127]
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8. Adiponectin Orchestrates Multiple Biological Functions to Inhibit Cancer Progression

8.1. Inhibition of Angiogenesis

Tumor growth and metastasis are high-energy expenditure processes requiring constant supply
of growth factors and nutrients, which is ensured by profusely leaky tumor vasculature. Adipocytes as
well as pre-adipocytes are known to synthesize proangiogenic factors including leptin, TNFα, IL6, HGF
(hepatocyte growth factor), and bFGF. Vasculogenesis requires fibroblast growth factor-2 (FGF-2) for
proliferation of endothelial cells followed by migration of the endothelial cells and tubulogenesis that
is facilitated by the vascular endothelial growth factor, VEGF. Using culture-based studies, it has been
demonstrated that adiponectin is capable of inhibiting endothelial cell proliferation induced by FGF2
as well as migration of endothelial cells by VEGF. In a mouse fibrocarcinomas model, intratumoral
administration of adiponectin resulted in disruption of tumor vasculature and caspase-3-mediated
intratumoral apoptosis, possibly by nutrient deprivation of tumor cells, resulting in over 60% tumor
regression. Adiponectin inhibits in vitro proliferation of human umbilical vein endothelial cells
(HUVECs) and subsequent vessel formation. Adiponectin null mice have also been shown to exhibit
retarded tumor growth, diminished vascularization, and inhibition of pulmonary metastasis [128].
However, contradictory results have also been observed in literature and regulation of vasulogenesis
by adiponectin warrants further investigation.

8.2. Inhibition of Growth and Proliferation

Adiponectin has been shown to inhibit cell proliferation via ERK1/2-MAPK pathway in T47D cells.
In MDA-MB-231 xenografts, recombinant as well as adenovirus-mediated adiponectin overexpression,
regressed tumor development, inhibited secondary tumor development in adjacent fat pads, and
prevented lung metastasis via the GSK3β/βcatenin signaling pathway [113,129]. Kang et al. [130]
reported that inhibitory effects (growth arrest as well as apoptosis) of adiponectin have been more
pronounced in the mesenchymal-like cell line MDA-MB-231 compared to the luminal-like cell line T47D
by inducing G0/G1 cell cycle arrest. Adiponectin is thought to enhance Bax and p53 expression while
downregulating CyclinD1, blocking JNK signaling, and inducing PARP cleavage via AdipoRs [113]
Another proposed mechanism of adiponectin-induced growth inhibition and apoptosis in MCF7, T47D,
SK-BR3, and MCF10A is AMPK activation as a result of adiponectin binding to AdipoRs resulting in
p42/p44MAPK inhibition which consequently modulates p53, Bax, Bcl-2, c-myc, and cyclin D1 [113].
Grossman et al. further explain that estrogen receptor alpha (ERα) positive cell lines MCF7 and T47D
cells could be inhibited even with low concentrations of adiponectin, but to achieve similar results
in ERα negative cell line SKBR3, much higher concentrations of the adipokines are necessary. They
further investigated the role of ER in adiponectin-mediated inhibition by expressing estrogen receptor
in MDA-MB-231 which resulted in cells being responsive to adiponectin-induced growth inhibition via
a blockade of JNK2 signaling [113]. Adiponectin has also been shown to inhibit leptin-induced cell
proliferation in MDA-MB-231, MDA-MB-361, SK-BR-3, MCF-7, and T47D cells at varying doses [120].
Genetic variations in adiponectin and its receptor has also been suggested to be associated with
breast cancer risk. One study found that the women who had adiponectin rs2241766 (+45 T→ G)
TG genotype, the genotype associated with higher circulatory adiponectin, were at 39% lower risk
of developing breast cancer where as those with adiponectin rs1501299 (+276 G→ T) TG and GG
genotypes, low adiponectin genotypes, were at 59% and 80% higher risk of developing breast cancer,
respectively. AdipoR1 rs7539542 (+10225 C→ G) CC and CG genotypes were also predicted to carry a
lower breast cancer risk.

In a Chinese case control study, prostate cancer patients exhibited significantly lower levels of
adiponectin in circulation. To demonstrate the role of adiponectin in prostate cancer incidence and
progression they developed stable transfects of prostate cancer cell lines deficient for adiponectin
receptor. Adiponectin administration to parent cell line suppressed cell migration, tube formation,
and induced cell cycle arrest, while adiponectin deficiency enhanced the proliferative, migratory, and
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pro-angiogenic potential of these cells [121]. Gao et al. [122] in 2015 demonstrated that adiponectin
overexpression in prostate cancer cells results in depletion of VEGFA and vice versa via an AMPK/TSC2
mediated mechanism. Recently, Shrestha et al. demonstrated the critical role of transcription factor
FoxO3A in adiponectin-mediated growth arrest and apoptosis in cancer cells. Globular adiponectin
induces p27 but inhibits Cyclin D1 in breast cancer cell lines MCF7 and hepatic cancer cell line HepG2
along with caspase 3/7 activation and FasL expression. Silencing FoxO3A using siRNA inhibited p27 and
activated CyclinD1 while preventing caspase and FasL activation suggesting FoxO3A-mediated growth
arrest in these cells. On silencing AMPK, however, they observed an inhibition of nuclear translocation
of FoxO3A along with inhibition of adiponectin-induced cell cycle arrest and apoptosis. AMPK,
thus, acts upstream of FoxO3A in regulating adiponectin cytotoxicity in cancer cells [123]. Another
study using HepG2 and Huh7 cell lines elaborates adiponectin-induced inhibition of hepatocellular
carcinoma through JNK and mTOR pathway modulation, though upstream regulation remains to be
determined. Adiponectin-induced cell death in these cell lines is accompanied by intracellular reactive
oxygen species (ROS) accumulation and adiponectin’s effects were inhibited by N-acetylcysteine.
Levels of thioredoxin proteins, Trx1 and 2 were altered while overexpression of either of the proteins
rescued adiponectin’s effect [124].

High circulating adiponectin has also been shown to be associated with 50% lower risk of
endometrial cancer irrespective of BMI, hence, it can be considered an independent predictor of
endometrial cancer risk. Similarly, adiponectin receptors have been detected in prostate cancer cell lines
and in patients. Adiponectin in circulation was evaluated to be negatively correlated with histological
grade prostate cancer. Consistently, full-length adiponectin also inhibited growth of prostate cancer cell
lines in vitro. In models of CRC, adiponectin knockdown resulted in increased multiplicity of colorectal
polyps which were also more aggressive and metastatic with higher COX2 levels compared to their
wild-type counterparts suggesting that higher levels of circulating adiponectin could be associated
with better prognosis of colorectal cancer as well. In adiponectin-deficient mice, adiponectin inhibited
tumor progression and angiogenesis when fed an obesogenic diet but not with normal diet [125–127].
Adiponectin deficiency also aggravated azoxymethane-induced (carcinogen-induced) colon cancer in
C57BL/6J mice [131]. A series of studies by Saxena et al. demonstrated that adiponectin conferred
protection against inflammation-induced colon cancers by preventing apoptosis in the goblet cells and
promoting differentiation of epithelial cells to goblet cells [132,133]. In HCT116, HT29, and LoVo CRC
cell lines, adiponectin induces G1/S cell cycle arrest with concurrent overexpression of p21 and p27 via
AMPK phosphorylation; inhibition of adiponectin receptors freed the cells of adiponectin-induced
growth arrest [134]. Moreover, adiponectin rs266729 (−11365 C→ G) GG and GC genotypes have been
reported to be at 27% lower risk of encountering colorectal cancer compared to individuals with CC
genotype, though results in this regard have been inconsistent [135].

8.3. Inhibition of Invasion, Migration, and Metastasis

Owing to its strong negative association with multiple cancers and its role in tumor angiogenesis
and vasculature development, many research groups have studied the involvement of adiponectin in
cancer invasion and metastasis. However, not many studies have specifically examined the role of
adiponectin in cancer metastasis. Adipokine leptin is a strong predictor of poor outcome in breast cancer.
Adiponectin has been shown to counteract the effect of leptin by inhibiting leptin-induced migration
and invasion in breast cancer in addition to leptin-induced clonogenicity and anchorage independent
cell growth. Adiponectin pretreatment suppresses leptin-induced ERK and Akt signaling. Additionally,
it amplifies the protein tyrosine phosphatase 1B (PTP1B) expression and activity, physiological leptin
inhibitor and PTP1B inhibition restores leptin activity. Adenoviral adiponectin treatment retards
tumor progression in xenograft [136]. In endometrial cancer cell line SPEC-2, adiponectin reverses its
metastatic phenotype. Adiponectin inhibits leptin-induced proliferation as well as invasion potential
of the SPEC2 cells. Mechanistically, adiponectin prevents leptin-induced invasion by inhibiting
signal transducer and activator of transcription 3 (STAT3) phosphorylation and MAPK-mediated
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nuclear translocation [137]. In liver cancer xenografts, adiponectin inhibits tumor progression and
reduces lung metastasis. Adiponectin inhibits hepatic stellate cell activation, intratumoral macrophage
infiltration, and diminishes tumor vascularization by downregulating ROCK/IP10/VEGF signaling and
inhibition of lamellipodia formation [138]. In non-small cell lung carcinoma (NSCLC), adiponectin
prevents migration and invasion of cancer cells by inhibiting epithelial-to-mesenchymal transition
(EMT). Adiponectin upregulates epithelial marker expression and decreases mesenchymal markers
which could be reversed by knocking down Twist, AdipoR1, and AdipoR2 [139]. Though compelling
experimental evidence support metastasis inhibitory effects of adiponectin, results across studies are
still inconsistent and more detailed investigation is warranted.

9. Molecular Mechanisms Mediating Adiponectin’s Effects in Cancer

The literature clearly suggests that adiponectin can activate several pathways like AMPK, MAPK
and PI3K/AKt. AMPK affects cell growth via mammalian target of rapamycin (mTOR), thereby
inhibiting the induction of tumor formation. Adiponectin induces growth arrest and apoptosis
by activating AMPK in various cell lines in a p53 and p21 dependent manner. In vitro studies of
adiponectin on several colon cancer cell lines (HCT116, HT29, and LoVo) show that adiponectin inhibits
colon cancer cell proliferation and impairs the cell cycle at G1/S transition phase by inducing p21
and p27 [134]. Adiponectin induces the tumor suppressor gene, LKB1, thereby resulting in AMPK
activation and inhibition of cell adhesion, invasion and migration in breast cancer cell lines [140,141].
Adiponectin-mediated LKB1 upregulation is also involved in the induction of cytotoxic autophagy
leading to tumor inhibition [142]. The role of adiponectin on MAPK signaling remains debatable.
The study by Daniele et al. reveal higher adiponectin in the serum samples of chronic obstructive
pulmonary disease (COPD) patients compared to control subjects [143]. Adiponectin treatment
downregulates ERK1/2 signaling leading to reduction of cell viability in breast and endometrial cancer
cell lines [144,145]. Adiponectin-treated MCF7 cells reveal a decrease in the expression level of c-myc,
cyclin-D1, and Bcl2 with an increased expression of p52 and Bax, thereby leading to cell cycle arrest [145].
JNK, a member of MAP kinases, has a role in tumor development by regulating cell proliferation
and apoptosis [146]. It is also involved in obesity and insulin resistance [146,147]. Similarly, STAT3
(signal transducer and activator of transcription 3) is also involved in cell survival and proliferation
and the deregulation of STAT3 leads to tumor progression and metastasis. Saxena et al. reported that
adiponectin treatment enhances JNK activation and causes apoptosis in hepatocellular carcinoma cell
line in a caspase-3 dependent manner [148]. Reports reveal that adiponectin treatment reduces STAT3
and Akt phosphorylation in liver and prostate cancer cell lines [149]. Adiponectin-treated breast and
colorectal cancer cell lines reveal a decrease in PI3K and Akt phosphorylation [150]. At the same time,
adiponectin also induces AMPK and inhibits mammalian target of rapamycin (mTOR) cascade in
colorectal cancer cell lines [151]. The Wnt signaling pathway plays a proven role in self-renewal and
differentiation in different cancer models. The binding of WNT ligand to frizzled activates the signaling
cascade by inhibiting glycogen synthase kinase 3 beta (GSK-3β) which is a negative regulator of
β-Catenin. The inhibition of GSK-3β promotes the nuclear translocation of β-Catenin, thus, activating
WNT signaling. Wang et al. reported that adiponectin inhibits GSK-3β phosphorylation and prevents
β-Catenin nuclear translocation in MDA-MB-231 triple-negative breast cancer cells [129]. Liu et
al. showed that adiponectin treatment induces Wnt inhibitory factor 1 (WIF1) in a time-dependent
manner and results in the decrease of cell proliferation, nuclear translocation of β-Catenin, and reduces
expression of cyclin-D1 in breast cancer cells [152]. One of the major anti-apoptotic pathways is
the NF-Kβ pathway. Ouchi et al. reported that human aortic endothelial cells pre-incubated with
adiponectin show reduced phosphorylation of TNF-alpha-induced Ikappaβ-α, thereby suppressing
NFKβ activation via cAMP accumulation. This effect is blocked in the presence of adenylate cyclase
or protein kinase A (PKA) inhibitor [153]. Adiponectin modulates various signaling mechanisms to
inhibit cancer growth and progression (Figure 2).
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Figure 2. Adiponectin modulates various signaling mechanisms to inhibit caner growth.

10. Potential Therapeutic Modulation of Adiponectin

Obesity and metabolic syndrome have grown to be the root cause of most life-threatening
diseases ranging from type 2 diabetes, cardiovascular diseases, and cancer. Obesity leads to hormonal
dysregulation and insulin resistance which initiates a cascade of events leading to failure of the
metabolic machinery of the body, hence morbidity. Therapeutic regulation of adiponectin may be
achieved either by administration of exogenous recombinant adiponectin or using pharmacological
agents to induce increased production of exogenous adiponectin [36]. However, similar to most
biologics, mass production of functional adiponectin is challenging since within the biological system
it is under intense post-transcriptional and post-translational modifications which are hard to mimic
in vitro [36,154]. Bacterial systems lack mammalian protein synthesis machinery and fail to produce
functionally active adiponectin. Exploitation of the mammalian culture system for mass production is
not a scalable process. In addition, adiponectin has a short half-life in circulation making exogenous
administration of recombinant adiponectin a non-feasible approach [36,155]. The only practical mode
of adiponectin therapy is, therefore, to induce increased production of endogenous adiponectin using
either natural means or pharmacological interventions. The most natural means of boosting adiponectin
production is weight loss since adiponectin is the hormone secreted by the lean adipose tissue and is
suppressed by leptin and other inflammatory cytokines produced by obese adipose. Multiple effective
interventions of weight loss, discussed later, have been strategized in recent years but weight loss
remains to be a difficult hurdle. The most feasible method of adiponectin therapy would therefore
be the use of pharmacological intervention to enhance adiponectin biosynthesis, bioavailability and
bioactivity. The key to designing adiponectin enhancing therapies is to understand its transcriptional
and translational regulation. The adiponectin promoter is known to bind a number of transcription
factors capable of modulating its activity [30]. It is composed of a PPAR responsive element [19], a
CCAAT box [156], multiple C/EBPα enhancers and a sterol regulator element or SRE [157]. Several
pharmacological agents have been developed to target or modulate adiponectin machinery.
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10.1. Pharmacological Agents

Though results from clinical trials are conflicting, statins including pravastatin [158],
simvastatin [159], rosuvastatin [160], and atorvastatin [161] have been reported to be effective in
increasing circulating adiponectin. Statins function by releasing cellular oxidative stress resulting in
increased multimerization and release. These include ramipril [162], Quinapril [163], Losartan [164],
Telmisartan [164,165], Irbesartan [165,166], and Candesartan [166], all of which have shown promising
results in clinical trials. They function by enhancing adiponectin secretion via PPARγ, though some are
also known to induce transcription. Pioglitazone and Rosiglitazone are known to enhance circulating
adiponectin levels 2–4 fold [167,168]. TZDs function by inducing transcription of adiponectin via
PPARγ. They have also been found to enhance secretion of folded adiponectin by inhibiting ERp44 and
upregulating Ero1-La and DsbA-L. Other potential drugs include non-statin anti-hyperlipidemic drugs
like Fenofibrate and Zetia, non-TZD anti-diabetic drugs, such as Acarbose [36] and the sulfonylurea
Glimepiride [169] and Sulfonylureas. Androgen blockers have also been proven to be effective at
increasing HMW adiponectin and can be used in cases of prostate cancers.

10.2. Weight Loss Interventions

Caloric restriction has been the most commonly implemented intervention for weight loss. It
creates an energy deficit forcing the body to utilize energy stored in adipose tissue to fuel basal
metabolic activities. However, with the surge in obesity research and better understanding of hormonal
regulation of metabolic processes, the therapeutic significance of caloric restriction has been questioned.
It has been observed that with constant intake of low energy food, the body activates a coping
mechanism by lowering the basal metabolic rate and develops resistance to fat catabolism. As a result,
the metabolic processes do not switch, they merely slow down; consequently, there is no change
in hormonal milieu of the body. In addition, only recently have we started to fully appreciate the
hormone central to all metabolic processes, insulin. It is now believed that an obesogenic diet is one
with higher glycemic index rather than caloric density and insulin responds to a spike in blood glucose
by directing cells to store energy in the form of fat. The glycemic index of food is determined by
its macronutrient composition, precisely the ratio of carbohydrates, fat, protein, and fiber (a form of
complex carbohydrate). While caloric restriction may promote some weight loss, it does not seem to
have therapeutic benefit.

In recent years, intermittent fasting and ketogenic diets have been shown to have immense health
benefits and have also been utilized as therapeutic regimens. Intermittent fasting refers to a form of
diet when food is consumed within small windows of time of a few hours followed by long hours of
fasting without calorie restriction. As a result, insulin levels remain constant for long time intervals
with a limited period of insulin spike preventing fat storage. During periods of fasting, fat metabolism
is induced resulting in weight loss. This mode of feeding has been shown to improve metabolic
functions, improve insulin sensitivity, and restore hormonal balance. A recent study suggests that
intermittent fasting induces beiging of white adipose tissue via microbiome modulation [170], such
change could probably induce adiponectin synthesis and lower leptin levels. Ketogenic diet, on the
other hand, relies on dietary fat as a major energy source. It is composed of 60–80% fat, 20% proteins,
and only 5–10% carbohydrates most of which is dietary fiber. It works on the principle of insulin
response; the glycemic index of macronutrients varies in the order of carbohydrates (minus fibers) >
protein > fat. Since fats are the main energy source, insulin response to the diet is minimal, shutting
down the process of fat storage. Utilizing fat as the source of energy, the body adapts to fat utilization
rather than depending on glycogen stores in hours of need, thus it results in fat loss. Fats and proteins
are known to induce high levels of satiety resulting in appetite reduction which also promotes weight
loss. A combination of intermittent fasting and a ketogenic diet has been shown to be most effective
in promoting weight loss and rewiring metabolic dysfunctions. Body fat loss and increased insulin
sensitivity are the most effective and natural methods of reversing obesity-associated inflammation and
leptin downregulation, and thus, adiponectin upregulation. Physical activity and exercising is another
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reliable method of weight loss and is known to reduce inflammation [171]. A recent meta-analysis
comprising 2996 individuals investigated metabolic regulation in diabetes patients and how it is
affected by exercise [172]. Of all exercise modalities, only aerobic exercise was found to increase
adiponectin and decrease leptin levels [172]. Collectively, these studies indicate that combination
regimens of diet, exercise, and fasting can help boost adiponectin levels in hypoadiponectinemia.

11. Conclusions

Adiponectin, an important adipocytokine mainly produced by lean adipocytes, is considered
a guardian angel adipocytokine owing to its protective functions against various disease states
associated with obesity. Adiponectin inversely correlates with obesity and is under tight regulation at
transcriptional and translational levels. Though important in most chronic diseases including CVD
and T2DM, the role of adiponectin in cancers is most critical. Women who are genetically wired
to have lower levels of circulating adiponectin live with a significantly higher risk of breast cancer
irrespective of BMI and adiposity. Similar associations have also been observed in other cancers
including CRC, prostrate, and hepatic malignancies. Modulation of adipose-secreted hormones
regulates metabolic functions of the body, and therefore have direct consequences on cancers which
survive by hijacking host metabolic machinery. However, as detailed in this review, adiponectin works
in concert with other important hormones including insulin, leptin, and various cytokines making
its pharmacological exploitation more difficult. Various strategies have been developed to modulate
adiponectin levels in disease state to harness its beneficial effects including pharmacological agents
functioning at transcriptional and post-translational levels as well as weight loss strategies. Evidently,
adiponectin intervention alone is not sufficient to confront these chronic conditions; it definitely plays
an important supportive role in these pathologic states and deserves attention. While pharmacological
interventions can prove helpful in treatment of patients genetically deficient in adiponectin, weight
management strategies including aerobic exercise and ketogenic diets could be effective in conjunction
with other systemic therapies and medications.
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Abbreviations

Acrp30 Adipocyte complement related protein of 30 kDa
apM1 Adipose most abundant gene transcript1
GBP28 Gelatin-binding protein of 28 kDa
AdipoR1 Adiponectin receptor 1
AdipoR2 Adiponectin receptor 2
PPARγ Peroxisome proliferator-activated receptor gamma
TZD Thiazolidinedione
PPRE PPAR response element
HMW adiponectin High molecular weight adiponectin
FoxO1 Forkhead box protein O1
Sirt1 Sirtuin 1
C/EBPα CCAAT-enhancer-binding proteins
SERBP Sterol regulatory element-binding proteins
SRE SERBP response element
CREB cAMP response element-binding protein
ATF3 Activating transcription factor 3

66



Int. J. Mol. Sci. 2019, 20, 2519

NFAT Nuclear factor of activated T-cells
AP-2β Activating enhancer binding protein-2β
IGFBP-3 IGF-1-binding protein 3
Id3 Inhibitor of differentiation-3
HIF1α Hypoxia inducible factor alpha
TNFα Tumor necrosis factor alpha
IFNγ Interferon gamma
IL Interleukin
JNK c-Jun N-terminal kinases
ERK Extracellular-signal-regulated kinase
MAPK Mitogen-activated protein kinases
ERp44 ER chaperone protein 44
Ero-1La ERO1-like protein alpha
DsbA-L Disulfide-bond A oxidoreductase-like protein
COX2 Cyclooxygenase 2
VEGF Vascular endothelial growth factor
PGES Prostaglandin E synthase
hCG Human chorionic gonadotropin
AMPK AMP activated protein kinase
PCOS Polycystic ovary syndrome
SNP Single nucleotide polymorphism
GLUT4 Glucose transporter type 4
CNS Central nervous system
GH Growth hormone
LH Luteinizing hormone
eNOS Endothelial NOS
NFκB Nuclear factor kappa-light-chain-enhancer of activated B cells
MMP Matrix metalloproteinase
CVD Cardiovascular disease
EP4 Prostaglandin E2 receptor 4
SphK Sphingosine kinase
VCAM-1 Vascular cell adhesion protein 1
BMI Body mass index
LDL Low density lipoprotein
HDL High density lipoprotein
apoA-I Apolipoprotein A-I
NO Nitric oxide
PI3K Phosphoinositide 3-kinase
PDGF Platelet-derived growth factor
HB-EGF Heparin-binding epidermal growth factor
BFGF Basic fibroblast growth factor
EGF Epidermal growth factor
OSAS Obstructive sleep apnea syndrome
T2DM Type 2 diabetes mellitus
IARC International agency for research on cancer
WCRF World cancer research fund
SMD Standard mean differences
RIA Radioimmunoassay
ELISA Enzyme linked immunosorbent assay
HGF Hepatocyte growth factor
bFGF Basic fibroblast growth factor
FGF-2 Fibroblast growth factor-2
HUVEC Human Umbilical Vein Endothelial Cells
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mTOR Mammalian target of rapamycin
ROS Reactive oxygen species
Trx Thioredoxin
CRC Colorectal cancer
PTP1B Protein tyrosine phosphatase 1B
NSCLC Non-small cell lung carcinoma
EMT Epithelial to mesenchymal transition
PKA Protein kinase A
IGF1 Insulin like growth factor-1
COPD Chronic Obstructive Pulmonary Disease
STAT3 Signal transducer and activator of transcription 3
GSK3β Glycogen synthase kinase 3 beta
DsbA-L Disulfide-bond A oxidoreductase-like protein
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Abstract: Obesity, characterized by excess body weight, is now accepted as a hazardous
health condition and an oncogenic factor. In different epidemiological studies obesity has been
described as a risk factor in several malignancies. Some biological mechanisms that orchestrate
obesity–cancer interaction have been discovered, although others are still not completely understood.
The unbalanced secretion of biomolecules, called “adipokines”, released by adipocytes strongly
influences obesity-related cancer development. Among these adipokines, adiponectin exerts a critical
role. Physiologically adiponectin governs glucose levels and lipid metabolism and is fundamental
in the reproductive system. Low adiponectin circulating levels have been found in obese patients,
in which its protective effects were lost. In this review, we summarize the epidemiological, in vivo
and in vitro data in order to highlight how adiponectin may affect obesity-associated female cancers.

Keywords: obesity; adipokines; adiponectin; breast cancer; ovarian cancer; endometrial cancer;
cervix cancer; estrogen receptor

1. Introduction

Worldwide, obesity is spreading and is reaching epidemic proportion, thus becoming a critical
public health issue. Today, the World Health Organization (WHO) reported that people with a body
mass index (BMI) greater than 30 kg/m2 (30.0–34.9, grade I; 35.0–39.9, grade II; and ≥40, grade III)
includes almost 1.9 billion adults and this number is rising fast [1]. This pandemic condition is
associated with various metabolic disorders, cardiovascular diseases, type 2 diabetes and several
cancers [2–5]. Meta-analyses and several epidemiological studies defined the fitted connection between
cancer development and obesity [6–11]. In 2011, it has been described that in the United States
85,000 persons per year affected by obesity experienced cancer [10]. Obesity could be considered a risk
factor for cervical, ovarian, endometrial and breast cancer, and it has been reported to be responsible for
88% mortality rates in females [7,12]. Insulin resistance and altered insulin-like growth factor-1 (IGF-1)
pathway activation, changes in bioavailability of sex hormones and a chronic inflammatory state related
to obesity conditions have been recognized to induce cancer development and progression [12–14].
Furthermore, obesity alters the secretion of several molecules released by adipocytes, known as
adipokines. Among adipose tissue-derived factors, it has been well documented that adiponectin
exerts a critical role in the pathogenesis of obesity-associated disorders. It has been reported that
adiponectin circulating levels are dramatically decreased in obese patients [15,16] (Figure 1). Indeed,
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adiponectin expression and secretion is negatively correlated to the BMI, even though the mechanisms
responsible for this down-regulation are not yet completely elucidated [17–19]. Low circulating levels
of adiponectin in overweight women may be related to the blunted chronic inflammatory status
in obesity. The enhanced production of tumor necrosis factor α (TNFα) and Interleukin-6 (IL-6),
concomitant with the hypoxic status in adipose tissue, represent a possible mechanism involved in
the adiponectin down-regulation in obese subjects [20,21]. Many epidemiologic studies established a
correlation between hypoadiponectinemia and an enhanced risk of obesity-related disorders [15,22–26].

Nevertheless, there are still hidden molecular mechanisms involved in this relationship that need
to be explored. In this review, we will discuss the association of this adipokine with obesity and
different female cancers, in which low adiponectin levels confer altered risk and influence progression
in affected women.

Figure 1. Unraveled mechanisms linking obesity and cancers. Hyperplastic and hypertrophic
adipocytes are one of the main features of obesity. This dis-regulation of fat cells leads to change in
adipokine and inflammatory cytokine secretion, enhanced insulin-like growth factor-1 (IGF-1) and
estradiol production, and to hyperinsulinemia, insulin resistance, hypoxic status and oxidative stress.
These alterations in the tumor microenvironment deeply impact the phenotype of the surrounding cells
inducing severe modifications in cell behavior that contribute to tumor development and progression.

2. Adiponectin Structure and Biology

Adiponectin is the most abundant adipokine detected in circulating plasma, wherein its
concentration ranges from 3 to 30 μg/mL [22,27,28]. Adiponectin is mainly produced and secreted by
white adipose tissue and in lower amounts by other tissues such as brown adipose tissue, placenta, fetal
tissue, colon, skeletal muscle, salivary glands, and liver [27–36]. Structurally, adiponectin is a 244 amino
acid-long polypeptide with four domains: An N-terminal region, a variable sequence, a collagen-like
motif, and a C-terminal globular domain [22,30,37,38]. Adiponectin belongs to the C1q-like protein
family, sharing a high sequence homology with the complement factor C1q in the C-terminus domain,
which mediates the interaction with its specific receptors [39,40]. Adiponectin is synthetized as a 30 kDa
full-length monomer (fAd), detected only in the adipocytes cytoplasm, that assembles into different
oligomeric complexes before secretion [22,41]. The basic form of adiponectin complexes is a trimer
(low molecular weight, LMW), which in turn can oligomerize, through disulphide bonds formation,
into hexamers (middle molecular weight, MMW) and multimers (high molecular weight, HMW),
consisting of 12–18 monomers [42–45]. In human plasma, adiponectin exists also as a proteolytic
cleavage fragment (globular adiponectin, gAd), produced by leukocyte elastase activity, corresponding
to the globular domain of the full-length protein [46,47]. Particularly, globular adiponectin has been
found in serum only as a trimer, with increased potency compared to other isoforms [48,49]. Circulating
adiponectin levels are regulated by different physiological, environmental, and pharmacological factors
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such as hormonal production, inflammatory processes, genetic polymorphisms, nutritional status,
and drug administration [21]. Typically, in women adiponectin levels are significantly higher than
in men, with peaks of secretion in the morning and reduced production during the night [50,51].
Some reports have widely demonstrated that the different estrogens/androgens production may
influence adiponectin expression [50,51]. Particularly, in vitro and in vivo evidences showed that
testosterone decreased adiponectin secretion [27,50]. Plasma adiponectin levels are also closely
correlated to the circulating concentrations of other hormones. Interestingly, it has been reported as
having an inverse association with adiponectin levels and fasting plasma insulin [25]. Furthermore,
growth hormone (GH), glucocorticoids, prolactin down-regulated adiponectin gene expression [52].
In addition, different studies addressed pro-inflammatory cytokines released from adipose tissue, such
as tumor necrosis factor α (TNFα) and IL-6, as inhibitors of adiponectin synthesis [20]. Pharmacological
therapies with anti-diabetic drugs, including peroxisome proliferator-activated receptor gamma
(PPAR-γ) agonists belonging to the thiazolidinedione’s class and metformin, can also modulate serum
adiponectin concentrations, enhancing its expression and secretion [53–57]. Moreover, meta-analysis
of association-studies correlated different single nucleotide polymorphisms (SNPs) in the gene
encoding adiponectin, ADIPOQ, with reduced levels of this adipokine [58,59]. Many evidences
suggested that the several active circulating forms of adiponectin exert different biological functions in
specific tissues [16,38,41,60–62]. Adiponectin biological effects are mediated by membrane receptors.
To date three different receptor subtypes have been cloned: Two classical adiponectin receptors,
adiponectin receptor 1 (AdipoR1), adiponectin receptor (AdipoR2), and a non-classical third receptor,
T-cadherin [28,38]. Structurally, AdipoR1 and AdipoR2 consist of seven transmembrane domains,
with an opposite orientation of the C-terminus and N-terminus compared to the G-protein coupled
receptors [63]. Both receptor subtypes are expressed ubiquitously, even though the levels of one always
prevail over the other. AdipoR1 is abundant in endothelial cells and skeletal muscle, with AdipoR2
being more expressed in hepatocytes, and both mediate different adiponectin effects [48]. Despite a
very high sequence homology of about 67%, the two classical receptor subtypes exhibit a different
affinity for the several adiponectin circulating isoforms [28]. Specifically, it is well recognized that
AdipoR1 displays a higher affinity for the gAd and lower affinity for the full-length molecule, while
the HMW (fAd) adiponectin binds mainly AdipoR2 [64]. Contrariwise to AdipoR1 and AdipoR2,
T-cadherin is a cell-surface receptor lacking a transmembrane domain. T-cadherin is predominantly
expressed in endothelial cells, smooth muscle cells and in cardiomyocytes and displays affinity for
the MMW and HMW but not for trimeric and globular forms of adiponectin [65–67]. The role of
this receptor in adiponectin action has not yet been fully clarified, even though its involvement in
cell adhesion and calcium-mediated signaling has been demonstrated. The lack of the intracellular
domain suggested that T-cadherin acts as a co-receptor, probably competing with AdipoR1 and
AdipoR2 for adiponectin binding [68]. Moreover, T-cadherin has been detected in tumor-associated
endothelial cells, proposing a possible role of this receptor in tumor angiogenesis. Particularly in
a mouse transgenic mammary cancer model, T-cadherin has been highlighted as a crucial factor in
the cross-talk between tumor cells and the stromal compartment [69]. It is well documented that
adiponectin exerts a plethora of biological effects in different target tissues, including anti-atherogenic,
cardioprotective, anti-inflammatory, insulin-sensitizing, and anti-neoplastic actions. Furthermore,
adiponectin regulates energy homeostasis through a direct effect on lipid metabolism and hepatic
glucose output, and increasing insulin sensitivity [70]. Recent studies also highlighted that adiponectin
plays a pivotal role in cell proliferation, angiogenesis, and tissue remodeling [71].

3. Adiponectin-Mediated Signaling Pathways

The various physiological effects of adiponectin depend on the several circulating isoforms of
this adipokine. Nevertheless, adiponectin exerts its effects mainly by employing the Liver Kinase B
1/AMP-activated protein Kinase (LKB1/AMPK) pathway, in particular in the management of insulin in
the body. Adiponectin controls glucose levels governing pancreatic β-cell proliferation and augmenting
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fatty acid oxidation. Moreover, adiponectin, promoting APPL-1/AMPK interaction, increased glucose
uptake through glucose transporter 4 (GLUT4) [62,72,73]. It has been largely documented that
insulin resistance is one of the hallmark of obese patients and low adiponectin serum levels partially
contribute to this pathological state [74]. AMPK inhibits crucial signaling pathways involved in cell
cycle initiation, cell growth and survival such as extracellular signal-regulated kinases 1/2 (ERK1/2),
phosphatidylinositol 3-kinases (PI3K)/Protein Kinase B (Akt), c-Jun N-terminal kinase (cJNK) and
signal transducer and activator of transcription 3 (STAT3) [75–77]. The AMPK pathway is also
crucial for cell growth through the regulation of Akt/mTOR/S6K signaling. Particularly, AMPK is an
upstream of tuberous sclerosis complex 2 (TSC2), a potent inhibitor of mTOR signaling. The decreased
phosphorylation of AMPK results in stimulation of cell proliferation [64,78]. This adipokine also directly
modulates the expression of different proteins involved in cell cycle and apoptosis (i.e., up-regulation
of p53 and Bax, down-regulation of c-myc, cyclin D1 and Bcl-2) [79]. Adiponectin is also considered
an anti-inflammatory cytokine for its ability to suppress the phosphorylation of nuclear factor k B
(NF-kB), a transcription factor involved in several processes that regulates the activity of various
pro-inflammatory mediators [80]. Furthermore, adiponectin shows anti-migratory effects through an
inhibition of Wnt/β-catenin signaling pathway, fundamental for cancer progression [81].

4. Adiponectin and Female Cancers

Among the different identified adipokines, adiponectin has been largely studied for its role in
influencing cancer development and progression [82,83]. Particularly, several studies reported a
correlation between low levels of adiponectin in obese women and an increased risk of development
and progression of several female tumors, such as cervical, ovarian, endometrial, and breast cancers.
All epidemiological, in vivo and in vitro studies have been reported for each tumor.

5. Adiponectin in Female Cancers

5.1. Cervical Cancer and Adiponectin

Cervical cancer is the fourth most common cancer in women both for incidence and mortality.
According to WHO in 2018, 569,847 new cases are diagnosed worldwide, and 311,365 deaths [84].
The major risk factor for cervical cancer is infection with the human papillomavirus (HPV), particularly
HPV16 or HPV18 [85], even though other factors may also play a role [86]. Recently obesity has been
reported to increase the risk of development and progression of cervical cancer [87]. Some studies
evidenced a positive association between obesity and increased risk of cervical adenocarcinoma but
not squamous cell carcinoma. The increased estrogens production, due to the greater aromatase
activity in adipose tissue (particularly in post-menopausal women), may explain the higher incidence
of the cervical adenocarcinoma, which represents the more hormonally responsive cervical cancer
type [88–91]. Although some evidences suggest that low circulating adiponectin levels related to obesity
conditions may be linked to cervical malignancy, nevertheless few studies describe the molecular
mechanisms though which adiponectin influences cervical cancer growth [7,92]. Noteworthy in HeLa
cells, AdipoR2 mRNA expression was higher than AdipoR1, which was significantly increased in
adiponectin-treated cells (10μg/mL) [93]. Xie et al. reported that low adiponectin levels inhibited the
proliferation of HeLa cells, as evidenced by a significant increase in the cell population in G0/G1 phase,
concomitant with a reduction of cell number in S and G2/M phases. Moreover, a down-regulation of
cell cycle regulators has been reported, such as cyclin D1 and c-myc, and an activation of apoptosis,
mediated by the enhanced expression of p21, p53 and Bax and the reduced level of Bcl-2 [93] (Figure 2).
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Figure 2. Role of adiponectin in influencing female cancers. Adiponectin, the most abundant secreted
adipokine, heavily impacts the proliferation of cancer cells through several mechanisms that seem to
be tumor-specific. Mainly adiponectin exerts its effects regulating cell cycle and apoptosis. The red
↓ indicates a reduction of globular adiponectin concentration. Dotted arrows show inhibition of
downstream protein activation. Solid arrows mark activation of downstream proteins.

5.2. Ovarian Cancer and Adiponectin

Ovarian cancer affects 1.6% of whole female population, according to GLOBOCAN published
data in 2018 [84]. Despite a lower variability of the incidence rates compared to other gynecological
malignancies, ovarian cancer remains a fatal disease, with an estimated 184,799 annual deaths [84].
Since it is asymptomatic and has not yet had specific biomarkers identified for early detection, diagnosis
of most ovarian cancer cases occurs at advanced stages [84,94]. The ovary is composed of three major
cell types, namely, epithelial, stromal, and germ cells, which may undergo neoplastic transformation,
generating the main forms of ovarian cancer. Particularly, 80–90% of ovarian tumors originate from
epithelial cells on the surface of the ovary, while stromal and germ cell cancer account only for 7 and 5%
of ovarian malignancies, respectively [95]. Recently, the relationship between obesity and ovarian
tumor development has become increasingly evident, particularly in post-menopausal women. Many
epidemiological studies addressed obesity as an important risk factor for ovarian cancer even though the
mechanisms involved in the tumorigenesis have not been fully clarified [96–100]. Aberrant production
of hormonal factors, adipokines and cytokines, and adipose related inflammatory reactions associated
with obesity may affect ovarian cancer development [101–105]. Interestingly, several studies linked low
plasma levels of adiponectin with ovarian tumorigenesis [105–107]. A Kaplan–Meier survival analysis
provided evidences that, in a large cohort of women affected by ovarian cancer, high leptin/adiponectin
ratio correlated with a poor outcome [108]. AdipoR1 is an emerging prognostic factor for this
malignancy, since many reports evidenced its down-regulation, particularly in the epithelial ovarian
cancer cells [109,110]. Indeed, AdipoR1 and AdipoR2 expression is generally lower in epithelial ovarian
cancer cells, such as COV434, OVCAR-3 and SKOV-3 cells, compared to granulosa tumor cells, making
prognosis worse for this tumor type [109]. Abnormal activation of PI3K/Akt/mTOR cascade is well
documented in ovarian cancers, and it is associated with a more aggressive phenotype [71,111]. Low
adiponectin levels may favor the aberrant ovarian cancer growth, induced by the persistent activation
of PI3K/Akt/mTOR signaling. Thus, it is reasonable to speculate that the increase of adiponectin
levels may support the conventional ovarian cancer therapies [71,111] (Figure 2). In vitro experiments
demonstrated that adiponectin inhibited growth and reversed E2- and IGF-1-induced cells proliferation
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in epithelial ovarian carcinoma. In addition, it has been demonstrated that 25 μg/mL adiponectin
reduced estrogen receptor alpha (ERα), insulin growth factor 1 receptor (IGF1R), progesterone receptor
(PR) mRNA, and protein expression, suggesting the functional interaction between such receptors and
adiponectin signaling in epithelial ovarian cancer cells [109].

5.3. Endometrial Cancer

Endometrial cancer is the sixth most common cancer in women, with 382,069 new cases and
approximately 89,929 deaths estimated worldwide in 2018 [84]. Unlike most female tumors, endometrial
cancer shows a higher incidence in premenopausal women, generally nulliparous, than postmenopausal
women [71]. Most of the cases are diagnosed at an early stage and surgery alone can be already effective.
Nevertheless, some patients experienced disease recurrence despite adjuvant therapy [112]. Obesity is
a well-recognized risk factor for endometrial carcinoma [113]. Indeed, all several bioactive molecules
produced by adipose tissue, as sex steroids, insulin, insulin-like growth factors (IGFs) and the activation
of their signaling sustain endometrial cancer [114,115]. Mainly, several groups investigated the
correlation between adiponectin and endometrial cancer. Petridou’s group conducted the first reported
case-control study in 84 women with diagnosed and histologically confirmed endometrial cancer. They
suggested that in younger women (<65 years) adiponectin serum levels were inversely correlated with
endometrial cancer. Moreover, they evidenced that low adiponectin concentrations correlated with
high level of estrogens, insulin and IGF, molecules that sustain endometrial tumorigenesis [24]. Another
study further supported these results, recognizing adiponectin as a predictive marker for endometrial
cancer independently associated with obesity [116]. Also in endometrial cancer, the leptin/adiponectin
ratio is recognized as a more appropriate risk marker. In fact, as described in Ashizawa’s work,
higher leptin/adiponectin ratio were significantly linked with an increased probability of developing
endometrial cancer. They found that the Odds Ratio (ORs) of the leptin/adiponectin ratios were higher
than those of the two adipokines alone [117]. Three more recent meta-analyses have reported that
adiponectin levels and leptin/adiponectin ratio are considered as predictive and prognostic biomarkers
in order to guarantee early diagnosis and disease monitoring of endometrial cancer, especially in
postmenopausal women [118–121].

Moon et al. found AdipoR1 and AdipoR2 expression in all stages of endometrial cancer as well as
in non-neoplastic tissue, mainly detected in epithelial cells compared to stromal cells [122]. Moreover,
both receptors have been also identified in three different established endometrial cancer cell lines,
HEC-1-A, RL95-2, and KLE [122,123]. These studies reported anti-proliferative effects of adiponectin
in all cell lines. At all pharmacological doses tested (ranging from 10 μg/mL to 50 μg/mL) adiponectin
decreased cell growth and proliferation in a dose dependent manner (from ~20% to ~45% of reduction
from low to high dose used). Cong and Moon’s groups showed that the adiponectin effects were
mediated by both AdipoR1 and AdipoR2 through the activation of its canonical signaling pathway,
LKB1/AMPK. Particularly, adiponectin treatment reduced ERK1/2 phosphorylation in RL95-2 cells,
while it abrogated AKT phosphorylation in KLE and HEC-1-A cells depending on PTEN expression
and activity. The anti-proliferative effects of adiponectin were also related to significant increase at
G1/G0-phase and to a simultaneous diminution of S-phase of the treated cells [122,123]. Furthermore,
adiponectin inhibited the expression of two important positive regulators of cell cycle, Cyclin D1,
in KLE and HEC-1A cells, and Cyclin E2, in the RL95-2 cell line [122,123] (Figure 2). In addition,
Cong et al. using an Annexin-V-FITC assay evidenced that adiponectin increased the percentage of
apoptotic cells [123]. Although an important role of adiponectin in blocking endometrial cancer cell
growth has been defined, and this adipokine has been suggested as a potential useful agent in the
management of this neoplasia, more studies are still needed to better clarify its action.
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5.4. Breast Cancer

Worldwide, breast cancer is the most common malignancy diagnosed among women (2.1 million
newly cases in 2018) and it still remains one of the major causes of death for cancer in over
100 countries [84]. Several epidemiological studies reported that obesity is related with breast
cancer development, progression, and poor survival [124–126]. Particularly it has been described
that carcinoma of the breast is a complex disease in which epithelial cell-tumor microenvironment
interactions play a pivotal role [127]. In this context, adipokines secreted from adipose tissue have
been recognized to influence breast tumorigenesis. Among them, adiponectin is a crucial mediator in
obesity-related breast cancer, since its level dramatically decreased in this pathological condition [128].
In 2003, it was reported that low serum levels of adiponectin correlates with increased breast cancer
risk and contributes to a more aggressive tumor phenotype [129]. Later, several epidemiological
studies and meta-analyses confirmed these findings, primarily in postmenopausal women [23,129–132].
Moreover, adiponectin levels significantly decrease with the progression of the disease while its
circulating levels were not related to stage I and II of breast cancer [133]. Nevertheless, though the
role of adiponectin has been well elucidated in the other female malignancies, the contribution of this
adipokine in breast cancer development and progression is still controversial and under investigation.
Most of the studies recognized adiponectin as a negative regulator of cancer growth in ERα-negative
breast cancers; while adiponectin at relatively low concentrations might sustain tumor development
and progression in ERα-positive breast cancers [81,134–142]. Notably, in Lam’s work it has been
described that adiponectin haplodeficient tumors showed similar features to basal-like subtype
tumors in terms of high proliferative activity and poor prognosis. Using MMTV–PyVT mice, they
demonstrated that a decreased production of adiponectin in the tumor microenvironment contributes
to induce genomic and phenotypic changes in mammary epithelial cells, in particular impacting
PI3K/Akt/GSK-β-catenin signaling, a fundamental pathway that supports tumor development and
progression [143]. Low serum–adiponectin levels negatively affect PTEN activation, contributing
to a de-regulated PI3K/Akt/GSK-β-catenin signaling activation, confirmed in xenograft models.
MDA-MB-231 cells treated with adiponectin, through a diminished Akt and GSK3-β phosphorylation,
showed a reduction in breast tumorigenesis [81]. Moreover, it has been described that adiponectin
interferes with Akt activation not only affecting PTEN but also through AMPK signaling. In another
murine mammary tumor model it has been shown that adiponectin increased AMPK/PP2A activation
that leads to dephosphorylation of Akt negatively regulating in vivo tumorgenicity [144]. Recent
findings from Mauro et al. also correlate with these data; indeed, they found that in MDA-MB-231
xenograft models the pre-treatment with adiponectin (1, 5 and 30 μg/mL) reduced tumor growth at all
doses tested amplifying AMPK signaling and reducing cyclin D1 expression [139,141]. Most of these
results have been also described in vitro in ERα-negative breast cancer cells where adiponectin mainly
serves to induce cell growth arrest and apoptosis regulating several proteins that govern cell cycle
(i.e., p53, Bax, Bcl-2, c-myc and cyclin D1) [81,134,135,137,140,144–146] (Figure 2). Even though a large
amount of authors also confirmed this pro-apoptotic role of adiponectin in ERα-positive breast cancer
cells, others discovered that this adipokine might sustain tumor growth in this cell subtype. It has been
reported that adiponectin fuels cell survival, migration, and differentiation of endothelial cells, and
affects inflammatory cell behavior acting as a pro-angiogenic factor that contributes to breast tumor
growth and progression [16,147,148]. Moreover, Mauro et al. reported that adiponectin (1 and 5 μg/mL)
in MCF-7 xenografts mainly increased tumor volume concomitantly with an elevated expression of
cyclin D1, high level of MAPK phosphorylation and a reduced AMPK activation [141]. Pfeleir et
al. found that the combination of adiponectin and 17-β estradiol increased MCF-7 cell growth [142].
Recently, Mauro et al. in other studies fully elucidated the cross-talk between adiponectin and ERα.
Firstly, they demonstrated that the multiprotein complex including AdipoR1/APPL1/c-Src/ERα/IGF-IR
led to MAPK activation, in addition to adiponectin induced cyclin D1 expression at transcriptional
level [140,141]. Recently they argued that this adipokine has to be considered a growth factor in
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ERα-positive breast cancer cells since adiponectin might impair LKB1/AMPK interaction, inducing a
rapid activation of ERα and MAPK [139–141] (Figure 3).

Noteworthy, it has been evidenced that adiponectin may differently modulate ERα-negative
and ERα-positive breast cancer cell metabolism, an established hallmark of cancer. Cancer cells
adopt “Warburg” like metabolism (i.e., anaerobic glycolysis) sustained by key regulators such as
fatty acid synthase (FASN) and ACC [149,150]. LKB1/AMPK is also crucial pathway in regulating
energy homeostasis, such as glucose uptake, glycolysis, fatty acid oxidation and mitochondrial
biogenesis [149,151,152]. In ERα-negative breast cancer cells, adiponectin, activating AMPK/ACC,
inhibits fatty acid synthesis, while in ERα-positive breast cancer cells it isn’t able to modify this
process [139,141].

Adiponectin has been also found in the exosome, as small lipid bilayer membrane vesicles secreted
by adipocytes [153], that have been recognized as important mediators of cell-to-cell communication
in the complex tumor microenvironment. By transferring proteins, mRNAs, microRNAs, DNAs, lipids
and transcriptional factors may induce deep changes in recipient cell’s behavior [154]. Particularly,
exosomes from human adipose-derived mesenchymal stem cells (ADSCs) induce proliferation and
migration in breast cancer [155] and exosomes secreted by preadipocytes also regulate breast tumor
stem cell formation and migration [156]. It has been reported that adiponectin enhances exosome
biogenesis and release, and although exosome cargoes adiponectin [153,157,158], more studies are still
warranted to fully explain the role of this adipokine in circulating exosomes in breast cancer.

All these evidences attempt to clarify the role of adiponectin as a mediator of breast tumorigenesis,
but how adiponectin may orchestrate breast cancer is still a controversial issue that needs to be solved.

Figure 3. Effects of adiponectin in estrogen receptor alpha (ERα)-positive breast cancer growth.
Globular adiponectin binds its receptor AdipoR1 on breast cancer cell surface. Adiponectin/AdipoR1
cross-talk with ERα and insulin growth factor 1 receptor (IGF1R) activating several downstream
pathways involved in sustaining breast cancer cell growth and progression. The red ↑ Indicates
increased growth of ERα-positive breast cancer. Dotted arrows show signaling inhibition. Solid
arrows marks signaling activation. The arrows from cytosol to nucleus and vice versa indicate protein
translocation. Solid arrows show a greater localization of the proteins in the nucleus. Dotted arrows
mark a cytosolic localization.
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6. Potential Therapeutic of Adiponectin

A balanced and healthy diet may control all the factors that have been described to sustain
obesity-related disease (i.e., IGF-1, insulin, leptin) [159]. Thus, a healthy lifestyle and personal
behavior should be considered as the most important prevention in this pathological condition. Indeed,
the reduction of calories in diet, physical exercise and moderating consumption alcohol prevents
obesity and cancer development [128]. It has been reported that vigorous aerobic exercise leads to a
peak of adiponectin circulating level [160,161]. Furthermore, understanding all molecular mechanisms
through which adiponectin influences tumorigenesis might provide new potential therapeutic targets.
In this concern, pharmacological increase of serum adiponectin levels, up-regulation of adiponectin
receptors expression, or synthesis of adiponectin receptor agonists may also be considered a promising
therapeutic approach. Due to the higher frequency of breast cancer among female malignancies, most
of the therapeutic strategies, aimed to ameliorate adiponectin’s response, have been proposed in
breast tumor models. Interestingly, Otvos et al. developed a new adiponectin-based short peptide
(H-DAsn-Ile-Pro-Nva-Leu-Tyr-DSer-Phe-Ala-DSer-NH2) named ADP 355, which could be suitable
for treatment in cancer. ADP 355 showed high affinity with AdipoR1, and through the regulation
of the canonical adiponectin-regulated pathways (i.e., AMPK, Akt, STAT3, and ERK1/2), reduced
breast tumor growth both in in vitro and in vivo studies [162,163]. Even though, ADP 355 showed
promising efficacy in several malignancies, it is particularly important to design a therapeutic strategy
that also impacts leptin signaling in order to functionally and physiologically re-equilibrate the
adiponectin/leptin ratio [162]. AdipoRon is an oral AdipoR1/R2 agonist that successfully reestablished
adiponectin functions, mainly activating AMPK and PPAR-α pathways, in obesity-related type 2
diabetes [164]. BHD1028, BHD43, and BHD44 are three other peptides designed to fully mimic
adiponectin actions. In particular, Kim et al. found that BHD1028 was the peptide that showed the
highest affinity with AdipoR1 and the main activation of AMPK already at low-level concentration,
more than ADP 355. In addition, the PEGylation of BHD1028 improved its stability and solubility
indicating this peptide as a promising candidate for anti-diabetes and metabolic disorders [165]. PPARγ
agonists, such as thiazolidinediones, rosiglitazone and pioglitazone also augment the circulating level of
adiponectin through directly enhancing adiponectin gene and protein expression in a dose-dependent
manner [53,166,167]. Nevertheless, the use of these drugs is still limited for their potential side
effects. Another pharmacological agent that presents a tangible benefit in breast cancer treatment is
the anti-diabetic drug metformin. It can prevent breast cancer cell growth through the stimulation of
AMPK, inhibition of mTOR signaling, and reduction of the HER2 protein [168]. In addition, metformin
reduced estrogen circulating levels via AMPK signaling, blocking aromatase promoter activity [169].
Thus, metformin appears to partially mimic adiponectin signal in the treatment of obesity-related
breast cancer [56,57].

Recent findings demonstrated that adiponectin differently regulated the LKB1/AMPK/mTOR
signaling in breast cancer cells. In ERα-negative cells, adiponectin phosphorylated AMPK and blocked
mTOR activation, thus inhibiting breast tumor growth [139]. On the other hand, in MCF-7 cells
adiponectin induced MAPK phosphorylation, which in turn transactivated ERα and activated mTOR,
promoting breast tumor growth [139]. On the basis of these evidences, in a breast cancer setting it is
becoming important to discriminate ERα-positive and ERα-negative tumors to specifically assess the
best therapeutic approaches designed to impact adiponectin functions [64].

7. Conclusions

Obesity is a serious health condition and a well-recognized risk factor for many diseases,
such as type 2 diabetes, cardiovascular diseases, hypertension, and cancer [6,7]. Obese female
breast cancer patients are more likely to have a worse prognosis [170] and recent meta-analyses
also estimated an approximately 30% increased risk of disease recurrence or death in obese versus
normal weight women [171,172]. Several hypotheses have been proposed to unravel the direct
link between obesity and cancer including hyperinsulinemia, estrogen signalling, inflammation and
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adipokine expression [173,174]. Indeed, bioactive molecules secreted from adipose tissue raised
a wide spark interest in this field and among them adiponectin seems to play a potential role in
influencing tumor development and progression. The effects of adiponectin, the most abundant
secreted adipokine, have been largely studied in obesity-associated female-specific tumors. Although
in cervical, ovarian, and endometrial cancers adiponectin exerts anti-proliferative actions, in breast
cancer a new and contradictory function of this adipokine is emerging. Thus, therapeutic strategies
aiming to regulate adiponectin concentrations and AdipoR1/2 activation are considered an encouraging
tool in the management of obesity-related cancer, such as cervical, ovarian, endometrial, while a lot of
controversial issues still remain in adiponectin treatment of breast cancer.
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TNFα Tumor Necrosis Factor α
PPAR-γ Peroxisome Proliferator-Activated Receptor gamma
AdipoR1 Adiponectin receptor 1
AdipoR2 Adiponectin receptor2
LKB1 Liver Kinase B 1
AMPK AMP-activated protein Kinase
Akt Protein Kinase B
mTOR mammalian Target of Rapamycin
S6K ribosomal protein S6 Kinase
TSC2 Tuberous Sclerosis Complex 2
ERK1/2 Extracellular signal-Regulated Kinases
PI3K Phosphatidylinositol 3-Kinases
cJNK c-Jun N-terminal kinase
STAT3 Signal Transducer and Activator of Transcription
NF-kB Nuclear Factor k B
E2 Estradiol
ERα Estrogen Receptor alpha
IGF1R Insulin Growth Factor 1 Receptor
PR Progesterone Receptor
TGF-β1 Transforming growth factor beta 1
SMAD2 Small Mother Against Decapentaplegic 2
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Abstract: Adiponectin is the most abundant plasma adipokine. It mainly derives from white adipose
tissue and plays a key role in the control of energy metabolism thanks to its insulin-sensitising,
anti-inflammatory, and antiatherogenic properties. In vitro and in vivo evidence shows that
adiponectin could also be one of the hormones controlling the interaction between energy balance and
fertility in several species, including humans. Indeed, its two receptors—AdipoR1 and AdipoR2—are
expressed in hypothalamic–pituitary–gonadal axis and their activation regulates Kiss, GnRH and
gonadotropin expression and/or secretion. In male gonads, adiponectin modulates several functions
of both somatic and germ cells, such as steroidogenesis, proliferation, apoptosis, and oxidative stress.
In females, it controls steroidogenesis of ovarian granulosa and theca cells, oocyte maturation, and
embryo development. Adiponectin receptors were also found in placental and endometrial cells,
suggesting that this adipokine might play a crucial role in embryo implantation, trophoblast invasion
and foetal growth. The aim of this review is to characterise adiponectin expression and its mechanism
of action in male and female reproductive tract. Further, since features of metabolic syndrome are
associated with some reproductive diseases, such as polycystic ovary syndrome, gestational diabetes
mellitus, preeclampsia, endometriosis, foetal growth restriction and ovarian and endometrial cancers,
evidence regarding the emerging role of adiponectin in these disorders is also discussed.

Keywords: fertility; adipose tissue; reproductive tract; adipokines; cell signaling

1. Introduction

It is well known that white adipose tissue is no longer the main storage compartment of
triglycerides but it is a real endocrine organ releasing a number of biologically active proteins, also
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known as adipokines [1]. Adipokines are considered as main regulators of the whole body energy
homeostasis. One of these adipokines, named adiponectin, is recognised to play a major role in
regulation of the insulin sensitivity and the pathogenesis of the metabolic syndrome. In recent years,
its role in the modulation of reproductive functions has become increasingly important. There has
therefore been a spate of research investigating its role in the hypothalamic–pituitary–gonadal axis
but also in placenta and uterus. In this review, we will discuss the structure of adiponectin and its
physiological role in the male and female reproductive tract, with a predominant emphasis on its role
in several human reproductive diseases including polycystic ovary syndrome, gestational diabetes
mellitus, foetal growth restriction, ovarian and endometrial cancer, endometriosis and preeclampsia.

2. Structure and Mechanism of Adiponectin Action

2.1. Structure of Adiponectin Gene and Proteins

2.1.1. Adiponectin Gene

Adiponectin, also known as ACRP30 (adipocyte complement-related protein of 30 kDa), GBP28
(Gelatin-binding protein 28), ADIPOQ (Adiponectin, C1Q And Collagen Domain Containing) and
apM1 (Adipose most abundant gene transcript 1), has been discovered as a factor produced by the
white adipose tissue almost simultaneously by four different teams using different approaches. The
term “adiponectin” appears in 1999 following the alignment of nucleotide sequences of these four
factors [2]. In human, apM1 is a 16 kb gene consisting of three exons and two introns (Figure 1),
showing sequence homologies with the genes encoding collagen VIII, collagen X and the C1q factor
of complement [3]. Several regulatory regions of apM1 gene expression have been identified in one
region promoter of the gene surrounding exon 1. Unlike many genes, the promoter of apM1 does not
include a TATA sequence, but contains several elements of response to many transcriptional factors [4],
as described in Figure 1. So, the transcriptional activity of the adiponectin gene can be regulated by
many mechanisms.

2.1.2. Adiponectin Protein

The full length of human adiponectin (244 amino acids, 30 kDa) consists of four domains: an
amino-terminal signal peptide made up of 18 amino acids, a species specific hypervariable domain of
23 amino acids, a 66-amino acid collagen-like domain consisting of 22 repeats of the motif (Glycine-X-Y)
where X and Y are variable amino acids, and a 137-amino acid carboxy-terminal globular domain [5]
(Figure 2). It represents the long form of adiponectin. However, it exists also a short form of adiponectin
resulting from the cleavage made by an elastase secreted by monocytes and neutrophils. Several
proteolytic sites have been described located within the variable sequence and the collagen domain.
The short form of adiponectin preserves its globular domain integrity and can exert its effects by
binding to its receptor [6] (Figure 2). In contrast to humans, mouse adiponectin is a 247-amino acid
protein [7].

Adiponectin is secreted from adipocytes into the bloodstream as three oligomeric complexes
including trimer (67 kDa), hexamer (complex of two trimers, 130 kDa) and a high molecular weight
(300 kDa) [8] Figure 2. Adiponectin as a monomer is undetectable in native conditions. Polymerisation
is therefore an essential mechanism in regulating the biological activity of the protein [9] Thus,
adiponectin forms trimers (low molecular weight form or LMW) following the establishment of
hydrophobic bonds between the globular domains and noncovalent interactions within α-helices of the
collagenous domains [10]. The short form of the protein does not polymerise further [11]. In contrast,
in its long form adiponectin trimers form hexamers (intermediate or medium molecular weight form or
MMW) and much more complex structures composed of 18 or more monomers (high molecular weight
form or HMW) [12,13]. This polymerisation of adiponectin requires post-translational modifications.
Indeed, the formation of hexamers is achieved by the establishment of disulphide bridges between
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two cysteines located in the variable region of adiponectin. Experimental evidence suggests that
different forms of adiponectin fractions exhibit different biological activities. For example, non-HMW
adiponectin (i.e., complexes with lower molecular weight) shows stronger anti-inflammatory actions,
whereas the HMW form, whose active form constitutes nearly 70% of circulating adiponectin in healthy
people, may be related to insulin sensitivity [14,15].

Figure 1. Structure of adiponectin gene and its promoter region. Binding sites (cis-elements) are
STAT-RE: Signal Transducers and Activators of Transcription Response Element; CCAAT: CCAAT box is
a distinct pattern of nucleotides with GGCCAATCT consensus sequence; SRE: Serum Response Element;
PPRE: Peroxisome Proliferator Response Element; ATF-RE: Activating Transcription Factor-Response
Element; LRH-RE: Liver Receptor Homolog 1 Response Element; E-box: Enhancer-box; NFAT-RE:
Nuclear Factor of Activated T cells Response Element. Transcription factors (trans-elements) are STAT5:
Signal transducer and activator of transcription 5; C.EBPα: CCAAT/enhancer-binding protein alpha;
PPAR: Peroxisome Proliferator-activated Receptor gamma; ATF3: Activating Transcription Factor 3;
NFATc4: Nuclear Factor of Activated T cells 4; LRH-1: Liver Receptor Homolog-1. The stimulatory
(+) and inhibitory (−) roles of each transcription factor in the adiponectin gene expression are shown
below the binding sites.

Adiponectin is considered as the adipokine most widely present in the bloodstream. It circulates
at relatively high levels (3 to 30 μg/mL) representing thus 0.01% of the total plasma proteins [16] in
different species like human, pigs, dairy cows, rats, chicken and turkeys [17–23]. In human, MMW
and HMW forms represent 90% of the protein in the circulation and the LMW form represents only
10% [24]. The globular form remains extremely minor [12]. In cows, it is well known that the plasma
concentration of adiponectin reaches its minimum before calving and its maximum during early
lactation [25–29]. Unlike rodents and humans, the main circulating form is HMW in cows [26], while
trimeric forms and globular forms are not detected [28,30]. In various species, the plasma adiponectin
level is likely related to reproductive pathologies (polycystic ovary syndrome, gestational diabetes
mellitus, preeclampsia, endometriosis, foetal growth restriction and ovarian and endometrial cancer)
that are detailed below (Section 9 of this review). Expression of the adiponectin in the body is closely
related to many physiological and physiopathological processes.

Adiponectin plasma concentrations are correlated with the adipose tissue level. They are also
regulated by the nutritional status. Indeed, they are increased during fasting and decreased after
refeeding in rodents and sheep [31,32]. Moreover, they are higher in females compared to males in
humans and rodents [21]. Adiponectin levels are lower in women under certain conditions. Indeed,
Cnop et al. (2003) showed that adiponectin levels in the postmenopausal women are higher than
in the premenopausal women [33], while data from Nishizawa et al. (2002) found no significant
differences [21]. In mice, plasma adiponectin levels are 4-fold higher in mature female than in
immature female [34]. In obese compared to control patients, adiponectin concentrations in adipose
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tissue and in the circulation have consistently been found to be abnormally low [35], suggesting that
adiponectin is strongly associated with obesity and is a potentially important hormone in the link
between obesity and women’s pathology.

Figure 2. Structure and specific forms of human adiponectin (trimer, hexamer, multimer and globular).

2.1.3. Regulation of Adiponectin Expression

Adiponectin expression can be regulated by various factors and physiological processes. As shown
in Figure 1, human adiponectin gene contains binding sites for many transcription factors including
PPAR (peroxisome proliferator-activated receptor gamma [36] and its coactivator PPARγ, coactivator
1α (PGC1α) [37], C/EBPα (CCAAT/enhancer-binding protein alpha) [38], LRH-1 (liver receptor
homolog-1) [36], FoxO1 (forkhead box O1) [39], SREBP-1c (sterol-regulatory element-binding protein
1c) [40], ATF3 (Activating Transcription Factor 3) [41], NFATc4 (nuclear factor of activated T cells 4) [41],
Id3 (inhibitor of differentiation 3) [42], STAT5 (Signal transducer and activator of transcription 5) [43]
and the clock helix–loop–helix transcription factors CLOCK and BMAL1 [44]. The activation and the
repression of these transcription factors are finely regulated by endogenous and exogenous signals
inducing the activation of many signalling pathways in the secretory cell. Once released in the
bloodstream, adiponectin exerts its physiological effects by binding to specific membrane receptors.

2.2. Adiponectin Receptors and Adiponectin Signalling Pathways

2.2.1. AdipoR1 and AdipoR2

Adiponectin acts mainly through two seven-transmembrane domain receptors—AdipoR1 and
AdipoR2—that differ from other G protein-coupled receptors. Indeed, their topology is opposite of
that of the G protein-coupled receptors; their C-terminal end is located extracellularly whereas the
N-terminal end is located intracellularly (Figure 3). AdipoR1 and AdipoR2 have a zinc binding motif
that appears to be essential for signal transduction in the intracellular compartment [45]. They are
structurally conserved (67% amino acid identity) [22]. AdipoR1 is expressed in all tissues and the
highest expression is in skeletal muscles, while AdipoR2 is expressed mainly in the white adipose
tissue and liver. These receptors have differing affinities for specific forms of adiponectin. AdipoR1 is
a high-affinity receptor for the globular adiponectin form, and acts as a low-affinity receptor for the
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long form of adiponectin in skeletal muscle. In contrast, AdipoR2 is an intermediate-affinity receptor
for both globular and full length adiponectin form in the liver [19,22,46].

 
Figure 3. Adiponectin receptors and some examples of biological effects of adiponectin in reproductive
tissues or cells. Adiponectin interacts with adiponectin receptors (mainly AdipoR1 and AdipoR2)
to activate or inhibit a number of signalling pathways. T Cadherin receptor (T Cadherin R) binds
the hexameric and high molecular weight isoforms of adiponectin but it has no intracellular domain.
AdipoR1- and R2-dependent signalling is mediated through APPL 1 and APPL2. In the absence of
adiponectin signal, APPL2 can bind to the N-terminal domain of the adiponectin receptors or it can
form an APPL1/APPL2 heterodimer which prevents the APPL1/adiponectin receptors binding. On
the other hand, the binding of adiponectin to its receptors favours the dissociation of this heterodimer.
In peripheral tissues, adiponectin receptors have differing affinities for specific forms of adiponectin.
In the reproductive tissues the affinities for specific forms of adiponectin is unknown. However, in
these tissues, adiponectin regulates different biological effects through various signalling pathways.

 Increase/stimulation.  Decrease/inhibition.

2.2.2. The Other Adiponectin Receptors

The T-cadherin receptor protein has been identified as a receptor for the MMW and HMW
forms of adiponectin [47]. This membrane receptor does not have an intracellular domain. Thus,
T-cadherin could regulate the bioavailability of adiponectin, rather than exerting its own effects [22].
Indeed, mice deficient in T-cadherin have increased circulating adiponectin levels, especially of the
HMW form [48]. Some data also suggest that there are other AdipoR isoforms still unknown to date.
AdipoR-independent effects of adiponectin have been observed in hypothalamic cells expressing the
AdipoR1 and AdipoR2 receptors. Similarly, macrophages whose expression of AdipoR1, AdipoR2 and
T-cadherin have been invalidated by interfering RNA still show biological effects of adiponectin [49].

2.2.3. APPL1 and APPL2

Adiponectin induces activation of many signalling pathways. However, adiponectin receptors
do not appear to exhibit kinase or phosphorylation domains. Indeed the targeted mutagenesis of
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tyrosine residues of these receptors does not induce disruption of adiponectin signalling [50]. Thus, the
activation of the transduction pathways following the binding of adiponectin to its receptor involves
intermediate molecules binding to adiponectin receptors in response to their conformational change.
The protein APPL1 (Adaptor protein, phosphotyrosine interacting with PH (Pleckstrin Homology)
domain and leucine zipper 1) has thus been identified as an adapter protein capable of binding to the
intracellular domains of AdipoR1 and AdipoR2 receptors [50] (Figure 3). The binding of the APPL1
protein to adiponectin receptors is regulated by a second adapter protein, the APPL2 protein (Figure 3).
In the absence of adiponectin signal, APPL2 can bind to the N-terminal domain of the adiponectin
receptors or it can form an APPL1/APPL2 heterodimer which prevents the APPL1/adiponectin
receptors binding [22]. On the other hand, the binding of adiponectin to its receptors favours the
dissociation of this heterodimer. Thus the APPL proteins regulate the adiponectin signal according to
the Yin and Yang model proposed by Wang et al. [49,51].

2.2.4. Signalling Pathways Regulated by Adiponectin

Upon binding to its receptors, adiponectin activates different signalling pathways in various cell
types: mitogen-activated protein kinase (MAPK), such as p38 and extracellular signal-regulated kinases
1/2 (ERK1/2); serine/threonine protein kinase (Akt); and AMP-activated protein kinase (AMPK). It is
also able to phosphorylate the transcription factor, peroxisome proliferator-activated receptor alpha
(PPARα). Thus, adiponectin regulates through these signalling pathways different functions in the
organism [19,22]. Figure 3 shows some examples of cell signalling pathways regulated in reproductive
tissues or cells.

3. Expression, Regulation and Effect of Adiponectin and Adiponectin Receptors in the
Hypothalamic–Pituitary Axis

The hypothalamic–pituitary–gonadal (HPG) axis plays a critical role in regulating reproductive
function. Gonadotropin-releasing hormone (GnRH), which is secreted by the hypothalamus, acts
on pituitary gonadotrophs to stimulate luteinising hormone (LH) and follicle-stimulating hormone
(FSH) synthesis and secretion, ultimately affecting the animal’s fertility. Adiponectin and its AdipoR1
and AdipoR2 receptors are expressed in the human hypothalamus and pituitary [52,53]. Adiponectin
appears to play an important role in regulating the activity of hypothalamic–pituitary axis, because its
deficiency disrupts FSH and LH secretion as well as LH surge [54]. Adiponectin mutation also causes
significant reduction in GnRH immunoreactive neurons, which helps explain the disrupted estrous
cyclicity and ovarian functions [54].

3.1. Adiponectin and Hypothalamus: A Role in the Fertility Regulation?

Adiponectin receptors expression in the hypothalamus has been observed in many species,
including humans, rodents and pigs [52,55,56]. Adiponectin is also present in the human, mice
and rat cerebrospinal fluid (CSF), suggesting an autocrine or paracrine action of this adipokine on
the hypothalamic–pituitary axis [52,57,58]. In the CSF, the adiponectin trimer is the predominate
form [57]. In addition, studies in mice show that peripheral intravenous application of adiponectin
leads to a concurrent rise in CSF adiponectin [59]. Therefore, adiponectin does cross the blood–brain
barrier, although concentrations in the CSF are approximately 1000-fold lower than that in serum [57].
Cerebrospinal fluid concentrations of adiponectin are increased during fasting and decreased after
refeeding in rodent and sheep [31,32].

In the hypothalamus, GnRH neurons are key components of the reproductive axis, controlling the
synthesis and release of gonadotropins. In vitro studies have notably described an inhibitory effect of
adiponectin on the secretion of GnRH by hypothalamic cells through activation of AMPK [60]. Indeed,
in GT1-7 cells (subset strains of GT1 cell lines) adiponectin inhibits GnRH secretion but also suppresses
KISS1 mRNA transcription [61,62]. Kisspeptins are hypothalamic neuropeptides discovered in the
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2000s. The binding of kisspeptins to their KISS1-R receptors appears to be the mechanism that triggers
puberty by inducing secretion of GnRH.

Thus, adiponectin appears to decrease the secretion of GnRH via the reduction of the signal
emitted by kisspeptins. A more recent study showed that AdipoR2 was expressed in mouse GnRH
neurons and adiponectin rapidly decreased GnRH neuronal activity in a subpopulation of GnRH
neurons via a PKCζ/LKB1/AMPK signalling cascade [63].

3.2. Adiponectin and Pituitary: A Role in the Fertility Regulation?

Adiponectin and its receptors were also described in the pituitary of various species including
human, mouse, rat, chicken and pig [53,64–66]. In human, adiponectin was present mainly in
growth hormone (GH)-, follicle-stimulating hormone (FSH)-, luteinising hormone (LH)- and thyroid-
stimulating hormone (TSH)-producing cells, whereas adiponectin receptors were located in the
gonadotrophs, somatotrophs and thyrotrophs, but not in corticotrophs or lactotrophs. [53]. In cultured
rat and mouse pituitary cells, adiponectin inhibited basal and GnRH-induced LH secretion [64,67].
Furthermore, it decreased the expression of the gene encoding the GnRH receptor (GnRH-R) [64]. In
the porcine primary pituitary cells, adiponectin increased basal FSH release [66]. In this latter study,
adiponectin also modulated GnRH and insulin-induced LH and FSH secretion dependently on the
stage of the oestrous cycle. At the opposite, Sarmento-Cabral A et al., 2017 showed recently that
adiponectin did not affect LH and FSH release by primary pituitary cell cultures from two normal
nonhuman-primate species [68].

The presence of adiponectin receptors in the GnRH neurons and pituitary cells, and its influence on
the GnRH, LH and FSH release suggests an important role of adiponectin at the hypothalamic–pituitary
axis in the control of fertility in both male and female. Both LH and FSH ultimately control gonadal
function. In female, ovarian follicles are stimulated by FSH to grow and mature; LH stimulates ovulation
and corpus luteum formation. In men, FSH initiates, and in conjunction with high intratesticular
testosterone, sustains spermatogenesis, whereas LH controls androgen synthesis by the testicular
Leydig cells. As described below, adiponectin system is expressed and regulates gonadal functions.

4. Expression, Regulation and Effect of Adiponectin in Gonads

4.1. Expression, Regulation and Effect of Adiponectin System in Ovary

The involvement of adiponectin in ovary of multiple species has already been well reviewed by
our and other groups [69,70]. Here we briefly summarise the major published works with an emphasis
on differences between human, rodents and agronomic species.

4.1.1. Plasma and Follicular Fluids Profiles

Adiponectin is detected in follicular fluids (FF). Adiponectin levels are higher in FF than in plasma
in women [71], and the opposite is observed in cows [30]. In human, FF adiponectin concentrations
are positively correlated with the serum values [71–73]. In addition to the differences in adiponectin
concentrations, adiponectin isoform distribution varies between the serum and FF compartments
in women. Indeed, the HMW fraction is significantly higher in serum than in FF [72]. Moreover,
adiponectin levels are lower in FF from women with repeated implantation failures [74]. Taken
together, all these data suggest that ovarian cells could produce adiponectin and FF adiponectin could
be involved in the success of the techniques of medical assistance to procreation.

4.1.2. Expression in Ovarian Cells

In granulosa cells, adiponectin expression is low and almost undetectable in humans, rodents
and chickens [17,69]. However, adiponectin is strongly produced by human theca cells and even
more so during follicular maturation. In contrast, the expression of AdipoR1 and AdipoR2 is greater
in granulosa cells than in theca cells of hens [17]. In addition, adiponectin, AdipoR1 and AdipoR2
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are present in the corpus luteum of mammalian species (human, rat, cow and sows) [69]. In avian
species, the expression of adiponectin in granulosa cells is positively correlated with the weight of F3
preovulatory follicle and is upregulated in ovarian tissues during the laying period compared with the
prelaying period [75,76].

4.1.3. Regulation by Physiologic Status

As adiponectin system was simultaneously involved in metabolism and reproduction, modulation
of the body energy status may regulate their expression in ovarian tissues. The expression pattern of
adiponectin and its receptors increases in bovine granulosa cell during follicular development and
the opposite was observed in bovine theca cells [77]. In human, stable levels of plasma adiponectin
have been observed during the phases of the physiological menstrual cycle [78], whereas Galván and
coworkers have shown lower plasma adiponectin levels in the luteal than in the follicular and the
mid-cycle phase [79]. So, the plasma adiponectin profile is contradictory during the menstrual cycle in
women. In pig, both gene and protein expression of adiponectin are enhanced during the luteal phase
of the cycle [20]. More recently, we demonstrated that the plasma adiponectin concentration is higher
in cows fed high energy diets than cows fed low energy diets presenting reproductive defects [29].
In sheep, feeding restriction increases circulating level of adiponectin and the expression level of both
AdipoR1 and AdipoR2 in ovary [32]. On the other hand, the expression of AdipoR1 and AdipoR2 is
decreased in theca cells of hens fed with fish oil supplementation, while the expression of AdipoR2
is increased in restricted hens [76]. Thus, adiponectin system is modulated by the energy status in
various species.

4.1.4. Regulation by Hormones

Hormones may regulate the production and action of adiponectin at different levels: adiponectin
secretion, adiponectin receptor expression and cellular responses. In humans, LH treatment increases
the level of adiponectin FF as well as in theca and granulosa cells [20,69,80,81]. In addition, FSH and
hCG (a substitute for LH) treatment contribute to activate LH receptors and consequently upregulate
by more than 2-fold the expression of AdipoR2 (but not AdipoR1) in human granulosa cells [69].
Conversely, an hCG injection increases the expression of adiponectin and AdipoR1 (but not AdipoR2)
genes in rat ovaries [17,69]. Furthermore, the expression of AdipoR2 is increased by LH and reduced
by IGF1 in bovine theca cells [69,82].

4.1.5. Effect on Steroidogenesis

Adiponectin can modulate and mediate the actions of hormones production by ovarian cells.
In mammals, numerous studies have shown beneficial effects of adiponectin on various physiological
functions. The work published by our team has clearly demonstrated an effect of adiponectin on the
steroidogenesis of ovarian cells trough variability across species. In human granulosa cells, adiponectin
enhances the secretion of progesterone and oestradiol in the presence of FSH or IGF-1 [71,83].
Furthermore, depletion of adiponectin gene in mice disturbs steroidogenesis, follicular development
and reduces fertility [54]. In cattle, adiponectin inhibits insulin-induced steroidogenesis in granulosa
and theca cells [82,84]. In hens, adiponectin increases IGF-1-induced progesterone production by
granulosa cells from F2 and F3/4 follicles and decreases LH or FSH-induced production by granulosa
cells from F3/4 follicles [17].

Adiponectin also inhibits synthesis androgens including androstenedione in the murine ovary [85], as
described in Section 9.1.1. In women with polycystic ovary syndrome, characterised by hyperandrogenism,
circulating levels of adiponectin are decreased [86]. Adiponectin and its receptors are also present in the
male reproductive tract.
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4.2. Expression, Regulation and Effect of Adiponectin System in Testis

4.2.1. Blood Plasma and Seminal Fluid Profiles

Seminal fluid (SF) is the male body fluid related to reproduction. It contains adiponectin at
concentrations approximately 66- and 180-fold lower than serum in men and bulls, respectively [30,87].
In addition, a positive correlation between the adiponectin concentrations in both SF and blood plasma
was observed suggesting that adiponectin is transferred from the blood to testis tissue, particularly via
gaps in the blood–testis barrier.

4.2.2. Expression in Testicular Cells

Adiponectin and adiponectin receptors are expressed in human testes and more precisely in the
Leydig cells. Adiponectin receptors are also present in the spermatozoa [88–90]. AdipoR2 null mice
demonstrated atrophic seminiferous tubules with aspermia (lack of semen) and enlarged brains, but
displayed normal testosterone levels; whether these testicular defects reflect central or peripheral
responses to the loss of AdipoR2 signalling remains unknown [91]. Expression of adiponectin and its
receptors (AdipoR1 and AdipoR2) declines significantly in the testis of old mice [92].

Thus, an adequate concentration of adiponectin and its receptors may be required for normal
testicular functions and adiponectin treatment could be a promising antiageing therapy promoting
normal reproductive activities in the testis of aging mice.

4.2.3. Regulation by Physiologic Status

In chicken, the expression of AdipoR1 and AdipoR2 mRNA is modified during the puberty;
the expression of these two mRNA is increased in adulthood compared to prepubertal animals [93].
This suggests that the sexual maturation induces an upregulation of testicular adiponectin receptors
genes expressions. AdipoR2 protein expression is also increased in Leydig cells during the puberty in
rats [89,94] and mouse making the cells more sensitive to circulating adiponectin. Moreover, in the
mouse, it has been shown that the serum concentration of adiponectin is also increased during this
period [24,95].

4.2.4. Regulation by Hormones

Several studies have shown a link between the steroid secretion and adiponectin. For example,
an ablation of gonads in adult male mice led to an increase of circulating adiponectin [95,96]. However,
when an injection of testosterone was performed on the same animals, the levels of circulating
adiponectin were restored [96]. In men with hypogonadism, high concentrations of serum adiponectin
were reduced by androgen supplementation [97]. A study in the rat has shown a relationship between
testosterone and adiponectin. In this study, a developmental exposure to isoflavones has increased
serum adiponectin levels and decreased serum testosterone levels [94]. The testis extract from the pig,
enhanced adiponectin secretion in adipocyte through the peroxisome proliferator-activated receptor
signalling pathway [98]. Taken together, these studies suggest that a reciprocal relationship and a
possible regulation exist between gonadal steroid hormones and adipose tissue-derived factors.

4.2.5. Effect on Steroidogenesis, Lactate Production and Cytokine-Mediated Cytotoxicity

Adiponectin regulates both spermatogenesis and steroidogenesis in adult testis via its two
receptors, AdipoR1 and AdipoR2 [89,99]. Indeed, in vitro experiments showed that adiponectin
acted directly in Leydig cells to decrease androgen secretion, which was associated with inhibition of
the StAR protein in Leydig cells [94].

Following adiponectin binding, AdipoR1 and AdipoR2 activate downstream targets such as
AMPK, PPAR-α, and MAPK [19]. In the testis, AMPK and PPAR-α signalling pathways have been
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shown to be functional and involved in the regulation of steroidogenesis [100]. Therefore, adiponectin
could interact through these signalling pathways to alter testosterone production.

However, adiponectin did not modulate anti-Mullerian hormone (AMH) transcript levels [101].
Another important role of adiponectin is to maintain insulin sensitivity by stimulating glucose uptake
in the testes [99]. Indeed, intratesticular glucose level was shown to be associated with testicular
functions like testosterone production [102]. Furthermore, adiponectin administration ameliorates
testicular mass and functions in aged mice by enhanced expression of insulin receptor, antioxidative
enzyme activity, testosterone synthesis and glucose and lactate uptake by enhanced expression of
transporters GLUT8 (glucose transporter) and MCT2 & MCT4 (lactate transporters) [92].

As potent anti-inflammatory mediators, adiponectin has been demonstrated to protect Leydig
cells against cytokine-mediated cytotoxicity, acting as a testicular defence mechanism to attenuate
the negative impact of proinflammatory molecules, particularly those released by macrophages
(e.g., interleukin 1 (IL-1), tumour necrosis factor alpha (TNF-α) and interferon gamma (IFN-γ)) on
steroidogenesis [103].

Thus, while adiponectin signalling appears to be present in male gonadal tissue, the extent to
which this signalling contributes to normal testicular function and fertility potential need to be clarified.

5. Expression, Regulation and Effect of Adiponectin System in Gametogenesis (Oocyte and
Spermatozoa)

5.1. Oocyte

The expression of adiponectin (gene and protein) was found in the oocytes of rats [17] and
cows [77,84], whereas that of AdipoR1 and AdipoR2 has been shown in oocytes of cows [84], pigs [104],
goats [105] and rats [17]. Several studies have shown that adiponectin supplementation during
in vitro maturation (IVM) of human, mouse, goat and swine oocytes exerts positive effects on meiotic
progression and initial embryonic development [104,106,107] (Figure 4A). In goat oocytes, adiponectin
has a positive effect on the meiotic maturation through the classical MAPK pathway [105]. In contrast,
no significant effects of adiponectin were observed on bovine IVM, cleavage and blastocyst formation
rates [84] (Figure 4A). These results indicate that species differences may exist with regard to the
specific oocyte response to adiponectin. In human, a decrease in DNA methylation levels in the
promoter of adiponectin has been described in response to glucose IVM exposed to 10 mM glucose as
compared to controls [108].
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Figure 4. Effects of adiponectin on in vitro maturation and embryo development (A), uterus (B) and
placenta (C).  Increase/stimulation.  Decrease/inhibition. = no effect.

5.2. Spermatozoa

5.2.1. Localisation of Adiponectin and Its Receptor

The presence of adiponectin receptors on spermatozoa has been reported by Kawwass et al.
2015 [70]. In bulls, adiponectin is abundantly found on flagellum whereas AdipoR1 can be observed
particularly on the equatorial and acrosome regions, and AdipoR2 on the sperm head region and on
equatorial line [109].

5.2.2. Role of Adiponectin on Sperm Motility and Capacitation

In bull, plasma adiponectin concentration and spermatozoa mRNA abundances for AdipoR1
and AdipoR2 are positively related to sire conception rate [109]. In ram, an association between
adiponectin and its receptors and sperm motility parameters has been reported [110] (Figure 4A).
In human, adiponectin levels in seminal plasma have been shown to be positively correlated with sperm
concentration, sperm count and percentage of typical sperm forms [87] (Figure 4A). After capacitation,
the levels of adiponectin and its receptors are lowered, suggesting a direct role on sperm motility [87].

6. Expression, Regulation and Effect of Adiponectin System in Embryo Development and
Implantation: The Evolution of the Adiponectin System during Pregnancy

6.1. Adiponectin System during Embryo Development

Adiponectin and its receptors are expressed in embryos at different stages of development,
in different species of mammals, chickens and fishes [111,112].

Kim et al. (2011) demonstrated, in mouse, the expression of adiponectin mRNA in 2-cell and 8-cell
embryos [113]. The receptors were detected at all stages of the preimplantation embryo, although
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levels were lowest at the blastocyst stage. AdipoR1 mRNA level was raised in 8- to 16-cell embryos.
In morulas and blastocysts, the level of adipoR1 mRNA was significantly higher than in oocytes.
AdipoR2 mRNA level was lower in 4-cell embryos and 8- to 16-cells embryos than in oocytes, and
significantly increased in morulas and blastocysts [114]. By in situ hybridisation, adiponectin mRNA
was detected in the mouse embryo at day 7 and day 8. In bovine embryo, AdipoR1 was clearly
expressed but AdipoR2 and adiponectin were weakly present and undetectable, respectively [84].

The effects of adiponectin on in vitro oocyte maturation and early embryo development
were assessed in different species (Figure 4A). In bovine, when culture medium of embryos
was supplemented with recombinant adiponectin, any effect of adiponectin was observed in the
48 h-cleavage and day 8 blastocyst rates [84]. In mouse, when 4-cell embryos were cultured in vitro
and supplemented with 10 μg/mL of different isoforms of adiponectin, most of the embryos in all
groups reached the blastocyst stage; however, the full-length and the trimeric isoforms had opposite
effects on the embryo distribution. With the full-length isoform, the proportion of embryos with lower
cell numbers decreased while the proportion of embryos with high cell numbers increased. Opposite
results were observed with the trimeric isoform [114]. In pig, when oocytes were matured in vitro in
medium alone, and then cultured for 7 days with adiponectin, development to the blastocyst stage was
significantly improved compared to the control group (medium alone). These results provide evidence
that adiponectin has positive effects in both oocyte maturation and embryo culture in this species [104]
(Figure 4A). Furthermore, a recent study shows that in pig embryos, the methylation level of AdipoR2
increased in response to female nutritional restriction [115], suggesting that the nutritional status of
the mother can affect the adiponectin system in the offspring.

Mammalian preimplantation embryos contain lipid droplets [116] that serve as an energy source.
They influence cell–cell interactions, cell proliferation and intracellular transport mechanisms [117].
However, excess lipid accumulation above the normal level is linked with impaired embryo quality
due to cellular dysfunction and/or cell death caused by increased lipid peroxidation and mitochondrial
dysfunction. In rabbit, adiponectin regulates embryonic lipid metabolism by AMPK signalling [118].

6.2. Evolution of Serum Adiponectin during Pregnancy

After several controversies, it is now well established that adiponectin is not a placental
hormone [119,120]. Maternal adiponectinemia is constant throughout pregnancy and results mainly
from adipocyte production. However, a decrease in circulating adiponectin levels is observed after
delivery [121]. This suggests that placental factors contribute to increased adiponectinemia early in
pregnancy and persist until parturition. It has also been shown that the HMW form of adiponectin is
present in the bloodstream of the pregnant woman compared to the nonpregnant woman [122].

7. Expression, Regulation and Effect of Adiponectin System in Endometrium, Placenta and
Relation between the Foetus and Mother

7.1. Expression and Effects of Adiponectin on Uterine Functions

The role of adiponectin in the endometrium is relatively unknown. The AdipoR1, AdipoR2 and
adiponectin receptors themselves are present in this tissue [123,124]. A variation in AdipoR1 and
AdipoR2 protein expression was measured during the menstrual cycle. Specifically, this expression
is maximal in the middle of the secretory phase of the cycle, corresponding to the period of uterine
receptivity to the embryo [123]. This study therefore suggests an important role of the adiponectin
signal during human embryonic implantation. This hypothesis has been reinforced by a study showing
that the endometrium of women with repeated implantation failures underexpresses AdipoR1 and
AdipoR2 compared to fertile endometrium [124]. Adiponectin would also exert an anti-inflammatory
effect in the endometrium by inhibiting the production of proinflammatory cytokines such as IL-6,
IL-8 and MCP-1 (monocyte chemotactic protein-1) [123]. Finally, adiponectin decreases cell viability of
human endometrial cells [125] (Figure 4B).
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7.2. Expression and Effects of Adiponectin on the Placenta

Adiponectin appears to exert an endocrine action (via adipose tissue) or paracrine (via the
endometrium) in the placenta. Thus, it regulates many placental processes:

• Inflammatory Response:
Interestingly, while its anti-inflammatory role has been described in many organs, including

the endometrium, it appears that adiponectin exerts a proinflammatory effect in the third trimester
placenta. Adiponectin induces the production of CD24 and Siglec-10 inflammatory molecules and
interleukins IL-8 and IL-1β by trophoblasts derived from term placenta [126]. These proinflammatory
effects were also observed during the in vitro culture of placental explants of the third trimester, in
the presence of adiponectin. The authors observed an increase in the secretion of interleukins IL-6
and IL-1β and TNF-α via the NF-κB pathway [127]. These factors may be necessary to trigger the
immunotolerance phenomenon in the mother (Figure 4C).

• Cell Proliferation
Adiponectin exerts its “classic” role of antiproliferative hormone in villous trophoblastic cells in

the first trimester [128]. These results are also observed in the placenta at term, where adiponectin
reduces the number of cells entering into mitosis by control of the MAPK pathway [129] (Figure 4C).

• Cell Differentiation
Adiponectin stimulates the biochemical (secretion of hCG and leptin secretion) and morphological

(increased expression of syncytin-2 and decreased expression of E-cadherin) differentiation of
first-trimester villous trophoblasts early (obtained before the arrival of the blood in the intervillous
chamber) [120]. On the other hand, it inhibits the biochemical differentiation of villous trophoblastic
cells from “late” first-trimester placentas and third-trimester placentas [119,130]. However, it has no
effect on morphological differentiation in the term placenta [130] (Figure 4C).

• Cellular Invasion
Adiponectin increases the invasive abilities of trophoblastic cells by stimulating the activity

of metalloproteases MMP-2 and MMP-9—two major enzymes of the invasion process—which
digest the extracellular matrix of the endometrium. These enzymes thus promote the migration
of trophoblastic cells within the deciduous. At the same time, adiponectin decreases the expression of
the metalloprotease inhibitor, TIMP-2 [119] (Figure 4C).

7.3. Relation between Foetus and Mother

Recurrent spontaneous abortion (RSA) is associated with abnormal maternal tolerance to the
semiallogenic foetus. A recent study shows that recombinant adiponectin therapy improves pregnancy
outcome in a murine model of abortion by expanding the Treg cell population and function and
decreasing the Th17 cell population and function via a p38MAPK-STAT5 pathway. This therapy
reduced the abortion rate in abortion-prone model. Recombinant adiponectin administration induced
the expression of AdipoR1 and AdipoR2 mRNA at the maternofetal interface [131].

Throughout the entire first trimester of pregnancy, foetal growth is sustained by endometrial
secretions, i.e., histiotrophic nutrition. Endometrial stromal cells (EnSCs) accumulate and secrete a
variety of nutritive molecules which are absorbed by trophoblastic cells and transmitted to the foetus.
Glycogen appears to have a critical role in the early stages of foetal development, since infertile women
have low endometrial glycogen levels. Duval et al., 2018 showed that adiponectin exerts a dual role at
the foetal–maternal interface by promoting glycogen synthesis in the endometrium and conversely
reducing trophoblastic glycogen uptake [132].

8. Foetus Growth

It has been observed in a mouse model that the injection of adiponectin into the mother induces a
reduction in the foetal growth of young mice [133]. In humans, a negative correlation between maternal
adiponectinemia and infant weight has also been observed [134]. This effect of adiponectin on foetal
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growth may be related to the effects of this adipokine on the expression of nutrient transporters in the
placenta. Indeed, adiponectin inhibits the expression of amino acid transporters (SNAT) in the human
placenta at term [135]. In the same way in the pregnant rat, adiponectin reduces the expression of the
GLUT3 glucose transporter and that of lipoprotein lipase transporting fatty acids in the placenta [136].
Similar results were observed in the mouse. Indeed, chronic administration of adiponectin during
pregnancy reduces placental transport of amino acids in this species [133]. Thus, by inhibiting the
transport of nutrients, adiponectin appears to negatively regulate foetal growth.

It has been suggested that the hyper-growth pattern of the foetus when there is maternal obesity may
be due to the relatively lesser maternal concentrations of total and HMW adiponectin. This endocrine and
physiological paradigm may result in increased insulin and mammalian target of rapamycin complex 1
(mTORC1) placental signalling, as well as an upregulation of transplacental glucose and sodium-coupled
neutral amino acid transporters (GLUT and SNAT) [133,137,138]. Furthermore, nutrients available for
foetal growth are greater when there is maternal hypoadiponectinemia and insulin resistance [139,140].

In pregnancies where there are not symptomatic problems, increased maternal adiponectin
regulates foetal growth [135]. As pregnancy progresses, the physiologic decrease in adiponectin
concentrations, as well as insulin sensitivity, result in increased amounts of nutrients from the maternal
to foetal circulation, increasing foetal growth [133,135,138]. With maternal obesity or gestational
diabetes, total and HMW concentrations of adiponectin, however, are relatively less, even before
pregnancy as compared to when the obesity condition does not exist [140]. Hypoadiponectinemia
exacerbates the loss of insulin sensitivity and the increases in nutrient partitioning from the maternal
to foetal circulation, resulting in larger foetuses and macrosomic babies [140–142]. The body weight of
foetuses from adiponectin (−/−) dams was significantly greater than that of wild type dams at both
embryonic day (E)14.5 and (E)18.5. In addition to nutrient supply, maternal adiponectin inhibits foetal
growth by increasing IGFBP-1 expression in trophoblast cells [143].

9. Adiponectin and Reproductive Diseases:

Diseases associated with abnormal adiponectin levels are polycycstic ovary syndrome, ovarian
and endometrial cancer, endometriosis, gestational diseases, preeclampsia and foetal growth restriction,
all of which are associated with subfertility.

9.1. Ovarian Pathologies

9.1.1. Polycystic Ovary Syndrome (PCOS)

Polycystic ovary syndrome (PCOS) is a very common endocrinopathy affecting 6 to 13% of women
of reproductive age and one of the leading causes of female poor fertility [144]. Since Rotterdam
Consensus Conference in 2003, its diagnosis requires the presence of at least two of the following
features; oligo-/anovulation, hyperandrogenism and polycystic ovaries on ultrasound (corresponding
to a follicle number per ovary ≥ 20 and/or an ovarian volume ≥ 10 mL in either ovary) [145].
PCOS is frequently associated with insulin resistance (IR), abdominal obesity [146] and an increased
risk of developing type 2 diabetes since as many as 10% of women with PCOS develop diabetes
by the age of 40 years [147]. Hyperandrogenism is the other main feature of the syndrome with
elevated circulating androgen levels observed in 60 to 80% of PCOS patients [148]. Development of
hyperandrogenism happens in part because high insulin levels and free insulin growth factor (IGF)
stimulate androgens production by ovarian theca cells [149]. Furthermore, an increase in abdominal
adipose tissue, stimulated by compensatory hyperinsulinemia, creates an imbalance in sex steroids
with decreased sex hormone binding globulin (SHBG) levels and increased free androgens levels [149].
Although IR and hyperandrogenaemia are the essential abnormalities of the syndrome, mounting
evidence supports that also genetic factors play a key role in PCOS pathogenesis [150].

The implication of adiponectin in energy metabolism as an insulin-sensitising, antiatherogenic and
anti-inflammatory molecule is largely admitted. Notably, obesity and insulin-resistant states have been
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associated with reduced plasma adiponectin concentrations [146]. In women with PCOS, adiponectin
signalling in adipose tissue seems to be impaired with decreased expression of AdipoR1 and AdipoR2,
suggesting that adiponectin dysregulation may be one of the possible mechanisms responsible for
lessening insulin-sensitivity [147] (Figure 6). As accumulating evidence supports a direct role of this
adipokine in female reproductive tissues, altered adiponectin levels could thus be causally involved in
both the reproductive and metabolic disturbances associated with PCOS (Figure 5A,B).

Figure 5. (A) Adiponectin system in ovary (granulosa and theca cells and follicular fluid), plasma
and adipose tissue (AT) in polycystic ovary syndrome (PCOS) patient as compared to control.
(B) Description of PCOS syndrome and possible involvement of adiponectin in this syndrome.

 Decrease/inhibition.

According to two meta-analyses [146,151], after controlling for BMI-related effects, serum
adiponectin concentrations in PCOS women are lower than in non-PCOS controls. Notably, HMW
adiponectin appears to be selectively reduced in women with PCOS independently of IR severity [152]
(Figure 5). Nevertheless, other studies found no difference in adiponectin plasma levels between
PCOS patients and controls [153–156]. Similarly, data concerning adiponectin expression in adipose
tissue are controversial. Carmina et al. demonstrated that adiponectin mRNA levels were reduced in
visceral and subcutaneous (SC) adipose tissue of PCOS patients compared to controls [101], while no
changes of adiponectin expression in SC fat were found by Lecke et al. and Svendsen et al. [155,156]
(Figure 5A).

Regarding the reproductive tissues, adiponectin concentration in follicular fluid (FF) is decreased
in PCOS women [157–159]. In PCOS and control groups, a strong positive correlation was observed
between HMW adiponectin concentrations in serum and FF samples [158]. Intrafollicular HMW
adiponectin levels were 2 times lower than in plasma, suggesting a combined effect endocrine factors,
including insulin and gonadotropins, rather than passive diffusion result [157]. Compared to normal
ovaries, in PCOS a lower proportion of theca cells expresses adiponectin receptors [147] and granulosa
cells show decreased expression of adiponectin, APPL1 [160], AdipoR1 and AdipoR2, possibly affecting
follicular development and selection of a dominant follicle [158].
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The downregulation of adiponectin expression in PCOS women may contribute to their
characteristically lower insulin sensitivity [101] and even contribute to the hyperandrogenic
environment (Figure 5B). Indeed, adiponectin suppresses production of androstenedione and key
enzymes of the androgen synthesis pathway in mice ovaries [85] and cultured human theca cells [147].
Further, in granulosa cells, it increases the expression of the enzymes involved in oestradiol and
progesterone synthesis [17], enhancing aromatase activity and limiting androgens production by
theca cells. On the other hand, the inhibitory effect of testosterone on adiponectin synthesis has
been suggested by the sexual dimorphism observed in humans, with adiponectin concentrations
significantly higher in women than in men [21], and confirmed in castrated rats [161]. Similarly, in
hypogonadal men, elevated adiponectin levels are reduced to rates similar to healthy individuals
by a testosterone replacement therapy [97]. In vitro, androgens suppress adiponectin expression by
decreasing its secretion [21], but treatment of adipose tissue with testosterone and oestradiol increases
the expression of AdipoR1 and AdipoR2 [162]. According to this observation, in women with PCOS,
possibly as the result of high levels of androgens, adiponectin receptors are upregulated in both
subcutaneous and visceral fats, this may be a compensatory mechanism to achieve some insulin
sensitivity [162] (Figure 5B).

The existence of a potentially causal relationship between adiponectin and PCOS is strengthened
by genomic studies. At first, a single nucleotide polymorphism of human adiponectin precursor gene
(ADIPOQ)—T45G—has been investigated in relation to PCOS, and a statistically definable correlation
between the occurrence of this gene form and the ovarian disorder was found [163]. More recently,
others two functional ADIPOQ polymorphisms—rs1501299 and rs2241766—were reported to be
significantly correlated with PCOS risk in Caucasian women [150]. Specifically, the ADIPOQ rs2241766
TT genotype [164] and the G allele of rs1501299 [165] were associated with a significantly increased
risk of developing PCOS. As previous studies have found that the presumably “protective” T allele of
rs1501299 was accompanied by higher adiponectin expression, this observation further supports the
hypothesis that decreased adiponectin levels are associated with PCOS [165].

Finally, data from clinical investigations in PCOS women confirm adiponectin relevant role
in the physiopathology of this syndrome. Thus, Mohammadi et al. demonstrated that 8-week
omega-3 fatty acid supplementation in overweight and obese PCOS patients significantly increased
the mean baseline levels of adiponectin and concomitantly decreased IR [166]. This effect of
omega-3 fatty acids on adiponectin has been recently confirmed by Yang et al. They also reported
a significant decrease in total cholesterol, triglycerides and LDL-cholesterol, resulting in a global
beneficial effect on cardiometabolic risk factors characteristic of PCOS women [167]. Further, using a
dehydroepiandrosterone (DHEA)-treated PCOS mouse model, Singh et al. showed that exogenous
adiponectin treatment enhanced the ovarian expression of insulin receptors and decreased theca
androgen synthesis [168], which was accompanied by restored ovulation and normalised circulating
androgens and glucose levels [169]. Thus, systemic adiponectin treatment could be even a promising
therapeutic aid for PCOS management.

9.1.2. Ovarian Cancers

Ovarian cancer is the most lethal gynaecologic malignancy among women, with an estimated
150,000 annual deaths [170]. However, due to the unspecific and inconspicuous symptoms in the early
stage of ovarian cancer, there are no effective and accurate detection methods for this disease [171].
There are many types of ovarian cancer that originate from different ovarian cell types [172], including
mucinous ovarian cancer, epithelial ovarian cancer, germ cell cancer, stromal cell cancer (which
forms from the cells that secrete female hormones), ovarian endometrioid adenocarcinoma, clear
cell carcinoma, squamous cell carcinoma and serous carcinoma [173]. Epithelial ovarian cancer, the
most common ovarian malignancy, originates in the epithelial cells on the surface of the ovary and
accounts for 85–89% of ovarian cancers. Germ cell cancer accounts for only 5% of ovarian cancers and
originates from the cells of any one ovary. This rare cancer affects mainly adolescent girls and young
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women. Two other rare cancers that account for 7% of all ovarian cancers are interstitial and endocrine
ovarian tumours.

Literature data have found that lower adiponectin levels are associated with higher incidence of
various human cancers, such as ovarian, endometrial and breast cancers [174,175]. The inhibitory effect
of adiponectin on the proliferation of several types of cancer cells has also been reported [176,177].
Brakenhielm et al. (2004) found that adiponectin inhibits primary tumour growth and is linked to
decreased angiogenesis [177]. These findings suggest that adiponectin may be the link between obesity
and increased cancer risk in women. The expression of AdipoR1 and AdipoR2 has been reported in a
human granulosa tumour KGN cell line [83] and in various epithelial ovarian cancer cell lines. Their
expression in these cell lines was lower than in the granulosa tumour cell line (COV434) [178]. Li et al.
(2017) illustrated that epithelial ovarian cancer patients with AdipoR1-positive expression survived
longer than those with AdipoR1-negative expression [179]. The last study of Hoffmann et al. (2018)
indicated that adiponectin decreased epithelial ovarian cancer cell proliferation, and that this effect
was independent of apoptosis [178]. Nagaraju et al. (2016) proposed that adiponectin action on ovarian
cancer can be induced through activation of AMPK/PKA pathway and PPARγ regulation [180].

9.2. Uterine/Endometrial Diseases

9.2.1. Endometriosis and Endometrial Cancer

Endometriosis corresponds to ectopic implantation and a high invasiveness of the endometrial
tissue. Some studies have indicated that serum adiponectin level decreases in women with
endometriosis [181] and endometrial cancer [182]. Also, adiponectin level in peritoneal fluid of
endometriosis patients decreased dramatically in advanced endometriosis [183]. Takemura et al. (2006)
compared adiponectin concentrations in serum and peritoneal fluid in women with and without
endometriosis [123]. They reported that adiponectin concentrations were lower in women with
endometriosis than in those without endometriosis. However, Pandey et al. (2010) observed
similar adiponectin levels in women with pelvic endometriosis compared to women without
endometriosis [184]. Similar results were reported by Choi et al. (2013), who did not find any difference
in the expression of adiponectin or AdipoR in normal endometrium and ovarian endometrioma [185].
Adiponectin inhibit endometrial stromal cell proliferation in dose and time dependant manner, and
cause cell death, suggest as antiendometriosis agent [125].

So, adiponectin could be a beneficial factor to limit the endometriosis. However, further studies
are necessary to better understand its effects in this gynaecologic disease.

9.2.2. Endometrial Cancer

Endometrial (uterine) cancer starts in the layer of cells that form the lining (endometrium) of
the uterus. Over 80% of endometrial cancers are adenocarcinomas (endometrioid). Endometrial
cancer is most commonly found in women 55 years and older and rarely occurs in women below
45 years of age [180]. Women with high leptin levels, lower circulating levels of adiponectin in
serum due to obesity, hyperinsulinaemia, and high leptin/adiponectin ratio have the highest risk of
developing endometrial cancer [186]. Several study documented that adiponectin and obesity act
independently in promoting endometrial cancer [187,188]. High circulating levels of adiponectin are
related to a reduced risk of developing endometrial cancer, independent of the other risk factors such
as insulin resistance and hypothyroidism that cause obesity [189]. The effect of adiponectin and obesity,
synergistically, was associated with a 6-fold increase in the risk of developing endometrial cancer.
Study of Hyun-Seuk Moon et al. documented that the adiponectin receptors expression is similar in
normal and cancerous tissues, but AdipoR1 was higher than that AdipoR2 in the human endometrial
cancer cell lines KLE and RL95-2 [190]. Moon et al. hypothesised that adiponectin mediates activation
of the AMPK pathway by LKB1 (an adapter molecule with growth-suppressing effects on tumour
cells) [190]. Adiponectin-mediated AMPK activation inhibits cell proliferation, colony formation, and
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adhesion and invasion properties of endometrial cancer cells [191], and inhibits angiogenesis and
the neovascularisation process in mouse [177]. Decreased expression of cyclin D1 and E2, different
pro-growth regulators of cell cycle, and the signalling proteins ERK1/2 and Akt are all associated
with PTEN (phosphatase tensin homolog, tumour suppressor gene) activity and LKB1-mediated
adiponectin signalling in inhibiting endometrial carcinogenesis. These results suggest that additional
studies are needed to determine the significance of adiponectin and adiponectin receptors as prognostic
markers and therapeutic targets in endometrial cancer [180].

9.3. Gestational Pathologies

9.3.1. Gestational Diabetes Mellitus (Figure 6)

Gestational diabetes mellitus (GDM) is defined as “diabetes first diagnosed in the second or
third trimester of pregnancy that was not clearly overt diabetes prior to gestation” [192]. According
to last International Diabetes Federation estimation, it affects approximately 14% of pregnancies
worldwide, representing ←18 million births annually [193]. During pregnancy, GDM can result in
serious complications for both mother and child, including preeclampsia, preterm birth, stillbirth,
macrosomia and hypoglycaemia in the newborns. Moreover, although it usually resolves following
delivery, in the long-term, women with a past history of GDM and babies born of GDM pregnancies
are at increased risk of obesity, type 2 diabetes mellitus (T2DM) and cardiovascular diseases [193].

In healthy pregnancy, insulin sensitivity (IS) increases during early gestation to promote glucose
uptake into adipose stores in preparation for the energy demands of later pregnancy. As pregnancy
progresses, however, IS lessens under the effect of several local and placental hormones. As result,
glycaemia is slightly elevated and glucose is readily transported across the placenta to fuel foetal
growth. This physiological state of insulin resistance (IR) also promotes endogenous hepatic glucose
production and lipolysis in adipose tissue, resulting in a further increase in blood glucose and free fatty
acid (FFA) concentrations [193]. Pregnant women compensate for these changes through hypertrophy
and hyperplasia of pancreatic β cells, as well as increased glucose-stimulated insulin secretion [194].
Failure of this compensatory response gives raise to maternal hyperglycaemia or GDM [195]. Thus,
GDM is usually the result of β cell dysfunction on a background of chronic IR during pregnancy.
In most cases, both β cell impairment and tissue IR exist prior to pregnancy and can progress,
representing the basis for increased risk of T2DM in post-pregnancy [193]. Indeed, GDM is often
considered as a prediabetic state [196].

Human pregnancy is a physiological condition characterised by decreased circulating
adiponectin [197]. In late pregnancy adiponectin mRNA levels in white adipose tissue were 2.5-fold
lower compared to pre pregnancy assessments, most likely suggesting reduced adiponectin production,
possibly due to gestation-related adipose tissue accumulation in abdominal compartment [197].
Interestingly, lowering in total adiponectin is reflected primarily at the level of HMW adiponectin
complexes resulting in decreased HMW/LMW ratio, further suggesting that HMW adiponectin is
the active form of the protein [197,198]. Pregnancy-mediated adiponectin changes seem related to
impairment of peripheral IS to glucose, but not to lipid metabolism as, contrary to what happens in
nonpregnant women [198], in late pregnancy plasma adiponectin concentrations were independent of
FFA levels under conditions of hyperinsulinemia [197].

Interestingly, during pregnancy, adiponectin is expressed and circulates in maternal and foetal
compartments separately [199]. It can be found in foetal circulation at the 24th week of gestation at the
earliest [200] and its levels increase in parallel with gestational age [201]. Compared to maternal plasma,
umbilical vein serum adiponectin concentration was found 3-fold higher [202]. As no correlation
between adiponectin levels in the maternal and foetal circulation was shown, and since there is
no transplacental crossing of molecules larger than 500 Da, it is likely that different mechanisms are
implicated in adiponectin production and regulation in the foetus and the mother. Notably, adiponectin
may have an important role in foetal carbohydrate metabolism, especially in the presence of GDM [200].
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These findings even suggest that human placenta might be an independent source of adiponectin [203].
Indeed, although the results were controversial [119], there are evidences that adiponectin and its
receptors are present in rat and human placenta [136,163] and that human placenta is able to secrete
adiponectin in an in vitro model [203]. Interestingly, Chen et al. demonstrated also that, compared to
normal placenta, GDM placenta has significantly lower adiponectin gene expression but increased
AdipoR1 levels [203].

Hypoadiponectinemia has been widely observed in women with GDM [200,204–206]. In particular,
compared to pregnant control women, plasma adiponectin concentration in patients with GDM
markedly decreased in the 3rd trimester of pregnancy, but significantly raised up 24 h postpartum [200],
strongly supporting a straight correlation between hypoadiponectinemia and pregnancy- related IR.
Several authors have also linked hypoadiponectinemia to the low-grade inflammatory condition
typical of pregnancy further exacerbated by GDM [197,203,204], derived from white adipose tissue and
placenta increased production of IL-6 and TNF-α [207]. Indeed, TNF-α is known to inhibit adiponectin
synthesis ([208] and a significant negative correlation was found between this proinflammatory
cytokine and adipose tissue mRNA/plasma adiponectin levels [209]. Thus, the upregulation of
proinflammatory cytokines may represent an important functional link between hypoadiponectinemia
and IR in GDM [197].

A recent meta-analysis showed that circulating adiponectin levels during the first or early
second trimester of pregnancy were significantly lower in women who late developed GDM [210].
This result was confirmed by Illiodromiti et al., suggesting that prepregnancy and early pregnancy
assessment of plasma adiponectin may improve the detection of women at high risk of developing
GDM [211]. These findings also confirm that the decline in maternal adiponectin levels precedes clinical
diagnosis of GDM [212], implying that women with GDM are most likely metabolically different before
gestation [213]. Remarkably, the association between adiponectin levels and subsequent risk of GDM
appears to be independent of adiposity in early pregnancy [212–214], suggesting that other pathways
may be involved.

The potential role of adiponectin in pathophysiology of GDM is further supported by recent
genomic studies. Indeed, the G allele of ADIPOQ gene rs266729 polymorphism is associated with an
increased risk of GDM, independently of age, BMI before pregnancy and past pregnancies [215,216].
Further, the association between the G allele of rs2241766 polymorphism and GDM was independently
found in a Chinese population [217], an Iranian population [218] and a Malaysian population [219].
Interestingly, the G allele of rs266729 polymorphism is associated with lower adiponectin levels and
is considered a risk factor for developing T2DM [215]. Similarly, in the cohort of Han et al., women
with TG or GG phenotypes presented significantly lower plasma adiponectin concentrations than TT
homozygotes women [217].

Results from animal investigations strongly suggest that hypoadiponectinemia may even underlie
GDM. In particular, Qiao et al. demonstrated that pregnant mice with adiponectin deficiency
(Adipoq−/−) spontaneously developed the main characteristics of GDM, as glucose intolerance,
hyperlipidaemia and foetal overgrowth [199]. Interestingly, compared to wild type, in Adipoq−/−

dams, despite higher blood glucose concentrations, plasma insulin levels were significantly lower as
the result of decreased β cell mass. Remarkably, adiponectin reconstitution during late pregnancy
restored maternal metabolism, β cell mass and foetal body weight [199]. Thus, adiponectin is most
likely involved in controlling maternal metabolic adaptation to pregnancy and hypoadiponectinemia
may play a causal role in the development of GDM [199]. Particularly, adiponectin may represent a
factor in the expansion of β cell mass that is believed to be necessary for the maintenance of glucose
homeostasis in pregnancy [195]. Indeed, adiponectin is known to enhance β cell proliferation [220] and
a strong association between blood adiponectin concentration in late pregnancy and β cell function
has been repeatedly found [221,222]. Moreover, ante-partum hypoadiponectinemia seem to predict
postpartum IR, β cell dysfunction and fasting glycaemia, providing a means of stratifying women
with GDM with respect to their future risk of T2DM [206].
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In summary, adiponectin may be associated with GDM development through impaired insulin
sensitivity, decreased β cell mass and attenuated anti-inflammatory capacity, thus representing a
potential target for treatment or prevention of GDM [195] (Figure 6).

Figure 6. Plasma adiponectin in foetal growth restriction, preeclampsia and gestational diabetes
mellitus (GDM) as compared to control patients  Increase/stimulation.  Decrease/inhibition.

9.3.2. Preeclampsia (Figure 6)

Preeclampsia (PE) is a severe pregnancy complication affecting 4.6% of pregnant women
worldwide [223]. It is at the second or third place in the world ranking of maternal morbidity
and mortality causes [224]. It is defined as the association of arterial hypertension appearing from
the 20th week of gestation onward and one of the following conditions: proteinuria, maternal organs
dysfunction (renal insufficiency, hepatic impairment, neurological complication or haematological
disorder like thrombocytopenia or haemolysis) and uteroplacental dysfunction including foetal growth
restriction [224]. The pathophysiology of PE has not yet been fully elucidated. However, the two main
characteristics of the syndrome appear to be an abnormal placentation and an exaggerated maternal
inflammatory response [224]. Indeed, initial incomplete trophoblast invasion and abnormal uterine
spiral artery remodelling would be followed by the release into maternal circulation of placental factors,
such as inflammatory cytokines and reactive oxygen species, able to trigger a broad intravascular
inflammatory response resulting in endothelial dysfunction [225]. As clinical manifestations of PE
regress after delivery, it is likely that placental trophoblast cells function may play a central role
in its pathogenesis [226]. Like GDM, PE shares risk factors with metabolic syndrome including IR,
subclinical inflammation and obesity [227], and women with a history of hypertensive pregnancy
disorders present 1.4–3 times higher risk of future cardiovascular diseases compared to women with
normotensive pregnancies [228]. Notably, IR was suggested to be part of the pathophysiology that links
obesity and PE and would explain the increased rate of this syndrome in obese pregnant women [225].

Strong evidence supports the association between PE and hypoadiponectinemia during the first
trimester of pregnancy [163]. In late pregnancy however a paradoxical significant increase in circulating
adiponectin has been repeatedly found [201,229–233]. Indeed, this result is highly controversial, with
some studies reporting hypoadiponectinemia [234–236] and others finding no significant difference in
serum adiponectin levels during pregnancy compared to normal pregnant women [237,238]. Likewise,
Haugen et al. failed to demonstrate significant differences in adipose tissue adiponectin mRNA
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expression in PE patients compared to healthy controls [231]. Reasons for these conflicting results
include PE definition, ethnic background of patients, BMI, renal function and smoking [227]. Moreover,
Takemura et al. showed that adiponectin changes between PE patients and normal pregnant women
were limited to HMW isoform, since no significant difference was found in low- or medium-molecular
weight isoforms [234].

Similarly, studies that evaluated the potential prediction of PE by adiponectin measurement in
early pregnancy showed conflicting results [227]. Analyses of the relationship between circulating
adiponectin and BMI in PE were also inconsistent. Plasma adiponectin levels decreased in women with
severe PE and BMI > 25 kg/m2, whereas they increased in normal weight PE patients [233]. Likewise,
Eleuterio et al. showed a negative correlation between serum adiponectin concentration and BMI in
normal pregnant women but not in PE patients [232].

The association of genetic variations of the single-nucleotide polymorphism (SNP) type in the
adiponectin gene (ADIPOQ) with IR, metabolic syndrome, GDM, T2DM and hypertension has
been widely reported [239]. Interestingly, PE was found to be associated with one of the same
polymorphisms, 276G>T, that correlates with ovarian disorders [163]. Notably, the TT genotype seems
to be related with protection against the development of PE [240]. A significant association was also
found between PE and the CT genotype of the −11377C>G polymorphism [239], suggesting that
adiponectin may be involved in PE development.

Regarding the pathophysiological role of adiponectin in PE, it has been hypothesised that
increased adiponectin concentrations could be part of a physiological feedback mechanism aimed
at improving IS and mitigating endothelial dysfunction and cardiovascular risk associated with this
syndrome [231]. Actually, adiponectin might attenuate the excessive inflammatory response in the
vascular wall through inhibition of NF-κB signalling, decreased CRP (C-reactive protein) and increased
nitric oxide generation [227] via endothelial nitric oxide synthase activation and superoxide inhibition
in endothelial cells [241]. Further, some reports proposed adiponectin as a positive regulator in the
process of trophoblast invasion by modulation of MMP/TIMP balance [232]. In particular, adiponectin
showed the ability to increase MMP2 and MMP9 activity in human extra villous trophoblast cells via a
reduction of TIMP2 expression [119]. Interestingly, Eleuterio et al. found a negative correlation between
circulating adiponectin and MMP2 and TIMP2 in PE patients, suggesting that hyperadiponectinaemia
may contribute to the systemic endothelial dysfunction characterising PE [232]. The role of adiponectin
in proliferation of trophoblast cells and invasive mechanisms was also demonstrated in rat placenta,
where adiponectin and ADIPOR2 expression has been repeatedly reported [136,163]. Intriguingly,
some authors have also suggested that adiponectin upregulation in PE patients might represent the
result of an adiponectin resistance state, as already described in different animal models [227].

In summary, until now data about the relationships between adiponectin and PE are poor.
Nevertheless, its insulin-sensitising and anti-inflammatory activities and its ability in modulating
trophoblast cells proliferation and trophoblast invasion led us to speculate that this adipokine might
play a role in PE pathogenesis (Figure 6).

9.3.3. Foetal Growth Restriction (Figure 6)

Foetal Growth Restriction (FGR) is a common complication of pregnancy affecting 3 to 9% of
pregnancies in the developed world and up to 25% of pregnancies in low-middle income countries [242].
Traditionally, an estimated foetal weight less than the 10th percentile for the population at a given
gestational age is highly suggestive of FGR. The main feature of this pathological condition is a
placental failure to adequately supply oxygen and nutrients to the developing foetus, thus resulting in
a stunted foetal growth [243] This phenomenon, named placental insufficiency, is idiopathic in up to
60% of cases and it is due to a physiological deficiency in uterine spiral arteries remodelling, resulting in
restricted uteroplacental perfusion [244]. Placentas from FGR foetuses are then small and show vascular
defects that seem to be associated with excessive apoptosis and impaired trophoblast invasion [245].
Moreover, the altered expression of glucose, amino acids and fatty acids carriers in placental
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syncytiotrophoblast contributes to reduced nutrients transport from mother to foetus [245–247]. Indeed,
nutrient supply, a key determinant of foetal growth, depends mainly on placental nutrient transport
rather than maternal nutrient levels [133]. In the foetus, hypoxia derived from placental insufficiency
results in the so-called brain sparing, that is, the preferential blood flow redistribution to vital organs
like brain, myocardium and adrenal glands. Prolonged foetal hypoxia reduces foetal weight and has
an adverse impact on foetal organ development and vascular remodelling, resulting in increased rates
of neonatal mortality and morbidity [243]. FGR is the greatest risk factor for stillbirth [248] and FGR
newborns more likely present transient neonatal morbidities including hypothermia, altered glucose
metabolism, polycythaemia, jaundice and sepsis [249]. Interestingly, Small-for-Gestational-Age (SGA)
is also a likely risk factor for the development of metabolic complications in later life, such as obesity,
high blood pressure, glucose metabolism disorders and adipose tissue dysfunction [250].

Data concerning the relationship between adiponectin concentration in maternal circulation and
FGR are controversial. Some studies showed increased serum adiponectin levels [251,252], whereas
others reported a negative correlation between circulating adiponectin and FGR [253,254]. Interestingly,
mothers who gave birth to Large-for-Gestational-Age (LGA) children had lower plasma adiponectin
levels, and hypoadiponectinemia was accompanied by a decrease in mRNA levels of adiponectin
receptor AdipoR2 [255]. It is even noteworthy that, according to a very recent meta-analysis [250],
blood adiponectin concentration at birth is significantly lower in SGA newborns than in healthy
controls.F

Compared to adults, adiponectin concentration in human foetal circulation and umbilical
cord blood is 2 to 3 times higher, suggesting that adiponectin may be involved in foetal growth.
This hypothesis was confirmed by four independent studies which demonstrated that adiponectin
downregulates placental nutrient transport functions. In particular, adiponectin inhibited glucose
transporter GLUT1 and GLUT2 expression in human villous cytotrophoblasts [256] and downregulated
GLUT3 mRNA expression in placentas of rats exposed to a chronic adiponectin treatment during
pregnancy [136]. Besides, in vivo experiments showed that adiponectin chronic infusion in pregnant
mice was associated with downregulation of placental amino acid transporters via inhibition of mTOR
signalling and resulted in a 19% foetal weight drop [133]. The same result was found in human villous
cytotrophoblasts [256]. Using a mouse model of obesity in pregnancy, Aye et al. further confirmed that
maternal adiponectin supplementation prevents foetal overgrowth caused by maternal obesity by the
inhibition of placental insulin and mTORC1 signalling resulting in normalisation of placental nutrient
transport [138]. Surprisingly, in human villous cytotrophoblasts, adiponectin seems also to inhibit
mitochondrial biogenesis and to play a proapoptotic role via caspase activity, suggesting a causative
role of this adipokine in foetal growth regulation [256].

Hence, adiponectin seems to function as an endocrine link between maternal adipose tissue and
foetal growth by regulating placental functions [138]. This may further explain the strong association
between maternal BMI and birth weight. Indeed, based on these postulates, low adiponectin levels
characterising women with obesity and GDM would remove the inhibition of this adipokine on
placental insulin signalling and amino acid transport, thereby promoting increased foetal growth [133]
(Figure 6).

10. Conclusions

Adiponectin and its receptors are largely expressed in the central and peripheral reproductive
tissues in both male and female in different species. In mice, adiponectin deficiency leads to female
subfertility associated to central and ovarian dysfunctions. These data suggest that adiponectin is
essential for normal mouse reproduction. However, the role of the local versus systemic adiponectin
in the fertility is still unclear. Moreover, the involvement of the different forms of adiponectin in
reproductive tract remains also to be investigated. Interestingly, plasma and/or tissue expression of
adiponectin might be associated to various reproductive diseases like PCOS syndrome, gestational
diabetes, preeclampsia and uterine growth restriction. Studies on animal models and human data
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suggest that adiponectin could be a potential target for treatment or prevention of these pathologies.
Finally, all the data suggest that additional studies are needed to determine the significance of
adiponectin and adiponectin receptors as prognostic markers and therapeutic targets in different
ovarian or endometrial cancers.
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Abbreviations

STAT Signal Transducers and Activators of Transcription
CCAAT CCAAT box is a distinct pattern of nucleotides with GGCCAATCT consensus sequence
SRE Serum Response Element
PPRE Peroxisome Proliferator Response Element
AP-1 Activator Protein 1
LRH-RE Liver Receptor Homolog 1 Response Element
LMW Low Molecular Weight
MMW Medium Molecular Weight
HMW High Molecular Weight
PCOS Polycystic Ovary Syndrome
CSF CerebroSpinal Fluid
HPG Hypothalamic–Pituitary–Gonadal axis
AMH Anti-Mullerian Hormone
MMP Matrix MetalloProteinases
TIMP Tissue Inhibitors of MetalloProteinases
PE PreEclempsia
IGFBP-1 Insulin-like Growth Factor Binding Protein 1
hCG human Chorionic Gonadotropin
FF Follicular Fluid
TNF Tumour Necrosis Factor
IFN InterFeroN
PKA Protein Kinase A
SF Seminal Fluid
IVM In Vitro Maturation
IGF-1 Insulin like Growth Factor 1
IR Insulin Resistance
IS Insulin Sensitivity
FFA Free Fatty Acid
BMI Body Mass Index
StAR Steroid Acute Regulatory protein
T2DM Type 2 Diabetes Mellitus
DHEA DeHydroEpiAndrosterone
PTEN Phosphatase and TENsin homolog
LKB1 Liver Kinase B1
NFkB Transcription factor Nuclear Factor-kappa B
IL8/1 InterLeukin 8/1
ERK1/2 Extracellular signal-Regulated Kinases 1 & 2
MAPK Mitogen-Activated Protein Kinases
PPAR Peroxisome Proliferator-Activated Receptor
AMPK AMP-activated Protein Kinase
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APPL1/2 Adaptor Protein, Phosphotyrosine interacting with PH domain and Leucine zipper 1/2
BMAL1 Brain and Muscle Arnt-Like protein-1
CLOCK Circadian Locomoter Output Cycles protein Kaput
Siglec10 Sialic acid binding ig like lectin 10
SNAT Sodium-coupled Neutral Amino acid Transporters
mTORC1 Mammalian Target Of Rapamycin Complex 1 or mechanistic target of rapamycin complex 1
GLUT GLUcose Transporter
MCT2/4 MonoCarboxylate Transporter (lactate transporter)
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Abstract: Comprehensive understanding of the regulatory mechanism of the implantation process
in pigs is crucial for reproductive success. The endometrium plays an important role in regulating
the establishment and maintenance of gestation. The goal of the current study was to determine the
effect of adiponectin on the global expression pattern of genes and relationships among differentially
expressed genes (DE-genes) in the porcine endometrium during implantation using microarrays.
Diverse transcriptome analyses including gene ontology (GO), biological pathway, networks, and
DE-gene analyses were performed. Adiponectin altered the expression of 1286 genes with fold-change
(FC) values greater than 1.2 (p < 0.05). The expression of 560 genes were upregulated and 726
downregulated in the endometrium treated with adiponectin. Thirteen genes were selected for
real-time PCR validation of differential expression based on a known role in metabolism, steroid and
prostaglandin synthesis, interleukin and growth factor action, and embryo implantation. Functional
analysis of the relationship between DE-genes indicated that adiponectin interacts with genes that
are involved in the processes of cell proliferation, programmed cell death, steroid and prostaglandin
synthesis/metabolism, cytokine production, and cell adhesion that are critical for reproductive
success. The presented results suggest that adiponectin signalling may play a key role in the
implantation of pig.

Keywords: endometrium; implantation; transcriptome; microarray; adiponectin; pig

1. Introduction

Understanding the mechanisms controlling energy homeostasis and reproduction creates the
foundation and opens a way towards future effective modification of these processes in farm animals.
Most authors agree that 20% to 30% of porcine embryos are lost between days 12 to 30 of pregnancy
(reviewed by Reference [1]). This critical period for embryos is not yet fully understood. Establishment
and maintenance of pregnancy require reciprocal interactions between the conceptus and endometrium.
The embryos migrating within the uterus about days 10 to 11 of pregnancy synthesize and secrete
oestradiol (E2) and prostaglandin E2 (PGE2), the key hormonal components of the process of maternal
recognition of pregnancy (days 12 to 13). On the other hand, the endometrium undergoes hormonally
regulated (mainly by progesterone (P4) and E2) alteration of receptivity in order to attach and implant
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the embryo, which occurs around days 15 to 16 of gestation. The period of uterine receptivity, called
the “window of implantation”, is also related to the presence of growth factors, multiple adhesion
molecules, such as integrins, or proteolytic enzymes, such as metalloproteinases, which are essential
for embryo implantation. During this period, the endometrium produces prostaglandins, chemokines,
and cytokines, which are responsible for the proper course of the implantation process [2–4]. During
the peri-implantation period, properly synchronized expression of genes for many factors, e.g., steroid
hormones, prostaglandins, cytokines, angiogenic factors, apoptosis-related substances, integrins, and
metalloproteinases in the uteri, conceptuses, and trophoblasts are important for effective maternal
recognition of pregnancy and implantation, and consequently it is essential for embryo survival and
development. Adiponectin, which is a member of adipokine family, could belong to the group of
hormones that affect the processes/mechanisms related to the peri-implantation period directly or
indirectly by controlling the synthesis of the above factors.

Adiponectin is a 30 kDa cytokine, predominantly synthesized and secreted by the adipose tissue
and circulating at high levels in the bloodstream [5,6]. In the plasma, adiponectin can be found in
the form of a trimer (low molecular weight, LMW), a combination of two trimers (middle molecular
weight, MMW) or a structure of six trimers (high molecular weight, HMW) [7]. Adiponectin levels in
the blood and in the adipose tissue are negatively associated with obesity [6,8]. Adiponectin exerts
its effect by binding to two transmembrane receptors, adiponectin receptor type 1 (AdipoR1) and
adiponectin receptor type 2 (AdipoR2). Adiponectin receptor type 1 demonstrates a higher affinity
for the trimeric form of adiponectin, and it is found at the highest concentrations in skeletal muscles,
whereas AdipoR2, found mainly in the liver, shows greater affinity for MMW and HMW forms.
Adiponectin regulates energy homeostasis by fatty-acid oxidation, stimulation of glucose uptake,
and inhibition of gluconeogenesis. The above leads to intensified thermogenesis, weight loss, and
increased insulin sensitivity in tissues [9]. This adipokine possesses anti-atherogenic, anti-inflammatory,
anti-proliferative, anti-angiogenic, and pro-apoptotic properties (for review see Reference [10]).

Accumulating evidence suggests the involvement of adiponectin in reproduction control (for
review see References [11,12]). Adiponectin and its receptors (the adiponectin system) have been
found in the female reproductive tract of different species such as human, rat, mouse, and pig [13–18].
Our previous findings show that the concentrations of adiponectin system transcripts and proteins in
the porcine endometrium and myometrium fluctuated during different phases of the oestrous cycle
and pregnancy, which indicates that females’ hormonal status influences the expression of adiponectin
system components and the sensitivity of the examined structures to the adipokine [19,20]. Our study
revealed that adiponectin regulates the expression of steroidogenic enzymes genes and the secretion
of steroid hormones by in vitro incubated porcine endometrial and myometrial explants during early
pregnancy and on days 10 to 11 of the oestrous cycle [21]. Based on our observations, we hypothesized
that adiponectin may be an important factor in the regulation of processes taking place in the uterus.
Thus, the aim of the present study was to investigate the comprehensive effect of adiponectin on the
transcriptome of the porcine endometrial cells during the implantation period, on days 15 to 16 of
pregnancy. The proposed study will help to identify genes and the processes modified by adiponectin,
and thereby provide further evidence that adiponectin plays a role in reproduction.

2. Results

2.1. Microarray Data Analysis

2.1.1. Identification of Differentially Expressed (DE) Genes

Transcriptome analyses were carried out to compare the gene expression between the control
endometrial tissue explants and endometrial tissue explants treated with 10 μg/mL of adiponectin.
A complete list of DE-genes recognized during this study is presented in table format in the Table S1.
The table includes a probe set name, gene ID, fold change, p-value, the direction of change (up or down),
as well as function and accession number. The whole number of DE-genes generated by GeneSpring

135



Int. J. Mol. Sci. 2019, 20, 1335

was 1494, among which 1286 genes had a FC values greater than 1.2 (p < 0.05). The expression of 560
genes was upregulated and 726 downregulated in the endometrium treated with adiponectin.

2.1.2. Gene Ontology Analysis

Gene ontology enrichment analysis was used to perform a functional categorisation of the
DE-genes. As a result of the analysis prepared in DAVID (Database for Annotation, Visualization and
Integrated Discovery), three GO categories were specified: biological process (BP), metabolic function
(MF), and cell component (CC). The results for the entire DE-gene list (up- and downregulated;
modified Fisher’s exact test p < 0.1) are summarized in the Table S2. The most significantly
enriched genes ontologies were obtained under the BP category. Furthermore, two additional BP
lists were generated from upregulated and downregulated DE-genes (Supplementary Materials
Table S3). These results allowed us to choose 102 of the most important processes for endometrium
functioning, including 35 and 67 processes connected to up- and downregulated DE-genes, respectively
(Supplementary Materials Table S4). In the analysis conducted on the basis of the upregulated
DE-gene list, we observed a group of 47 gene products associated with GO terms related to gene
expression (GO:0010467). Most of these gene products (26) were involved in transcription, DNA-templated
(GO:0006351), which suggests that adiponectin induces transcription in the endometrial cells. The next
group of 39 gene products was involved in the RNA metabolic processes (GO:0016070), including 30
engaged in RNA biosynthetic processes (GO:0032774) and nucleic acid-templated transcription (GO:0097659).
Adiponectin also had an effect on the regulation of gene expression (GO:0010468), regulation of transcription,
DNA-templated (GO:0006355), and the positive regulation of pri-miRNA transcription from RNA polymerase
II promoter (GO:1902895) by increasing the expression of 33, 24, and 2 DE-genes, respectively. The next
group of 33 gene products was involved in the regulation of nitrogen compound metabolic processes
(GO:0051171): 27 of these gene products were connected with the regulation of nucleobase-containing
compound metabolic processes (GO:0019219), 25 with the regulation of RNA metabolic processes (GO:0051252),
24 with the regulation of RNA biosynthetic processes (GO:2001141), and also 24 with the regulation of
nucleic acid-templated transcription (GO:1903506).

Another biological process modulated by the studied hormone were the regulation of macromolecule
biosynthetic processes (GO:0010556) and regulation of cellular macromolecule biosynthetic processes
(GO:2000112). We identified 31 and 29 upregulated DE-genes related to these GO terms, respectively.
The adipokine increased the expression of 15 genes, whose products were involved in the cellular
catabolic processes (GO:0044248). Another 14 gene products were associated with the vesicle-mediated
transport (GO:0016192). The next group of 12 gene products was involved in the DNA metabolic
processes (GO:0006259) including seven and five engaged in DNA repair (GO:0006281) and DNA
recombination (GO:0006310), respectively. Another biological process modulated by the adiponectin
was the protein modification by small protein conjugation or removal (GO:0070647). Moreover, nine
DE-genes were involved in the regulation of the response to abiotic stimulus (GO:0009628) and three
of these in the cellular response to light stimulus (GO:0071482). The next group of eight gene products
was involved in the ribonucleoprotein complex biogenesis (GO:0022613) and three in ribosome biogenesis
(GO:0042254). Another biological process modulated by the studied hormone was the nucleoside
metabolic processes (GO:0009116; 6 DE-genes). The same group of six gene products was also involved in
purine nucleoside metabolic process (GO:0042278) and purine ribonucleotide metabolic process (GO:0046128).
Another group of six gene products was involved in glycosyl compound metabolic processes (GO:1901657).
The last five significant results were related to nucleoside triphosphate metabolic processes (GO:0009141;
5 DE-genes), positive regulation of cell projection organization (GO:0031346; 5 DE-genes), cell–matrix
adhesion (GO:0007160; 4 DE-genes), translational initiation (GO:0006413; 4 DE-genes), and regulation of
mRNA 3’-end processing (GO:0031440; 2 DE-genes). In the group of genes connected to positive regulation
of cell projection organization, four gene products were also involved in positive regulation of neuron
projection development (GO:0010976).
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In the case of GO analysis of downregulated DE-genes, the most significant group consisted of
85 genes whose products were involved in the regulation of gene expression (GO:0010468); 41 of these
gene products were connected with the positive regulation of gene expression (GO:0010628), 36 with the
negative regulation of gene expression (GO:0010629) and six with gene silencing (GO:0016458). Another 56
gene products were associated with the negative regulation of metabolic processes (GO:0009892), including
53 involved in the negative regulation of cellular metabolic processes (GO:0031324), and 23 in the negative
regulation of cellular protein metabolic processes (GO:0032269). The next group of 41 gene products was
involved in 19 GO terms related to the regulation of immune system processes (GO:0002682), including
positive regulation of immune system processes (GO:0002684; 27 DE-genes), regulation of immune response
(GO:0050776; 15 DE-genes), positive regulation of immune response (GO:0050778; 13 DE-genes), activation of
immune response (GO:0002253; 10 DE-genes), regulation of hemopoiesis (GO:1903706; 13 DE-genes), positive
regulation of hemopoiesis (GO:1903708; 7 DE-genes), negative regulation of hemopoiesis (GO:1903707; 7
DE-genes), regulation of myeloid cell differentiation (GO:0045637; 10 DE-genes), positive regulation of myeloid
cell differentiation (GO:0045639; 5 DE-genes), negative regulation of myeloid cell differentiation (GO:0045638;
5 DE-genes), regulation of erythrocyte differentiation (GO:0045646; 6 DE-genes), negative regulation of
erythrocyte differentiation (GO:0045647; 3 DE-genes), regulation of innate immune response (GO:0045088; 8
DE-genes), positive regulation of innate immune response (GO:0045089; 7 DE-genes), regulation of leukocyte
migration (GO:0002685; 8 DE-genes), leukocyte tethering or rolling (GO:0050901; 3 DE-genes), regulation
of neutrophil migration (GO:1902622; 3 DE-genes), and regulation of neutrophil chemotaxis (GO:0090022;
3 DE-genes). Another biological process modulated by the studied adipokine were the regulation
of cell proliferation (GO:0042127; 38 DE-genes) and negative regulation of cell proliferation (GO:0008285;
17 DE-genes). The next group of 36 gene products was involved in cell proliferation (GO:0008283).
The studied hormone also had an effect on programmed cell death (GO:0012501) by decreasing the
expression of 35 DE-genes. Additionally, we identified 29 downregulated DE-genes related to biological
adhesion (GO:0022610), 29 of these DE-genes affect cell adhesion (GO:0007155), 24 with single organism
cell adhesion (GO:0098602), 23 with single organismal cell–cell adhesion (GO:0016337), 23 with cell–cell
adhesion (GO:0098609), 17 with leukocyte cell–cell adhesion (GO:0007159), four with leukocyte adhesion to
vascular endothelial cell (GO:0061756), and seven affect cell–matrix adhesion (GO:0007160). Moreover, 28
DE-genes were involved in immune system development (GO:0002520) and hematopoietic or lymphoid organ
development (GO:0048534), 26 of these DE-genes in the hemopoiesis (GO:0030097) including the myeloid
cell differentiation (GO:0030099; 17 DE-genes), erythrocyte differentiation (GO:0030218; 8 DE-genes), and
myeloid cell development (GO:0061515; 4 DE-genes).

Adiponectin also downregulated 18 DE-genes associated with the multicellular organism
reproduction (GO:0032504) and multicellular organismal reproductive processes (GO:0048609). The group of
17 of these genes was related to sexual reproduction (GO:0019953), 14 to gamete generation (GO:0007276),
three to the ovulation (GO:0030728) and four to ovulation cycle processes (GO:0022602). The next group
of 17 gene products was involved in developmental processes involved in reproduction (GO:0003006)
including eight engaged in development of primary sexual characteristics (GO:0045137) and development
of primary female sexual characteristics (GO:0046545), five DE-genes in the female sex differentiation
(GO:0046660) processes. Other biological processes modulated by the studied adipokine were
cytokine production (GO:0001816; 16 DE-genes), cytokine metabolic processes (GO:0042107; 5 DE-genes),
and cytokine biosynthetic processes (GO:0042089; 5 DE-genes). Next, the biological process worth
emphasizing was the regulation of cell adhesion (GO:0030155), which was represented by 16 DE-genes.
Moreover, 13 of these DE-genes affected the regulation of cell–cell adhesion (GO:0022407), 10 affected the
regulation of leukocyte cell–cell adhesion (GO:1903037), and 11 affected the positive regulation of cell adhesion
(GO:0045785). Adiponectin had also an effect on the reproductive system development (GO:0061458)
by decreasing the expression of 12 DE-genes. Most of these were involved in reproductive structure
development (GO:0048608), gonad development (GO:0008406), and female gonad development (GO:0008585).
The next group of 12 gene products was involved in the negative regulation of cell cycle (GO:0045786). The
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last two processes affected by adiponectin were the regulation of haemostasis (GO:1900046; 5 DE-genes)
and positive regulation of cytokine biosynthetic processes (GO:0042108; 4 DE-genes).

2.1.3. Biological Pathway Analysis

Forty-four biological pathways were generated using the KEGG (Kyoto Encyclopedia of Genes)
database (Table 1). The pathways with the largest number of involved genes were pathways in cancer
(21 DE-genes). The other pathways indicated by the DAVID tool that were affected by adiponectin
treatment were as follows: cytokine–cytokine receptor interaction (18 DE-genes), Jak–STAT signalling
pathway (16 DE-genes), regulation of actin cytoskeleton (15 DE-genes), HTLV-I infection (15 DE-genes),
transcriptional misregulation in cancer (14 DE-genes), herpes simplex infection (14 DE-genes), viral
carcinogenesis (14 DE-genes), insulin signalling pathway (13 DE-genes), chemokine signalling pathway (13
DE-genes), Epstein–Barr virus infection (12 DE-genes), measles (11 DE-genes), ubiquitin mediated proteolysis
(11 DE-genes), prolactin signalling pathway (10 DE-genes), Salmonella infection (10 DE-genes), NF-kappa
B signalling pathway (10 DE-genes), TNF signalling pathway (10 DE-genes), hepatitis C (10 DE-genes),
and osteoclast differentiation (10 DE-genes). Less significant pathways included the i.a. ErbB signalling
pathway (9 DE-genes), toll-like receptor signalling pathway (9 DE-genes), insulin resistance (9 DE-genes),
ribosome biogenesis in eukaryotes (8 DE-genes), bacterial invasion of epithelial cells (7 DE-genes), peroxisome
(7 DE-genes), small-cell lung cancer (7 DE-genes), phosphatidylinositol signalling system (7 DE-genes),
systemic lupus erythematosus (7 DE-genes), NOD-like receptor signalling pathway (5 DE-genes), ovarian
steroidogenesis (5 DE-genes), pentose phosphate pathway (4 DE-genes), intestinal immune network for IgA
production (4 DE-genes), fatty-acid biosynthesis (3 DE-genes), glycosaminoglycan biosynthesis–chondroitin
sulfate/dermatan sulfate (3 DE-genes), nicotinate, and nicotinamide metabolism (3 DE-genes).

2.1.4. Network between Differentially Expressed Genes

Analysis of the interaction network was performed between 13 selected genes involved in
metabolism, steroid and prostaglandin synthesis, interleukin and growth factor action, and embryo
implantation. GeneMania was used to predict the relations between the chosen genes (query genes) in
three different types of interaction as follows: co-expression (Figure 1A), co-localization and pathways
(Figure 1B), as well as physical interactions and shared protein domains (Figure 1C). The analysis
considered an additional 19 automatically generated genes, which were necessary to indicate the
observed networks (interacting genes). Moreover, using different colours, we indicated the contribution
of genes in specific biological functions related to female reproduction: female pregnancy (red), embryo
implantation (blue), steroid biosynthetic process (yellow), prostaglandin biosynthetic process (purple),
and angiogenesis (green; refer to the key in the Figure 1). Co-expression of the genes was found in 57
interactions and co-localization was observed in 41 interactions. In 21 cases, the genes participated in
common pathways. Physical interactions were present in 37 cases, and in 19 cases interactions were
based on the shared protein domains. The complete list of gene interactions is presented in Table S5.
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Figure 1. Gene interaction networks created in GeneMania for selected genes. The relations between
the chosen genes based on their known participation in female reproduction and metabolism (query
genes, striped circles) and additionally automatically generated genes mediating in the biological
processes (interacting genes, non-striped circles). Colours on the circles indicate the contribution of
the genes in the specific biological functions. The size of the circle indicates the importance of the
gene in the specific interactions. The colour of the lines connecting the genes denotes the type of
interaction: co-expression (A), co-localization and pathways (B), as well as physical interactions and
shared protein domains (C), while the width of lines indicates the weight of interaction between genes
(refer to the key).

2.2. Validation of the Microarray Results by Real-Time PCR (qPCR).

Real-time PCR method was used to verify the differential expression of 13 genes that were
detected by the 4 × 44 Porcine (V2) Two-Colour Gene Expression Microarray kit (Agilent, Santa Clara,
CA, USA). Only genes with an FC greater than 1.2 and p-values under 0.05 were selected. The protein
products of selected genes were involved in processes important for endometrium functions during
early pregnancy, such as metabolism of lipids, carbohydrates, and proteins (insulin receptor—INSR),
gonadotropin metabolism and action (alpha polypeptide of glycoprotein hormones—CGA, luteinizing
hormone beta polypeptide—LHB, prolactin receptor—PRLR), steroid hormone and prostaglandin
synthesis and metabolism (hydroxy-delta-5-steroid dehydrogenase—HSD3B1, hydroxysteroid (17-beta)
dehydrogenase 8—HSD17B8, prostaglandin-endoperoxide synthase 1—PTGS1), interleukin and
growth factor action (C-X-C motif chemokine ligand 8—CXCL8, fibroblast growth factor 7—FGF7,
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interleukin 1 beta—IL1B, transforming growth factor alpha—TGFA), and embryo implantation
(integrin, alpha L—ITGAL, mucin 4—MUC4). All changes in the gene expression determined by
the microarray analysis were confirmed by qPCR (Figure 2).

Figure 2. Real-time PCR validation of the microarray experiment. Light-grey bars represent fold
changes for microarray data; dark-grey bars represent fold changes for qPCR data. Data are presented
as means ± SEM from four different observations; * p < 0.05; ** p < 0.01; *** p < 0.001.

3. Discussion

In mammals, conceptus implantation in the endometrium is of critical importance for reproductive
success; in pigs this process takes place on days 15 to 16 of gestation. Consequently, physiological
mechanisms and cellular signal pathways related to implantation have long been a research interest.
The highest conceptus mortality in pigs occurs between days 12 to 30 of pregnancy (reviewed by
Reference [1]). Establishing the interface between the developing embryos, appropriate remodelling of
maternal endometrium, and uterine receptivity involves a number of complex signalling networks.
Periodic expression of numerous genes essential for embryo survival and development occurs during
implantation. In the present study, in-depth genomic analysis demonstrates for the first time, the
effect of adiponectin on global gene expression in the porcine endometrium during implantation
period. The obtained list of DE-genes was used to analyse specific genes ontologies, biological
pathways, and possible interaction networks. In our present study, 1494 DE-genes were identified
among which 1286 genes had FC values greater than 1.2. The expression of 560 genes was upregulated
and 726 downregulated in the endometrium treated with adiponectin relative to the control group.
It is important to note that, of the 13 genes selected for interaction analysis, six genes were directly
involved in the steroid hormone biosynthesis or embryo implantation, two genes were engaged in the
angiogenesis, and one gene was involved in the prostaglandin biosynthetic process.

The adiponectin system (adiponectin and its receptors) has been found in the uterus of many
species, including pig, human, mouse, and rabbit [14,19,20,22]. Adiponectin concentrations in the
porcine serum and uterine luminal fluid were the highest on days 15 to 16 and 27 to 28 of gestation,
i.e., the beginning and the end of implantation period [23]. Only a few previous studies indicated
adiponectin’s effect on endometrial gene expression; however, these concerned pre-determined
genes and did not analyse the whole transcriptome. According to the study by Brochu-Gaudreau
et al. [24], adiponectin regulates the endometrial expression of genes associated with placental
formation, cyclooxygenase-2 (COX-2), vascular endothelial growth factor (VEGF), and peroxisome
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proliferator-activated receptor gamma (PPARγ). Our earlier study revealed that adiponectin modulates
the expression of key enzymes in the synthesis of the steroids: steroidogenic acute regulatory protein
(StAR), P450 side-chain cleavage enzyme (CYP11A1), and 3β-hydroxysteroid dehydrogenase (HSD3B1),
as well as P4 and androstenedione (A4) secretion by the porcine uterus during early pregnancy [21].
Although the above studies have significantly helped us understand the role of adiponectin in the
uterus, a genome-wide approach using a microarray analysis allows us to more efficiently investigate
the effect of adiponectin on global gene expression in the endometrium during critical period for
embryo survival and development. Understanding the processes/mechanisms that occur in the
endometrium during the peri-implantation period will provide more avenues to influence conceptus
growth and litter size. Moreover, the domestic pig is not only an economically important species but
also a good experimental model for understanding human health and diseases. It is much more similar
to humans than the more frequently-used laboratory rodents because of profound changes in rodents
and other small mammals caused by redistribution of purifying selection [25,26]. Thus, results from
the present study will also significantly contribute to a better understanding of human physiology.

In the constructed network of interactions, the gene encoding interleukin 1 beta (IL1B) was
the node with the largest number of co-expression, co-localization, pathways, and functions. We
demonstrated that IL1B gene expression was significantly downregulated in the porcine endometrium
treated with adiponectin during implantation. This pro-inflammatory cytokine has been reported to
play important roles in the implantation process, mediating conceptus–endometrial interactions in
a number of mammalian species (for review see Reference [27]). During the period of implantation,
the porcine embryos (and endometrium) produced IL1B [28,29]. Conceptus IL1B mRNA and protein
expression is rapidly increased during porcine trophoblast elongation but rapidly declines immediately
following the completion of the elongation process [29]. Therefore, IL1B was proposed as a candidate
for initiating the cellular signalling pathway for the remodelling of conceptus and might be involved in
the successful establishment of pregnancy in pigs. The result of the gene ontology analysis showed that
adiponectin affects the expression of genes involved in the regulation of cell proliferation (GO:0042127),
negative regulation of cell proliferation (GO:0008285), cell proliferation (GO:0008283), and programmed cell
death (GO:0012501). Adiponectin decreased human endometrial stromal cell proliferation in dose- and
time-dependent manners and caused cell death. Therefore, it is suggested that the adipokine is an
anti-endometriosis factor [30]. This finding has been confirmed by subsequent studies by the same
group of authors indicating the inhibitory effect of adiponectin on the proliferation of endometriotic
stromal cells [31]. Evidence has revealed that adiponectin concentrations were decreased in the plasma
and peritoneal fluid of women with endometriosis [32,33]. Plasma adiponectin concentrations were
also decreased in genital cancers, such as oestrogen-related cancer as well as endometrial cancer [34,35].
Furthermore, high levels of circulating adiponectin are associated with reduced endometrial cancer
risk [36]. The above studies correspond with findings reported by Cong et al. [37] implying the
direct anti-proliferative impact of adiponectin on human endometrial cancer cell lines by inducing
cell cycle arrest and apoptosis. On the other hand, the latest studies revealed that adiponectin
significantly stimulated proliferation and suppressed apoptosis of porcine uterine luminal epithelial
cells (LEc) which would enhance uterine receptivity for embryo implantation. The mentioned
adiponectin-stimulated proliferation of LEc was related to activation of the phosphatidylinositol
3-kinase (PI3K) and mitogen-activated protein kinase signal transduction pathways [38]. This finding
supports the hypothesis that adiponectin signalling is necessary for the establishment and maintenance
of conceptus–uterine cross-talk during early pregnancy. However, further research is required to
support the suggestion of adiponectin involvement in the implantation process and its utilization as
prognostic markers and/or therapeutic targets in endometrial cancer.

The analysis of DE-genes indicated that adiponectin stimulated MUC4 gene expression. Mucin 4
is a member of the family of membrane mucins and it is expressed at the apical surface of most epithelia
including the endometrium [39,40]. Mucins are able to form gels and they are proposed to protect
the surface of most epithelia [41]. Studies carried out in various species imply that MUC4 is involved
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in embryo implantation. In the normal cycling rodent, uterine luminal epithelium (LE) expression
of MUC4 is high during oestrous stages corresponding with high oestrogen concentrations and low
during stages characterised by high P4 levels [42]. In rats with the invasive type of implantation, loss of
MUC4 in the uterine LE occurs at the beginning of the period of receptivity for implantation. Mucin 4
has anti-adhesive properties; therefore, it is assumed to make a barrier in the uterus to block blastocyst
implantation during the pre-receptive period. The absence of MUC4 during implantation implies that
this glycoprotein must be lost from the apical surface of the rat uterine LE to create the receptive state
for uterine implantation [43]. However, in gilts with the non-invasive, epitheliochorial implantation,
endometrial MUC4 expression increased during the period of trophoblastic attachment to the uterine
luminal surface. It is suggested that maintenance of MUC4 on the uterine surface epithelium could play
a role in modulating the proteolytic activity of porcine conceptuses to prevent erosion of the glandular
and surface epithelia [44]. It would be interesting to check whether the expression of MUC4 in the
porcine uterine LE, similar to the regulation proposed in the rodents, is regulated by steroid hormones.
It would also be interesting to explain the mechanism of adiponectin action in this regulation. Our
previous studies indicated the effect of adiponectin on steroids production and steroid hormones on
adiponectin expression in the porcine uterus during early pregnancy [21,45,46]. In the current studies,
treatment with adiponectin inhibited the expression of HSD3B1 which is responsible for P4 and A4
production, and HSD17B8 which selectively catalyses the conversion of E2 to biologically less-active
oestrone [47]. Therefore, it cannot be excluded that adiponectin affects luminal uterine expression of
MUC4 through steroid hormones or the other way around.

Adiponectin also affects the following groups of genes that encode biological adhesion (GO:0022610),
cell adhesion (GO:0007155), cell–cell adhesion (GO:0098609), and cell–matrix adhesion (GO:0007160).
In all of these processes, the ITGAL gene is involved. The results from the analysis of DE-genes
revealed that adiponectin inhibited the expression of ITGAL coding integrin subunit alpha. In pigs,
implantation follows an extended pre-attachment period of 8 to 15 days [48]. Adhesion and signal
transduction events that occur during prolonged periods of apposition and attachment include the
modulation of number adhesion molecules. Conceptus attachment to the uterine LE does not take
place until hormonally regulated events change the non-adhesive (pre-receptive) uterine wall to
mutually adhesive receptive epithelial surface [49]. Integrins are a family of glycoconjugates that
are heterodimeric intrinsic membrane proteins composed of non-covalently linked α and β subunits
that interact with various extracellular matrix (ECM) components and cell adhesion molecules [50].
Integrins play a dominant role in the attachment and implantation of the blastocyst to the uterine
LE. They have been recognised as critical molecules involved in the implantation adhesion cascade
that possess the ability to bind ECM and other ligands to mediate adhesion, migration, invasion,
and cause cytoskeletal reorganization and transduce cellular signals [51]. In the pig, the constitutive
and cycle-dependent expression of integrin subunits including α1, α3, α4, α5, αv, β1, β3, and β5
has been found on the surface of uterine LE and conceptuses. Of these, the α4, α5, αv, β1, β3, and
β5 subunits were indicated at sites of initial attachment between uterine LE and trophectoderm on
days 12 to 15 of gestation. During the peri-implantation period, P4 stimulated the expression of
integrins that may partially define “the window of implantation” in this species [49]. It seems that the
endometrium is the only tissue known to exhibit hormone-dependent integrin expression. In humans,
three integrins are considered as markers of uterine receptivity for implantation and occur when the
uterus is influenced by P4. The expression of αvβ3 correlates with conceptus attachment and loss of the
α4 integrin subunits is coincident with closure of the window of receptivity. Furthermore, the presence
of both αvβ3 and α4β1 on the apical surface of uterine LE suggests a role of these integrins in initial
trophectoderm–LE interaction during implantation [52]. It is possible that adiponectin also participates
in the implantation adhesion cascade. As a continuation of the present work, we intend to investigate
the expression patterns of integrins in the porcine endometrium during the peri-implantation period
under the influence of adiponectin.
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4. Materials and Methods

4.1. Experimental Animals and Tissue Collection

Four mature gilts (Large White × Polish Landrace; 7 to 8 months of age, body weight of 120 to 130
kg) descended from a private breeding farm were used in the study. The gilts used in the study were
on days 15 to 16 of pregnancy. Females were monitored daily for oestrus behaviour in the presence of
an intact boar. The day of onset of the second oestrus was designated as day 0 of the oestrous cycle.
Insemination was performed on days 1 to 2 of the oestrous cycle. Uteri collected after slaughter from
pregnant gilts were immediately placed in ice-cold PBS supplemented with 100 IU/mL penicillin and
100 μg/mL streptomycin and transported to the laboratory on ice within 1 h for in vitro explant tissue
culture. Pregnancy was confirmed by the presence of conceptuses. All slices of the endometrium on
days 15 to 16 of gestation were collected at the implantation sites. The experiments were carried out in
accordance with the ethical standards of the Animal Ethics Committee at the University of Warmia
and Mazury in Olsztyn (Ethical approval: 113/2011/DTN; 14.12.2011).

4.2. Endometrial Explant Culture

Uteri collected from gilts on days 15 to 16 of pregnancy were washed three times in sterile PBS.
Endometrial explant cultures were performed according to Smolinska et al. [21]. The endometrial
tissues from the uterine horns were dissected and cut into small, irregular slices (3-mm thick,
100 mg ± 10%) and then washed three times in medium M199 (Sigma–Aldrich Co., Saint Louis,
MO, USA). Individual endometrial explants were placed into culture glass vials with 2-mL medium
M199 containing 0.1% BSA (MP Biomedicals, Santa Ana, CA, USA), 5% dextran/charcoal-stripped
new-born calf serum (Sigma–Aldrich Co.), penicillin (100 IU/mL), and streptomycin (100 μg/mL).
The tissue cultures were preincubated in a shaking water bath for 2 h at 37 ◦C in an atmosphere of
95% O2 and 5% CO2. After preincubation, to examine the impact of adiponectin on the global gene
expression in the endometrium, the slices were treated for 24 h with recombinant human adiponectin
(10 μg/mL, BioVendor, Brno, Czech Republic). The doses of adiponectin were established based on
Ledoux et al. [53] and Maleszka et al. [17,18]. Control slices were incubated without any treatment.
All cultures were performed in duplicates in four independent experiments (n = 4). The viability of
tissue explants was monitored by measuring lactate dehydrogenase (LDH) activity in medium at 2 h
of preincubation as well as at the end of the treatment period. The release of LDH was performed
using a Liquick Cor-LDH kit (Cormay, Lomianki, Poland) following the manufacturer’s instructions.
The activity of LDH during the culture of tissue explants was compared to its activity in medium
obtained after destruction of endometrial cells by homogenization (positive control for causing cell
death and the maximal release of LDH). Mean activity of LDH in cultured slices after treatment period
was 55.1 ± 4.5 U/L (1.8% of maximal release of LDH after total endometrial cell destruction).

4.3. Total RNA Isolation and Quality Control

Total RNA was isolated from 8 endometrium samples (4 endometrium slices treated with
adiponectin and 4 control endometrium) using the RNeasy Mini Kit (Qiagen, Germantown, MD, USA).
The DNA was removed by on-column DNase I digestion as recommended by Qiagen (Germantown,
MD, USA). The quality of the RNA was checked using an Agilent 2100 Bioanalyzer (Agilent
Technologies, Santa Clara, CA, USA) and an RNA 6000 Nano Assay Kit (Agilent Technologies, Santa
Clara, CA, USA). The RNA quantity was determined spectrophotometrically (Infinite 200 PRO plate
reader with NanoQuant plates, Tecan Group, Mannedorf, Switzerland). In order to ensure the most
reliable results from the microarray and quantitative real-time PCR (qPCR) validation experiments,
only samples with an RNA integrity number (RIN) above 8 were used. The RNA samples were stored
at −80 ◦C.
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4.4. Microarray Hybridization

The porcine genome microarrays were purchased from Agilent Technologies (Porcine (V2)
Gene Expression Microarray 4 × 44; Agilent Technologies, Santa Clara, CA, USA). The microarray
experiment was performed as previously described by Szeszko et al. [54] and Dobrzyn et al. [55].
The RNA from the four endometrium slices treated with adiponectin and four control endometria
was used to generate Cyanine-3 (Cy3) and Cyanine-5 (Cy5) labelled cRNA with a Low Input Quick
Amp, Two-Colour kit (Agilent Technologies, Santa Clara, CA, USA) according to the manufacturer’s
instructions. Quantification of cRNA and cyanine dye incorporation were measured with Infinite 200
PRO plate reader with NanoQuant plates (Tecan Group, Mannedorf, Switzerland). For each microarray,
825 ng of the Cy3 and 825 ng of the Cy5 labelled cRNA were mixed together. The dual-labelled cRNA
samples (obtained from treated and control samples) were fragmented and placed on each array (n = 4,
one slide) in a balanced block design with dye swaps (Figure S1). To discount the dye bias effect
observed in the dual-colour experiments, the study design included the alternate use of both dyes (dye
swap), namely, in two microarrays the control probes were dyed by Cy-3 and the adiponectin-treated
samples with Cy-5, whereas in another two microarrays, the control probes were dyed with Cy-5 and
the adiponectin-treated with Cy-3. Hybridization was carried out according to the manufacturer’s
instructions at 60 ◦C for 17 h in an Agilent hybridization oven. After hybridization, slides were washed
and scanned on an Agilent’s High-Resolution C Microarray Scanner at a 5 μm resolution. In the next
step, the images’ raw data was acquired by Feature Extraction Software (Agilent Technologies, Santa
Clara, CA, USA) for filtering of outlier spots, background subtraction from features, dye normalizations
(linear and LOWESS), and expression data extraction and detailed analysis. All the microarray raw
data files were uploaded on the National Centre for Biotechnology Information Gene Expression
Omnibus (GEO) server (https://www.ncbi.nlm.nih.gov/geo/; accession number: GSE122400).

4.5. Bioinformatic Analysis

In order to identify DE-genes between control and treated by adiponectin endometrial explants,
FC rule was used. The FC of DE-genes was obtained by analysis of previously generated expression
data using the GeneSpring GX 12 software (Agilent Technologies, Santa Clara, CA, USA). The results
obtained through the normalization of fluorescence intense were log-transformed, and then analysed
using Student’s t-test. The threshold set for up- and downregulated genes was if they had an FC greater
than 1.2 and a p-value ≤ 0.05. The 1.2 FC cut-off was selected based on previous studies, which used
the microarray technology [54–57]. To compare the normalized fluorescence intense for adiponectin
treated versus control samples Student’s t-test was applied. The FC was estimated based on the mean
values of the treated/control gene expression levels of four biological replicates. Additionally, the
Basic Local Alignment Search Tool (BLAST) was used to align the unknown gene probe sequences
with the whole porcine transcriptome deposited in the database, which resulted in manual enrichment
of the DE-genes list. For DE-genes represented on the Agilent’s Porcine V2 microarray by multiple
probes, the FC mean value for all the probes was calculated.

4.5.1. Gene Ontology Analysis

The functional analysis of these DE-genes was performed by utilizing the DAVID tool (http:
//david.abcc.ncifcrf.gov) to explore functional class scoring in the resulting gene list by means of GO
term enrichment analysis [58]. Performed gene ontology analysis was limited to Sus scrofa, furthermore
the genome of this species was used as a background. The level of significance was determined by
the modified Fisher’s exact test, incorporating gene-enrichment analysis, which modifies the original
p-value by the threshold of maximum probability (EASE Score Threshold, p ≤ 0.1).
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4.5.2. Biological Pathways Analysis

The biological pathways analysis was also conducted based on the DE-genes resulting list by the
DAVID tool. The software was able to categorize DE-transcripts into different biological functions and
pathways, using information from each individual gene and computing a total over-representation
value for each pathway represented in the KEGG. Like in the case of GO analysis, this analysis was
limited to Sus scrofa, and also a genome of this species was used as a background. Values at p ≤ 0.05
were considered statistically significant.

4.5.3. Interaction Network of Differentially Expressed Genes

An interaction network between DE-genes was performed with the GeneMania Prediction
Server [59]. From the DE-genes list, there were 13 genes selected with fold change > 1.2: CGA,
FGF7, HSD3B1, HSD17B8, IL1B, CXCL8, INSR, LHB, PRLR, PTGS1, TGFA, ITGAL, and MUC4. Products
of the selected genes are known to be involved in the regulation of female reproduction and metabolism.
GeneMania was used to predict the functions of selected genes and define possible interaction networks
between them based on known interplay such as co-expression, co-localization, genetic interactions,
signalling pathways, physical interactions, and shared protein domains.

4.6. Real-Time PCR Validations

Complementary DNA (cDNA) synthesis and qPCR were conducted by using the same total RNA
(n = 4, for both, the treated and the control samples) as for the microarray experiment, as described
previously by Szeszko et al. [54] and Dobrzyn et al. [55]. One microgram of total RNA was reverse
transcribed into cDNA using the Omniscript RT Kit (Qiagen, Germantown, MD, USA) in a total
volume of 20 μL with 0.5 μg oligo(dt)15 Primer (Roche, Basel, Switzerland). The reverse transcription
reaction was carried out at 37 ◦C for 1 h and finally were heat-inactivated by incubation at 93 ◦C for 5
min. Real-time PCR analyses were performed in two technical repeats for each sample using a 7300
Real-Time PCR system and Power SYBR® Green PCR Master Mix (Life Technologies, Carlsbad, CA,
USA). Real-Time PCR reaction mix included: 20 ng cDNA, 1 of 13 primer pairs (forward and reverse)
at various concentrations, 12.5 μL SYBR® Green PCR Master Mix (Applied Biosystems, Waltham,
MA, USA), and RNase free water to a final volume of 25 μL. The specificity of amplification was
tested at the end of the qPCR by melting-curve analysis. Product purity was confirmed by agarose
gel electrophoresis. The negative controls were performed in which cDNA was substituted by water,
or reverse transcription was not performed before qPCR. The negative controls gave non-detectable
signals in all samples, confirming the high specificity of the assay. To validate microarray results by
qPCR, we chose the same thirteen genes as in the interaction network analysis. Selected forward and
reverse primers sequences, qPCR conditions, and concentrations of primers are presented in Table 2.
Calculation of the relative expression levels of the genes was conducted based on the comparative
cycle threshold method (ΔΔCT) and normalised using the geometrical means of reference gene
expression levels: β-actin (ACTB) and glyceraldehyde 3-phosphate dehydrogenase (GAPDH). During
the preliminary studies it was found that the expression of both constitutively expressed genes did
not differ significantly between the treated and control sample; therefore, these genes were suitable
housekeeping genes for this experiment. Presented data are means ± SEM from four different biological
replicates. Differences between treated samples and controls were analysed by one-way ANOVA
followed by the least significant differences (LSD) post-hoc test using Statistica Software (StatSoft Inc.,
Tulsa, OK, USA). Values of p < 0.05 were considered as statistically significant. The Ct values for all
non-template controls were under the detection threshold.
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5. Conclusions

Conceptuses loss during early gestation can be a critical determinant of litter size. Identification of
genes/proteins of many factors involved in different molecular pathways may contribute to successful
pregnancy establishment and embryo development. This is the first global microarray-based study
analysing differentially regulated genes by adiponectin in the endometrium of pregnant gilts during
the implantation period. The present work indicates that adiponectin affects a number of genes and
processes that are engaged in i.a. cell proliferation, programmed cell death, immune system response,
metabolism of lipids, carbohydrates, and proteins, steroid hormone and prostaglandin synthesis and
metabolism, interleukin and growth factor action, and cell adhesion. The above processes are critical
for reproductive success; therefore, adiponectin may be an important regulator of implantation in
pigs. Nevertheless, understanding the relationship between transcriptome and proteome, and further
functional studies are required to explain the role and mechanism of adiponectin action in the porcine
endometrium during peri-implantation period.

Supplementary Materials: Supplementary materials can be found at http://www.mdpi.com/1422-0067/20/6/
1335/s1.

Author Contributions: Conceptualization: N.S., T.K.; methodology, N.S., K.S., and K.D.; validation, K.K., M.K.,
and E.R.; formal analysis, N.S., K.S., and M.G.; investigation, N.S., K.S., and K.D.; resources, K.B., J.W., and G.K.;
data curation, K.S., M.K., and B.K.; writing—original draft preparation, N.S.; writing—review and editing, N.S.,
K.S., T.K., B.K., and K.D.; supervision, N.S., T.K.; project administration, N.S.; funding acquisition, N.S.

Funding: This research was supported by the National Science Centre (Project no.: 2011/03/B/NZ9/04187).

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Geisert, R.D.; Schmitt, R.A.M. Early embryonic survival in the pig: Can it be improved? J. Anim. Sci. 2002, 80,
E54–E65. [CrossRef]

2. Bazer, F.W.; Johnson, G.A. Pig blastocyst-uterine interactions. Differentiation 2014, 87, 52–65. [CrossRef]
[PubMed]

3. Viganò, P.; Mangioni, S.; Pompei, F.; Chiodo, I. Maternal-conceptus cross talk-a review. Placenta 2003, 24,
S56–S61. [CrossRef]

4. Ziecik, A.J.; Waclawik, A.; Kaczmarek, M.M.; Blitek, A.; Jalali, B.M.; Andronowska, A. Mechanisms for
the establishment of pregnancy in the pig. Reprod. Domest. Anim. 2011, 46 (Suppl. 3), 31–41. [CrossRef]
[PubMed]

5. Scherer, P.E.; Williams, S.; Fogliano, M.; Baldini, G.; Lodish, H.F. A novel serum protein similar to C1q,
produced exclusively in adipocytes. J. Biol. Chem. 1995, 270, 11259–11263. [CrossRef]

6. Maeda, K.; Okubo, K.; Shimomura, I.; Funahashi, T.; Matsuzawa, Y.; Matsubara, K. cDNA cloning and
expression of a novel adipose specific collagen-like factor, apM1 (AdiPose Most abundant Gene transcript 1).
Biochem. Biophys. Res. Commun. 1996, 221, 286–289. [CrossRef]

7. Nakano, Y.; Tobe, T.; Choi-Miura, N.H.; Mazda, T.; Tomita, M. Isolation and characterization of GBP28,
a novel gelatin-binding protein purified from human plasma. J. Biochem. 1996, 120, 803–812. [CrossRef]
[PubMed]

8. Hu, E.; Liang, P.; Spiegelman, B.M. AdipoQ is a novel adipose-specific gene dysregulated in obesity. J. Biol.
Chem. 1996, 271, 10697–10703. [CrossRef]

9. Yamauchi, T.; Kamon, J.; Waki, H.; Terauchi, Y.; Kubota, N.; Hara, K.; Mori, Y.; Ide, T.; Murakami, K.;
Tsuboyama-Kasaoka, N.; et al. The fat-derived hormone adiponectin reverses insulin resistance associated
with both lipoatrophy and obesity. Nat. Med. 2001, 7, 941–946. [CrossRef]

10. Kadowaki, T.; Yamauchi, T. Adiponectin and adiponectin receptors. Endocr. Rev. 2005, 26, 439–451. [CrossRef]
11. Palin, M.F.; Bordignon, V.V.; Murphy, B.D. Adiponectin and the control of female reproductive functions.

Vitam. Horm. 2012, 90, 239–287. [CrossRef] [PubMed]

151



Int. J. Mol. Sci. 2019, 20, 1335

12. Dobrzyn, K.; Smolinska, N.; Kiezun, M.; Szeszko, K.; Rytelewska, E.; Kisielewska, K.; Gudelska, M.;
Kaminski, T. Adiponectin: A New Regulator of Female Reproductive System. Int. J. Endocrinol.
2018, 2018, 7965071. [CrossRef] [PubMed]

13. Lord, E.; Ledoux, S.; Murphy, B.D.; Beaudry, D.; Palin, M.F. Expression of adiponectin and its receptors in
swine. J. Anim. Sci. 2005, 83, 565–578. [CrossRef] [PubMed]

14. Takemura, Y.; Osuga, Y.; Yamauchi, T.; Kobayashi, M.; Harada, M.; Hirata, T.; Morimoto, C.; Hirota, Y.;
Yoshino, O.; Koga, K.; et al. Expression of Adipoq receptors and its possible implication in the human
endometrium. Endocrinology 2006, 147, 3203–3210. [CrossRef] [PubMed]

15. Kim, S.T.; Marquard, K.; Stephens, S.; Louden, E.; Allsworth, J.; Moley, K.H. Adipoq and Adipoq receptors
in the mouse preimplantation embryo and uterus. Hum. Reprod. 2011, 26, 82–95. [CrossRef] [PubMed]

16. Chabrolle, C.; Tosca, L.; Dupont, J. Regulation of Adipoq and its receptors in rat ovary by human
chorionic gonadotrophin treatment and potential involvement of Adipoq in granulosa cell steroidogenesis.
Reproduction 2007, 133, 719–731. [CrossRef]

17. Maleszka, A.; Smolinska, N.; Nitkiewicz, A.; Kiezun, M.; Dobrzyn, K.; Czerwinska, J.; Szeszko, K.;
Kaminski, T. Expression of Adipoq receptors 1 and 2 in the ovary and concentration of plasma Adipoq
during the oestrous cycle of the pig. Acta Vet. Hung. 2014, 62, 386–396. [CrossRef]

18. Maleszka, A.; Smolinska, N.; Nitkiewicz, A.; Kiezun, M.; Chojnowska, K.; Dobrzyn, K.; Szwaczek, H.;
Kaminski, T. Adipoq Expression in the Porcine Ovary during the Oestrous Cycle and Its Effect on Ovarian
Steroidogenesis. Int. J. Endocrinol. 2014, 2014, 9570–9576. [CrossRef]

19. Smolinska, N.; Maleszka, A.; Dobrzyn, K.; Kiezun, M.; Szeszko, K.; Kaminski, T. Expression of Adipoq
and Adipoq receptors 1 and 2 in the porcine uterus, conceptus, and trophoblast during early pregnancy.
Theriogenology 2014, 82, 951–965. [CrossRef]

20. Smolinska, N.; Dobrzyn, K.; Maleszka, A.; Kiezun, M.; Szeszko, K.; Kaminski, T. Expression of Adipoq and
Adipoq receptors 1 (AdipoR1) and 2 (AdipoR2) in the porcine uterus during the oestrous cycle. Anim. Reprod.
Sci. 2014, 146, 42–54. [CrossRef]

21. Smolinska, N.; Dobrzyn, K.; Kiezun, M.; Szeszko, K.; Maleszka, A.; Kaminski, T. Effect of adiponectin
on the steroidogenic acute regulatory protein, P450 side chain cleavage enzyme and 3β-hydroxysteroid
dehydrogenase genes expression, progesterone and androstenedione production by the porcine uterus
during early pregnancy. J. Physiol. Pharmacol. 2016, 67, 443–456.

22. Gamundi-Segura, S.; Serna, J.; Oehninger, S.; Horcajadas, J.A.; Arbones-Mainar, J.M. Effects of
adipocyte-secreted factors on decidualized endometrial cells: Modulation of endometrial receptivity in vitro.
J. Physiol. Biochem. 2015, 71, 537–546. [CrossRef]

23. Smolinska, N.; Kiezun, M.; Dobrzyn, K.; Szeszko, K.; Maleszka, A.; Kaminski, T. Adiponectin, orexin A and
orexin B concentrations in the serum and uterine luminal fluid during early pregnancy of pigs. Anim. Reprod.
Sci. 2017, 178, 1–8. [CrossRef]

24. Brochu-Gaudreau, K.; Beaudry, D.; Blouin, R.; Bordignon, V.; Murphy, B.D.; Palin, M.F. Adiponectin Regulates
Gene Expression in the Porcine Uterus. Biol. Reprod. 2008, 78, 210–211. [CrossRef]

25. Demetrius, L. Of mice and men. When it comes to studying ageing and the means to slow it down, mice are
not just small humans. EMBO Rep. 2005, 6, S39–S44. [CrossRef]

26. Vinogradov, A.E.; Anatskaya, O.V. Gene Golden Age paradox and its partial solution. Genomics 2018.
[CrossRef]

27. Geisert, R.; Fazleabas, A.; Lucy, M.; Mathew, D. Interaction of the conceptus and endometrium to establish
pregnancy in mammals: Role of interleukin 1β. Cell Tissue Res. 2012, 349, 825–838. [CrossRef]

28. Tuo, W.; Harney, J.P.; Bazer, F.W. Developmentally regulated expression of interleukin-1β by periimplantation
conceptuses in swine. J. Reprod. Immunol. 1996, 31, 185–198. [CrossRef]

29. Ross, J.W.; Malayer, J.R.; Ritchey, J.W.; Geisert, R.D. Characterization of the interleukin-1beta system during
porcine trophoblastic elongation and early placental attachment. Biol. Reprod. 2003, 69, 1251–1259. [CrossRef]

30. Bohlouli, S.; Khazaei, M.; Teshfam, M.; Hassanpour, H. Adiponectin effect on the viability of human
endometrial stromal cells and mRNA expression of adiponectin receptors. Int. J. Fertil. Steril. 2013, 7, 43–48.

31. Bohlouli, S.; Rabzia, A.; Sadeghi, E.; Chobsaz, F.; Khazaei, M. In vitro Anti-Proliferative Effect of Adiponectin
on Human Endometriotic Stromal Cells through AdipoR1 and AdipoR2 Gene Receptor Expression.
Iran. Biomed. J. 2016, 20, 12–17. [CrossRef] [PubMed]

152



Int. J. Mol. Sci. 2019, 20, 1335

32. Bråkenhielm, E.; Veitonmäki, N.; Cao, R.; Kihara, S.; Matsuzawa, Y.; Zhivotovsky, B.; Funahashi, T.; Cao, Y.
Adiponectin-induced antiangiogenesis and antitumor activity involve caspase-mediated endothelial cell
apoptosis. Proc. Natl. Acad. Sci. USA 2004, 101, 2476–2481. [CrossRef] [PubMed]

33. Yi, K.W.; Shin, J.H.; Park, H.T.; Kim, T.; Kim, S.H.; Hur, J.Y. Resistin concentration is increased in the
peritoneal fluid of women with endometriosis. Am. J. Reprod. Immunol. 2010, 64, 318–323. [CrossRef]
[PubMed]

34. Soliman, P.T.; Wu, D.; Tortolero-Luna, G.; Schmeler, K.M.; Slomovitz, B.M.; Bray, M.S.; Gershenson, D.M.;
Lu, K.H. Association between adiponectin, insulin resistance, and endometrial cancer. Cancer 2006, 106,
2376–2381. [CrossRef]

35. Dal Maso, L.; Augustin, L.S.; Karalis, A.; Talamini, R.; Franceschi, S.; Trichopoulos, D.; Mantzoros, C.S.;
La Vecchia, C. Circulating adiponectin and endometrial cancer risk. J. Clin. Endocrinol. Metab. 2004, 89,
1160–1163. [CrossRef]

36. Cust, A.E.; Kaaks, R.; Friedenreich, C.; Bonnet, F.; Laville, M.; Lukanova, A.; Rinaldi, S.; Dossus, L.;
Slimani, N.; Lundin, E.; et al. Plasma adiponectin levels and endometrial cancer risk in pre- and
postmenopausal women. J. Clin. Endocrinol. Metab. 2007, 92, 255–263. [CrossRef]

37. Cong, L.; Gasser, J.; Zhao, J.; Yang, B.; Li, F.; Zhao, A.Z. Human adiponectin inhibits cell growth and induces
apoptosis in human endometrial carcinoma cells, HEC-1-A and RL95 2. Endocr. Relat. Cancer 2007, 14,
713–720. [CrossRef] [PubMed]

38. Lim, W.; Choi, M.J.; Bae, H.; Bazer, F.W.; Song, G. A critical role for adiponectin-mediated development of
endometrial luminal epithelial cells during the peri-implantation period of pregnancy. J. Cell. Physiol. 2017,
232, 3146–3157. [CrossRef]

39. Audie, J.P.; Tetaert, D.; Pigny, P.; Buisine, M.P.; Janin, A.; Aubert, J.P.; Porchet, N.; Boersma, A. Mucin gene
expression in the human endocervix. Hum. Reprod. 1995, 10, 98–102. [CrossRef]

40. Gipson, I.K.; Ho, S.B.; Spurr-Michaud, S.J.; Tisdale, A.S.; Zhan, Q.; Torlakovic, E.; Pudney, J.; Anderson, D.J.;
Toribara, N.W.; Hill, J.A., 3rd. Mucin genes expressed by human female reproductive tract epithelia. Biol.
Reprod. 1997, 56, 999–1011. [CrossRef]

41. Carraway, K.L.; Price-Schiavi, S.A.; Komatsu, M.; Idris, N.; Perez, A.; Li, P.; Jepson, S.; Zhu, X.; Carvajal, M.E.;
Carraway, C.A. Multiple facets of sialomucin complex/MUC4, a membrane mucin and erbb2 ligand,
in tumors and tissues (Y2K update). Front. Biosci. 2000, 5, D95–D107.

42. Idris, N.; Carraway, K.L. Sialomucin complex (Muc4) expression in the rat female reproductive tract.
Biol. Reprod. 1999, 61, 1431–1438. [CrossRef]

43. McNeer, R.R.; Carraway, C.A.; Fregien, N.L.; Carraway, K.L. Characterization of the expression and steroid
hormone control of sialomucin complex in the rat uterus: Implications for uterine receptivity. J. Cell. Physiol.
1998, 176, 110–119. [CrossRef]

44. Ferrell, A.D.; Malayer, J.R.; Carraway, K.L.; Geisert, R.D. Sialomucin complex (Muc4) expression in porcine
endometrium during the oestrous cycle and early pregnancy. Reprod. Domest. Anim. 2003, 38, 63–65.
[CrossRef]

45. Dobrzyn, K.; Smolinska, N.; Szeszko, K.; Kiezun, M.; Maleszka, A.; Rytelewska, E.; Kaminski, T. Effect of
progesterone on adiponectin system in the porcine uterus during early pregnancy. J. Anim. Sci. 2017, 95,
338–352. [CrossRef]

46. Dobrzyn, K.; Smolinska, N.; Kiezun, M.; Szeszko, K.; Maleszka, A.; Kaminski, T. The effect of estrone
and estradiol on the expression of the adiponectin system in the porcine uterus during early pregnancy.
Theriogenology 2017, 88, 183–196. [CrossRef]

47. Villar, J.; Celay, J.; Alonso, M.M.; Rotinen, M.; de Miguel, C.; Migliaccio, M.; Encío, I. Transcriptional
regulation of the human type 8 17beta-hydroxysteroid dehydrogenase gene by C/EBPbeta. J. Steroid.
Biochem. Mol. Biol. 2007, 105, 131–139. [CrossRef]

48. Bazer, F.W.; Roberts, R.M. Biochemical aspects of conceptus—Endometrial interactions. J. Exp. Zool. 1983, 228,
373–383. [CrossRef]

49. Bowen, J.A.; Burghardt, R.C. Cellular mechanisms of implantation in domestic farm animals. Semin. Cell
Dev. Biol. 2000, 11, 93–104. [CrossRef]

50. Hynes, R.O. Integrins: Versatility, modulation, and signaling in cell adhesion. Cell 1992, 69, 11–25. [CrossRef]

153



Int. J. Mol. Sci. 2019, 20, 1335

51. Burghardt, R.C.; Johnson, G.A.; Jaeger, L.A.; Ka, H.; Garlow, J.E.; Spencer, T.E.; Bazer, F.W. Integrins and
extracellular matrix proteins at the maternal-fetal interface in domestic animals. Cells Tissues Organs 2002, 172,
202–217. [CrossRef]

52. Lessey, B.A. Endometrial integrins and the establishment of uterine receptivity. Hum. Reprod. 1998, 13
(Suppl. 3), 247–258. [CrossRef] [PubMed]

53. Ledoux, S.; Campos, D.B.; Lopes, F.L.; Dobias-Goff, M.; Palin, M.F.; Murphy, B.D. Adiponectin induces
periovulatory changes in ovarian follicular cells. Endocrinology 2006, 147, 5178–5186. [CrossRef] [PubMed]

54. Szeszko, K.; Smolinska, N.; Kiezun, M.; Dobrzyn, K.; Maleszka, A.; Kaminski, T. The influence of adiponectin
on the transcriptomic profile of porcine luteal cells. Funct. Integr. Genom. 2016, 16, 101–114. [CrossRef]

55. Dobrzyn, K.; Szeszko, K.; Kiezun, M.; Kisielewska, K.; Rytelewska, E.; Gudelska, M.; Wyrebek, J.; Bors, K.;
Kaminski, T.; Smolinska, N. In vitro effect of orexin A on the transcriptomic profile of the endometrium
during early pregnancy in pigs. Anim. Reprod. Sci. 2019, 200, 31–42. [CrossRef] [PubMed]

56. Li, Z.; Pan, J.; Ma, J.; Zhang, Z.; Bai, Y. Microarray gene expression of periosteum in spontaneous bone
regeneration of mandibular segmental defects. Sci. Rep. 2017, 7, 13535. [CrossRef] [PubMed]

57. Zglejc, K.; Martyniak, M.; Waszkiewicz, E.; Kotwica, G.; Franczak, A. Peri-conceptional under-nutrition
alters transcriptomic profile in the endometrium during the peri-implantation period-The study in domestic
pigs. Reprod. Domest. Animal. 2018, 53, 74–84. [CrossRef] [PubMed]

58. Huang, D.W.; Sherman, B.T.; Lempicki, R.A. Systematic and integrative analysis of large gene lists using
DAVID bioinformatics resources. Nat. Protoc. 2009, 4, 44–57. [CrossRef]

59. Warde-Farley, D.; Donaldson, S.L.; Comes, O.; Zuberi, K.; Badrawi, R.; Chao, P.; Franz, M.; Grouios, C.;
Kazi, F.; Lopes, C.T.; et al. The GeneMANIA prediction server: Biological network integration for gene
prioritization and predicting gene function. Nucleic Acids Res. 2010, 38, W214–W220. [CrossRef]

60. Quilter, C.R.; Gilbert, C.L.; Oliver, G.L.; Jafer, O.; Furlong, R.A.; Blott, S.C.; Wilson, A.E.; Sargent, C.A.;
Mileham, A.; Affara, N.A. Gene expression profiling in porcine maternal infanticide: A model for puerperal
psychosis. Am. J. Med. Genet. B Neuropsychiatr. Genet. 2008, 47, 1126–1137. [CrossRef] [PubMed]

61. Ramsay, T.G.; Caperna, T.J. Ontogeny of adipokine expression in neonatal pig adipose tissue. Comp. Biochem.
Physiol. B Biochem. Mol. Biol. 2009, 152, 72–78. [CrossRef]

62. Wojciechowicz, B.; Kotwica, G.; Kolakowska, J.; Franczak, A. The Activity and Localization of
3β-hydroxysteroid Dehydrogenase/Δ5-Δ4 Isomerase and Release of Androstenedione and Progesterone
by Uterine Tissues During Early Pregnancy and the Estrous Cycle in Pigs. J. Reprod. Dev. 2013, 59, 49–58.
[CrossRef]

63. Liu, G.M.; Wei, Y.; Wang, Z.S.; Wu, D.; Zhou, A.G.; Liu, G.L. Effects of herbal extract supplementation
on growth performance and insulin-like growth factor (IGF)-I system in finishing pigs. J. Anim. Feed Sci.
2008, 17, 538–547. [CrossRef]

64. Smith, A.G.; O’Doherty, J.V.; Reilly, P.; Ryan, M.T.; Bahar, B.; Sweeney, T. The effects of laminarin derived from
Laminaria digitata on measurements of gut health: Selected bacterial populations, intestinal fermentation,
mucin gene expression and cytokine gene expression in the pig. Br. J. Nutr. 2011, 105, 669–677. [CrossRef]
[PubMed]

65. Seo, H.; Choi, Y.; Shim, J.; Choi, Y.; Ka, H. Regulatory mechanism for expression of IL1B receptors in the
uterine endometrium and effects of IL1B on prostaglandin synthetic enzymes during the implantation period
in pigs. Biol. Reprod. 2012, 87, 31. [CrossRef] [PubMed]

66. Farmer, C.; Palin, M.F. Feeding flaxseed to sows during late-gestation and lactation affects mammary
development but not mammary expression of selected genes in their offspring. Can. J. Anim. Sci. 2013, 93, 17.
[CrossRef]

67. Spagnuolo-Weaver, M.; Fuerst, R.; Campbell, S.T.; Meehan, B.M.; Mcneilly, F.; Adair, B.; Allan, G. A
fluorimeter-Based RT-PCR method for the detection and quantitation of porcine cytokines. J. Immunol.
Methods 1999, 230, 19–27. [CrossRef]

68. Nitkiewicz, A.; Smolinska, N.; Przala, J.; Kaminski, T. Expression of orexin receptors 1 (OX1R) and 2 (OX2R)
in the porcine ovary during the oestrous cycle. Regul. Pept. 2010, 165, 186–190. [CrossRef] [PubMed]

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

154



 International Journal of 

Molecular Sciences

Review

Beneficial Effects of Adiponectin on Glucose and
Lipid Metabolism and Atherosclerotic Progression:
Mechanisms and Perspectives

Hidekatsu Yanai 1,* and Hiroshi Yoshida 2,*

1 Department of Internal Medicine, National Center for Global Health and Medicine Kohnodai Hospital,
1-7-1 Kohnodai, Chiba 272-8516, Japan

2 Department of Laboratory Medicine, The Jikei University Kashiwa Hospital, 163-1 Kashiwashita, Kashiwa,
Chiba 277-8567, Japan

* Correspondence: dyanai@hospk.ncgm.go.jp (H.Y.); hyoshida@jikei.ac.jp (H.Y.); Tel.: +81-473-72-3501 (H.Y.);
+81-4-7164-1111 (ext. 2270) (H.Y.); Fax: +81-473-72-1858 (H.Y.); +81-4-7166-9374 (H.Y.)

Received: 6 February 2019; Accepted: 5 March 2019; Published: 8 March 2019

Abstract: Circulating adiponectin concentrations are reduced in obese individuals, and this reduction
has been proposed to have a crucial role in the pathogenesis of atherosclerosis and cardiovascular
diseases associated with obesity and the metabolic syndrome. We focus on the effects of adiponectin
on glucose and lipid metabolism and on the molecular anti-atherosclerotic properties of adiponectin
and also discuss the factors that increase the circulating levels of adiponectin. Adiponectin reduces
inflammatory cytokines and oxidative stress, which leads to an improvement of insulin resistance.
Adiponectin-induced improvement of insulin resistance and adiponectin itself reduce hepatic glucose
production and increase the utilization of glucose and fatty acids by skeletal muscles, lowering blood
glucose levels. Adiponectin has also β cell protective effects and may prevent the development of
diabetes. Adiponectin concentration has been found to be correlated with lipoprotein metabolism;
especially, it is associated with the metabolism of high-density lipoprotein (HDL) and triglyceride
(TG). Adiponectin appears to increase HDL and decrease TG. Adiponectin increases ATP-binding
cassette transporter A1 and lipoprotein lipase (LPL) and decreases hepatic lipase, which may elevate
HDL. Increased LPL mass/activity and very low density lipoprotein (VLDL) receptor and reduced
apo-CIII may increase VLDL catabolism and result in the reduction of serum TG. Further, adiponectin
has various molecular anti-atherosclerotic properties, such as reduction of scavenger receptors in
macrophages and increase of cholesterol efflux. These findings suggest that high levels of circulating
adiponectin can protect against atherosclerosis. Weight loss, exercise, nutritional factors, anti-diabetic
drugs, lipid-lowering drugs, and anti-hypertensive drugs have been associated with an increase of
serum adiponectin level.

Keywords: adiponectin; atherosclerosis; cholesterol efflux; diabetes; inflammation

1. Introduction

Previously, the adipose tissue was considered a generally passive repository for stored
triglycerides (TG). With the discovery of adiponectin, it has become clear that the adipose tissue carries
out a large number of intricate metabolic, paracrine, and endocrine functions. The adiponectin gene
was found to be the most abundantly expressed gene in the adipose tissue. It encodes a 244-amino-acid
protein with a predicted size of 30 kDa [1]. Adiponectin contains a putative N-terminal signal
sequence and a collagen-like domain and structurally belongs to the complement 1q (C1q) family,
being characterized by a carboxyl-terminal globular domain and an amino-terminal collagenous
domain highly homologous to collagen X, VIII, and C1q. Adiponectin is exclusively expressed and
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secreted into the circulation by the adipose tissue and appears to act as a hormone which could reduce
inflammatory responses in vitro [2,3].

Circulating adiponectin can exist as a trimer, hexamer, or higher-order multimer with 12–18
subunits [4,5]. Adiponectin receptors include two similar transmembrane receptors which are known
as AdipoR1 and AdipoR2, and another type of receptor without a transmembrane domain which
may act as a co-receptor for the high-molecular weight (HMW) form of adiponectin on endothelial
and smooth muscle cells [6,7]. Recent data indicate that the HMW form has the predominant action
in metabolic tissues [8]. Adiponectin accounts for about 0.01% of all plasma proteins (5–10 μg/mL),
and its plasma concentration was reported to be higher in women than in men [9,10].

Circulating adiponectin concentrations are reduced in obese individuals [10], and this reduction
was proposed to have a crucial role in the pathogenesis of atherosclerosis and cardiovascular diseases
associated with obesity and the metabolic syndrome [11,12]. Furthermore, this idea is supported by
reports that adiponectin has effects considered to be protective against cardiovascular diseases [13,14].

Here, we focus on the effects of adiponectin on glucose and lipid metabolism and on its
anti-atherosclerotic properties. Furthermore, we discuss the factors which increase circulating
adiponectin levels.

2. Effects of Adiponectin on Glucose Metabolism

2.1. Possible Mechnisms for the Improvement of Glucose Metabolism by Adiponectin

2.1.1. Reduction of Inflammation and Oxidative Stress and Improvement of Insulin Resistance
by Adiponectin

The adipose tissue is an active endocrine organ that secretes a variety of hormones known
as adipokines. Adipokines are secreted into the circulation and participate in the regulation of
insulin sensitivity and glucose and lipid metabolism [15]. In obesity and metabolic syndrome,
a highly inflammatory status is induced by the infiltration of inflammatory cells into the adipose
tissue, especially activated macrophages. Under these conditions, the adipose tissue produces
proinflammatory adipokines, such as tumor necrosis factor-alpha (TNF-α), interleukin (IL)-6, monocyte
chemoattractant protein-1 (MCP-1), lipocalin-2, and resistin, which induce atherosclerosis [16]. In these
circumstances, the production of adiponectin is markedly reduced.

Chronically elevated levels of inflammatory cytokines could directly enhance insulin resistance
and lead to disrupted insulin sensitivity, in turn impairing glucose and lipid metabolism.
Epidemiological studies have reported that levels of pro-inflammatory and inflammatory cytokines
such as C-reactive protein (CRP), TNF-α, IL-1β, and IL-6 were elevated in patients with type 2 diabetes
and were associated with the development of type 2 diabetes [3,17–25].

Adiponectin could reduce inflammatory reactions [2,3], which may be associated with
an improvement of insulin resistance. The anti-inflammatory properties of adiponectin are likely to be
the major component of its beneficial effects for alleviating insulin resistance and vascular diseases [26].
Adiponectin has been reported to decrease CRP mRNA and protein [27] and inhibit the stimulation
of nuclear factor-κB (NF-κB) signaling and TNF-α secretion from macrophages [28]. Adiponectin
suppresses TNF-α-induced monocyte adhesion to human aortic endothelial cells and the expression
of certain adhesion molecules [29]. Further, adiponectin reduces the expression of cell adhesion
molecules and the activation of IL-8 and NFκB by decreasing TNF-α in endothelial cells [27,30].
Adiponectin also modulates macrophage function and phenotype [31]. IL-10 stimulation and IL-1
receptor antagonists are associated with the anti-inflammatory actions of adiponectin in human
monocytes, monocyte-derived macrophages, and dendritic cells [32].

Adiponectin suppresses the generation of oxidative and nitrative stress by inhibiting inducible
nitric oxide synthase (iNOS) and suppressing the expression of a nicotinamide adenine dinucleotide
phosphate (NADPH) oxidase subunit [33], which improves insulin resistance. Further, adiponectin
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improves insulin resistance in the liver and skeletal muscle via adenosine monophosphate-activated
protein kinase (AMPK) and peroxisome proliferator-activated receptor-α (PPAR-α) activation [34].

2.1.2. Pancreatic β Cell Protective Effect of Adiponectin

Adiponectin prevents ceramide- or inflammatory cytokine-induced apoptosis in cultured β

cells [35,36] and maintains β cell mass and glucose homeostasis in ob/ob mice and in a mice model
of type 1 diabetes [35,37]. Adiponectin-null mice are more susceptible to caspase-8-induced β

cell apoptosis [36]. Via adiponectin receptors AdipoR1 and AdipoR2, adiponectin stimulates the
de-acylation of ceramide, yielding sphingosine after conversion to sphingosine 1-phosphate (S1P) by
sphingosine kinase. The resulting conversion from ceramide to S1P promotes the survival of functional
β-cell mass [38].

2.1.3. Increase of Glucose Utilization and Fatty Acid Oxidation in Skeletal Muscles by Adiponectin

Adiponectin has been reported to improve glucose utilization and fatty acid (FA) oxidation in
myocytes [39]. In addition, in mice fed with high fat/sucrose diet, adiponectin showed to increase
energy expenditure by increasing FA oxidation and to increase glucose uptake in skeletal muscle [40].
Adiponectin increased glucose transporter-4 (GLUT-4) translocation and glucose uptake by rat skeletal
muscle cells [41]. These beneficial effects of adiponectin on glucose metabolism were mainly via
the activation of AMPK in skeletal muscles [42]. In addition, it has been suggested that adiponectin
decreases insulin resistance by decreasing the muscular lipid content in obese mice [43].

2.1.4. Adiponectin Reduces Hepatic Glucose Production

In the liver, adiponectin improves hepatic and systemic insulin resistance through the activation
of AMPK and PPAR-α pathways [34]. Adiponectin has been reported to suppress both glycogenolysis
and gluconeogenesis [42] by reducing the rate-limiting enzymes for hepatic glucose production,
such as glucose-6-phosphatase (G6Pase) and phosphoenolpyruvate carboxy kinase (PEPCK) [39,44–47].
Besides the suppression of G6Pase and PEPCK, adiponectin can suppress glucose production by
reducing the availability of gluconeogenic substrates [47]. Adiponectin stimulates FA oxidation, which
reduces gluconeogenic availability.

2.1.5. Adiponectin Increases Insulin-Stimulated Glucose Uptake by Adipocytes

Adiponectin treatment enhances insulin-stimulated glucose uptake via activation of AMPK in
primary rat adipocytes [48]. Adiponectin directly targets insulin receptor substrate-1 (IRS-1) rather
than the insulin receptor (IR) [49]. IRS-1 plays a crucial role in insulin mediation of glucose uptake in
adipocytes [50]. Decreased levels of IRS-1 are significantly associated with insulin resistance and type
2 diabetes [51,52].

2.1.6. Summary of Anti-Diabetic Effects of Adiponectin

Possible mechanisms for the improvement of glucose metabolism by adiponectin are shown
in Figure 1.

2.2. Adiponectin and Development of Type 2 Diabetes

In a case–control series which was performed in the Pima Indian population [53], at baseline, the
serum adiponectin level was significantly lower in the cases (n = 70) than in the controls (n = 70), and
individuals who showed high serum adiponectin levels were less likely to develop type 2 diabetes
than individuals with low serum adiponectin levels (incidence rate ratio 0.63 (95% confidence intervals
(CI) 0.43–0.92); p = 0.02) [54]. In the population-based Monitoring of Trends and Determinants in
Cardiovascular Disease (MONICA)/Cooperative Health Research in the Region of Augsburg (KORA)
cohort study between 1984 and 1995 with follow-up until 2002 (mean follow-up 10.9 ± 4.7 years) [55],
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low levels of adiponectin were associated with an increased type 2 diabetes risk. The multivariable
adjusted hazard ratio (HR) with 95% CI comparing tertile extremes was 2.65 (1.88-3.76) for adiponectin
(bottom vs. top tertile), respectively [54]. A systematic review and meta-analysis of prospective
studies was conducted to assess the association of serum adiponectin level with risk of type 2 diabetes.
This meta-analysis included 19 studies, comprising a total of 39,136 participants and 7924 cases,
and showed that type 2 diabetes risk was strongly associated with low levels of adiponectin [55].
Furthermore, other observational studies showed that low levels of adiponectin are significantly
associated with the development of type 2 diabetes [23,25,56–58].

Figure 1. Possible mechanisms for the improvement of glucose metabolism by adiponectin. AMPK,
adenosine monophosphate-activated protein kinase; IL-6, interleukin-6; iNOS, inducible nitric
oxide synthase; NADPH, nicotinamide adenine dinucleotide phosphate; PPAR-α, peroxisome
proliferator-activated receptor-α, TNF-α, tumor necrosis factor-α.

3. Effects of Adiponectin on Lipid Metabolism

3.1. Possible Mechanisms for the Improvement of Lipid Metabolism by Adiponectin

Adiponectin has been found to be correlated with various parameters of lipoprotein metabolism
and, especially, it is associated with the metabolism of high-density lipoprotein (HDL) and TG.
Adiponectin appears to induce an increase in serum HDL and, in addition, it lowers serum TG through
the enhanced catabolism of TG-rich lipoproteins [59].

3.1.1. Possible Mechanism for the Increase of HDL by Adiponectin

Almost all of the previous studies reported that serum adiponectin is positively correlated with
serum HDL-C level [60–66]. Especially, HDL-C has been shown to be positively correlated with
HMW adiponectin, which is considered the most biologically active form of adiponectin [60,64,65],
independently of adiposity and of insulin sensitivity [61,63–65,67–69]. We also found that adiponectin
was independently and positively correlated with HDL-C in 174 subjects without diabetes [70].

Adiponectin has been shown to increase HDL-C via an increase in the hepatic production
of apo-AI, which is the major apolipoprotein of HDL, and through an increase in the production
of ATP-binding cassette transporter A1 (ABCA1), which induces HDL assembly through reverse
cholesterol transport [71–76]. Adiponectin has been shown to enhance ABCA1 expression through the
activation of nuclear receptors including liver X receptor α and PPAR-γ [75].
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Adiponectin-induced increase in HDL-C involves the down-regulation of hepatic lipase (HL)
activity, given the reported inverse association of serum adiponectin with HL activity, which appears
to be independent of measures of adiposity and insulin resistance [77,78].

Another possible mechanism underlying the adiponectin-induced up-regulation of HDL-C is the
activation of lipoprotein lipase (LPL) by adiponectin and/or the improvement of insulin resistance,
which can also reduce TG.

3.1.2. Possible Mechanisms for TG reduction by Adiponectin

The majority of previous studies have demonstrated a negative association between circulating
adiponectin and serum TG [60,61,63–69,78]. Very low density lipoprotein (VLDL), one of TG-rich
lipoproteins, has been found to be correlated with serum HMW adiponectin [66,79–81]. We also found
that VLDL-C levels were inversely correlated with adiponectin levels independently of age, body
mass index (BMI), gender, and glycemic control in patients with type 2 diabetes [82] The reported
association of circulating adiponectin with VLDL apoB100 fractional catabolic rate suggests that the
regulation of serum VLDL-C by adiponectin may involve VLDL catabolism [79,83,84]. A plausible
explanation for the adiponectin-induced increase in TG catabolism is the regulation of LPL activity
by adiponectin. It is well known that LPL, which is translocated to the endothelial cell surface of
the vessels of heart, muscles, and adipose tissue, hydrolyses TG in TG-rich lipoproteins including
chylomicrons and VLDL [85]. Serum adiponectin has been reported to be positively correlated with
post-heparin LPL concentration and activity in the fasting state, apparently independently of insulin
resistance and inflammation [86,87]. As mice over-expressing adiponectin display increased LPL gene
expression and LPL activity in skeletal muscle during fasting and in adipose tissue mainly during the
well-fed state [74,88], adiponectin may have a direct role in inducing LPL expression and activation in
both skeletal muscle and adipose tissue.

Another possible mechanism for TG reduction by adiponectin would be attributable to
adiponectin-induced decrease in serum apo-CIII, a well-known inhibitor of LPL, as indicated
by the reported negative association between circulating adiponectin and serum apo-CIII [89,90],
and the down-regulation of apo-CIII-mRNA levels in adiponectin-treated human HepG2
hepatocytes [87]. In addition, the other mechanism of the adiponectin-induced up-regulation of
VLDL catabolism involves the increased expression of VLDL receptor (VLDL-R) in skeletal muscle.
Using adenovirus-mediated gene transduction, an increase of VLDL-R expression has been observed in
adiponectin-treated myotubes, with an acute elevation of plasma adiponectin leading to the increased
VLDL catabolism [87].

Insulin resistance increases activity and expression of hormone-sensitive lipase (HSL) in adipose
tissue, which catalyzes the breakdown of TG, releasing free fatty acids (FFA) [91]. Increased FFA enter
the liver and enhance the production of VLDL. Therefore, an improvement of insulin resistance by
adiponectin may reduce HSL activity and result in a reduction of VLDL production.

Adiponectin has been also shown to be associated with apo-B48, which is an apolipoprotein
of chylomicrons from the small intestine [89,90]. A plausible explanation for this relationship is the
up-regulation of postprandial TG catabolism by adiponectin, as indicated by the reported association of
circulating adiponectin with heparin-releasable LPL activity in subcutaneous adipose tissue, observed
after a meal [77].

3.1.3. Effects of Adiponectin on LDL and Other Atherogenic Lipids

With regard to possible relationship between circulating adiponectin and low-density lipoprotein
cholesterol (LDL-C), the majority of studies have shown no association [64,65,70,92–94]. Small dense
LDL (sd-LDL) is considered an emerging risk factor for cardiovascular diseases (CVD). High sd-LDL
levels have been reported to be associated with elevated TG levels and low HDL-C levels and constitute
a common feature of type 2 diabetes and metabolic syndrome [95,96]. Oxidative modifications of LDL
represent an early stage of atherosclerosis, and sd-LDL are more susceptible to oxidation than larger,
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more buoyant particles [96]. Adiponectin-mediated improvement of TG and HDL may reduce the
atherogenic lipoprotein sd-LDL. Remnant lipoproteins, derived from VLDL and chylomicrons, have
been considered to be atherogenic [97]. In patients with hypertriglyceridemia, TG-rich lipoproteins
mainly increase during fasting and the postprandial state. Remnant lipoproteins directly and indirectly
correlate to the enhancement of atherogenicity [98]. Therefore, the reduction of remnant lipoproteins
due to the decrease of TG by adiponectin may contribute to the anti-atherogenic effects of adiponectin.

3.1.4. Summary of Mechanisms for the Improvement of Lipid Metabolism by Adiponectin.

Possible mechanisms for the improvement of lipid metabolism by adiponectin are shown
in Figure 2.

Figure 2. Possible mechanisms for the improvement of lipid metabolism by adiponectin. Red
and blue arrows indicate direct and indirect lipid metabolism improving effects of adiponectin,
respectively. ABCA1, ATP-binding cassette transporter A1; FFA, free fatty acids; HDL, high-density
lipoprotein; HL, hepatic lipase; HSL, hormone-sensitive lipase; IDL, intermediate-density lipoprotein;
LDL, low-density lipoprotein; TG, triglyceride; VLDL, very low density lipoprotein; VLDL-R, very low
density lipoprotein-receptor.

Adiponectin increases HDL-C via an increase in the hepatic production of apo-AI, through
an increase in the expression of ABCA1 in peripheral tissues. Down-regulation of HL activity by
adiponectin may also increase HDL-C. Increased LPL expression and activity in skeletal muscle
and adipose tissue contribute to the reduction of TG-rich lipoproteins and the elevation of HDL.
Adiponectin-induced decrease of hepatic apo-CIII production and adiponectin-induced up-regulation
of VLDL-R in skeletal muscle also lead to the decrease of TG. An improvement of insulin resistance
by adiponectin may reduce HSL activity and result in the reduction of VLDL production due to
a decreased release of FFA from the adipose tissue to the liver.

4. Anti-Atherosclerotic Effects of Adiponectin

4.1. Improvement of Endothelial Function and Interaction Between Monocyte and Endothelium by Adiponectin

There is a close relationship between hypoadiponectinemia and peripheral arterial
dysfunction [99–101]. Adiponectin knockout mice showed significantly increased neointimal
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hyperplasia, disordered endothelium-dependent vasodilation, and increased blood pressure, compared
with wild-type mice [99,102,103]. Flow-mediated dilation of the brachial artery has a significant
relationship with plasma HMW adiponectin levels in young healthy men [104]. The biosynthesis of
nitric oxide (NO) is performed by AMPK and is mediated by adiponectin-induced phosphorylation
of endothelial nitric oxide synthase (eNOS). Adiponectin inhibits the interaction between leukocytes
and endothelial cells by reducing E-selectin and vascular cell adhesion molecule-1 induced by TNF-α,
resistin, and IL-8, and by increasing endothelial NO [105], which results in the attenuation of monocyte
attachment to endothelial cells [31]. Serum adiponectin concentration also showed a significant
negative correlation with serum MCP-1 concentration (r = −0.244, p = 0.05) in postmenopausal
women [106]. Adiponectin also reduces irregular high glucose-induced apoptosis and oxidative stress
in human umbilical vein endothelial cells [105,107].

Elevated serum TG levels are an independent predictor of endothelial dysfunction. Lowering
circulating TG levels by adiponectin may improve the endothelial function [108]. The increase of
TG and decrease of HDL reduce the activity and expression of eNOS and disrupt the integrity of
the vascular endothelium due to oxidative stress [109]. Diabetes-induced endothelial dysfunction
is a critical and initiating factor in the genesis of diabetic vascular complications [110]. Therefore,
reduction of TG, elevation of HDL, and improvement of glucose metabolism may ameliorate the
endothelial function.

4.2. Inhibition of Smooth Muscle Proliferation by Adiponectin

Rapid proliferation and migration of vascular smooth muscle cells (SMCs) toward the intima
contribute to intimal thickening of arteries and atherosclerosis development. Adiponectin blocks the
proliferation and migration of human aortic SMCs by inhibiting several atherogenic growth factors,
including platelet-derived growth factor, basic fibroblast growth factor, and heparin-binding epidermal
growth factor [111,112].

4.3. Increase of Macrophage Cholesterol Efflux and Suppression of Foam Cell Formation

Serum HDL-C levels are inversely correlated to the risk of atherosclerotic cardiovascular diseases.
The reverse cholesterol transport is one of the major protective systems against atherosclerosis, in
which HDL particles play a crucial role, carrying cholesterol derived from peripheral tissues to the liver.
ABCA1 receptors has been identified as important membrane receptors to generate HDL by cholesterol
efflux from foam cells. Adiponectin has been reported to up-regulate the expression of ABCA1
in human macrophages and enhance apo-AI-mediated cholesterol efflux from macrophages [75].
Recently, Marsche et al. investigated the association between cholesterol efflux capacity and metabolic
parameters in 683 participants (281 youths, of whom 227 were overweight/obese; 402 adults, of
whom 197 were overweight/obese). They found that hypoadiponectinemia is a robust predictor of
reduced cholesterol efflux capacity in adults, irrespective of BMI and fat distribution [113]. Adiponectin
markedly suppressed foam cell formation in oxidized LDL-treated macrophages from diabetic subjects,
which was mainly attributed to an increase in cholesterol efflux [114]. In addition, a deletion of
adipoR1 in macrophages from diabetic patients accelerated foam cell formation induced by oxidized
LDL [114]. A strong positive correlation was noted between decreased serum adiponectin and impaired
cholesterol efflux capacity, both before and after adjustment for HDL-C and apo-AI in diabetic patients
(both p < 0.001) [114]. The adiponectin-treated macrophages contained fewer lipid droplets stained by
oil red O [3]. The adipocyte-derived plasma protein adiponectin suppressed macrophage-to-foam cell
transformation by reducing the expression of class A macrophage scavenger receptor at both mRNA
and protein levels [3].

Kubota et al. carried out serum cholesterol efflux studies in individuals with glucose
intolerance [115]. An inverse correlation was found between the cholesterol efflux capability and the
extent of glucose intolerance in an oral glucose tolerance test. An improvement of glucose metabolism
and insulin resistance may ameliorate cholesterol efflux. Interestingly, enhanced cholesterol efflux
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to HDL through the ABCA1 transporter was observed in hypertriglyceridemic patients with type 2
diabetes [116,117]. Further, enhanced efflux of cholesterol from ABCA1-expressing macrophages to
serum was observed in patients with hypertriglyceridemia [118].

4.4. Putative Molecular Anti-Atherosclerotic Effects of Adiponectin

Possible anti-atherosclerotic effects of adiponectin are shown in Figure 3.

Figure 3. Possible anti-atherosclerotic effects of adiponectin and improvement of lipid/glucose
metabolism by adiponectin. The red words in the red squares show the anti-arteriosclerotic effects of
adiponectin. HDL, high-density lipoprotein; LDL, low-density lipoprotein; PG, plasma glucose; SR,
scavenger receptor; TG, triglyceride.

5. How can We Increase Adiponectin?

5.1. Weight Loss

A systematic review which assessed the consequences of all types of obesity surgery showed that
adiponectin was significantly increased after bariatric surgery [119]. Sibutramine is an anti-obesity
medication whose effects on weight loss have been widely explored. A systematic review and
meta-analysis of available evidence was conducted in order to calculate the effect size of sibutramine
therapy on adipokines [120]. Random-effect meta-analysis evidenced a significant increase of
adiponectin (weighted mean difference (WMD) 9.86%, 95%CI: 1.76, 17.96, p = 0.017) following
sibutramine therapy. A systematic review and meta-analysis of clinical trials that assessed the effect
of a low-calorie diet on adiponectin concentration showed that a weight-loss diet can substantially
increase the overall adiponectin concentration (Hedges’ g = 0.34, 95% CI:0.17–0.50, p < 0.001) [121].

5.2. Exercise

We examined the effects of supervised aerobic exercise on serum adiponectin and lipids in
patients with moderate dyslipidemia. In this study, 25 patients (mean BMI, 24.6 kg/m2; mean age,
39 years; mean total cholesterol, 226 mg/dL; mean TG, 149 mg/dL) without metabolic syndrome,
diabetes, and hypertension underwent a 16-week supervised aerobic exercise program (60 min/day,
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2 to 3 times/week) with moderate exercise intensity [122]. Adiponectin significantly increased by
51% at week 16, although changes in these parameters were not significant at week 8 [123]. Several
meta-analyses have shown that the exercise increased serum adiponectin [124–127], supporting our
study result.

5.3. Nutritional Factors

5.3.1. Vitamins

Vitamin D has been proposed to have anti-inflammatory properties. A meta-analysis was
performed to examine the effect of vitamin D supplementation on adipocytokines in patients with type
2 diabetes [128]. In the meta-analysis of 20 randomized controlled trials (RCTs) (n = 1270 participants),
vitamin D-supplemented groups had lower levels of CRP and TNF α and higher levels of leptin
compared with control groups. However, no differences were observed for adiponectin. Also another
meta-analysis did not indicate a significant effect of vitamin D supplementation on serum adiponectin
levels [123].

A meta-analysis assessed the effects of vitamin K supplementation on a homeostasis model
assessment of insulin resistance (HOMA-IR), fasting plasma glucose and insulin, CRP, adiponectin,
leptin, or IL-6 levels [129]. A total of eight trials involving 1077 participants met the inclusion criteria.
Vitamin K supplementation did not affect insulin sensitivity as measured by HOMA-IR, fasting plasma
glucose and insulin, CRP, adiponectin, leptin, and IL-6 levels.

5.3.2. Polyphenols

Resveratrol is a non-flavonoid polyphenol that naturally occurs as phytoalexin. The shell and
stem of Vitis vinifera L. (Vitaceae) are the richest sources of this compound. A variety of in vitro
and in vivo studies suggested the effectiveness of resveratrol in diabetes [130]. A systematic review
and a meta-analysis of available RCTs to elucidate the role of resveratrol supplementation on
adipokines showed a significant change in serum adiponectin concentrations following resveratrol
supplementation (WMD: 1.10 μg/mL, 95% CI: 0.88, 1.33, p < 0.001) [131].

5.3.3. Carotenoids

Astaxanthin is a naturally occurring red pigmented carotenoid classified as a xanthophyll, found
in microalgae and seafood such as salmon, trout, and shrimp. Astaxanthin as a bioactive compound has
a potential role in the prevention of atherosclerosis and a beneficial effect on adiponectin levels [132].
We performed an RCT of astaxanthin analyzing metabolic parameters. Placebo-controlled astaxanthin
administration at doses of 0, 6, 12, 18 mg/day for 12 weeks was randomly allocated to 61 non-obese
subjects with fasting serum TG of 120-200 mg/dL and without diabetes and hypertension, aged
25–60 years. Serum adiponectin was increased by astaxanthin (12 and 18 mg/day), and changes in
adiponectin correlated positively with HDL-C changes, independent of age and BMI [133].

Carotenoids have been implicated in the regulation of adipocyte metabolism. Canas et al. compared
the effects of mixed-carotenoid supplementation (MCS, which contains β-carotene, α-carotene,
lutein, zeaxanthin, lycopene, astaxanthin, and γ-tocopherol) to those of a placebo on adipokines
in children with obesity [134]. An RCT to evaluate the effects of MCS over 6 months was performed.
Twenty children (6 male and 14 female) with simple obesity (BMI > 90%) and a mean age (± SD) of
10.5 ± 0.4 years, were enrolled. MCS increased total adiponectin and HMW adiponectin compared
with the placebo.

Another study assessed the effects of 280 mL of tomato juice (containing 32.5 mg of lycopene)
consumed daily in addition to a normal diet and an exercise program for 2 months [135]. The tomato
juice supplementation significantly reduced body weight, body fat, waist circumference, and BMI, and
significantly increased serum adiponectin levels. The intervention included 10 weeks of consumption of
a tomato-based diet (≥25 mg lycopene daily) with an intermediate 2-week washout and was performed
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in 70 postmenopausal women with mean age of 57.2 years and mean BMI of 30.0 kg/m2 [136]. After the
tomato intervention, adiponectin concentration increased (ratio 1.09, 95%CI 1.00–1.18), with a stronger
effect observed among nonobese women (ratio 1.13, 95% CI 1.02–1.25).

A positive association between concentrations of β-carotene and adiponectin independent of sex,
age, smoking status, BMI, and waist circumference was observed in non-diabetic obese subjects. [137].
In this cross-sectional study which assessed whether serum carotenoids are associated with HMW
adiponectin in 437 Japanese subjects (116 men and 321 women), serum β-carotene concentrations were
significantly associated with serum HMW adiponectin concentrations in both sexes (standardized β

coefficient = 0.197, p = 0.036 for men; standardized β coefficient = 0.146, p = 0.012 for women) [138].
Serum β-cryptoxanthin levels are lower in overweight subjects than in normal subjects.

An intervention study consisted of a three-week long before-and-after controlled trial, where
β-cryptoxanthin (4.7 mg/day) was given to 17 moderately obese postmenopausal women [139].
Serum HMW adiponectin levels significantly increased after this intervention. An RCT tested the effects
of antioxidant (AOX) supplementation (vitamin E, 800 IU/day; vitamin C, 500 mg/day; β-carotene,
10 mg/day) on insulin sensitivity and adipokines in overweight and normal-weight individuals
(n = 48, aged 18–30 years) [140]. The participants received either AOX or a placebo for 8 weeks.
Adiponectin increased in both AOX groups. In another RCT by the same research group, overweight
(BMI, 33.2 ± 1.9 kg/m2) and comparative normal-weight (BMI, 21.9 ± 0.5 kg/m2) adults, aged 18 to
30 years old (n = 48), were enrolled [141]. Either daily AOX treatment or placebo were administered for
8 weeks to the study subjects who completed a standardized 30-minute cycle exercise bout at baseline
and week 8. Adiponectin was increased in both overweight and normal-weight AOX groups (22.1% vs.
3.1%; p < 0.05) but reduced in placebo groups.

5.3.4. Omega-3 FA

Fish oil, a source of omega-3 FAs, improves insulin sensitivity in animal experiments, but
findings remain inconsistent in humans. A meta-analysis of RCTs determined the effect of omega-3 FA
consumption on circulating adiponectin in humans [142]. Fourteen RCT arms evaluated fish oil (fish oil,
n = 682; placebo, n = 641). Fish oil increased adiponectin by 0.37 μg/mL (95% CI 0.07; 0.67, p = 0.02).
To determine the effects of omega-3 FA supplementation on adipocytokine levels in adult prediabetic
and diabetic individuals, a meta-analysis of RCTs was performed [143]. Fourteen individual studies
(n = 685) were included in the meta-analysis. Omega-3 FA supplementation increased adiponectin by
0.48 μg/mL (95% CI, 0.27 to 0.68; p < 0.00001). In the meta-analysis of RCTs which assessed the effects
of omega-3 FA in women with polycystic ovary syndrome (PCOS), nine trials involving 591 patients
were included. Compared with the control group, omega-3 FA increased adiponectin level (weighted
mean difference (WMD) 1.34; 95% CI 0.51 to 2.17; p = 0. 002) [144]. In the meta-analysis of RCTs
in patients with type 2 diabetes, omega-3 FA increased adiponectin by 0.57μg/mL (95% CI 0.15 to
1.31; p = 0.01) [145]. Another meta-analysis in patients with type 2 diabetes showed a nonsignificant
increase (MD = 0.17 μg/mL (95% CI 0.11 to 0.44)) of adiponectin [146].

5.4. Anti-Diabetic Drugs

5.4.1. Thiazolidinediones

A systematic review which summarizes the evidence of the effect of thiazolidinediones
(pioglitazone and rosiglitazone) on circulating adiponectin levels was performed through a systematic
search in PubMed, Scopus, and Cochrane Library. A significant increase in adiponectin (80-178%) after
thiazolidinediones treatment was observed in all included studies [147]. Our systematic review also
reported that pioglitazone increased serum adiponectin levels [148]. Further, stopping pioglitazone
was associated with a subsequent decrease in adiponectin (from 9.7 ± 9.1 to 5.1 ± 4.5 μg/ml) [149].
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5.4.2. Metformin

To provide high-quality evidence about the effect of metformin on adipocytokines in patients
with PCOS, relevant studies that assessed the levels of adiponectin in patients with PCOS treated with
metformin were reviewed and analyzed [150]. A total of 34 data sets were included, with four different
outcomes, involving 744 women with PCOS. Metformin treatment was associated with significantly
elevated serum adiponectin concentrations [standard mean difference (SMD) −0.43; 95%CI −0.75 to
−0.11]. In a meta-analysis to investigate and determine the role of metformin on serum adiponectin
levels in patients with type 2 diabetes, 18 cohort studies conducted among Asians and Caucasians
from 2004 to 2013 were examined [151]. Post-treatment serum adiponectin levels were higher than
pre-treatment levels in patients with type 2 diabetes (SMD = 0.19, 95% CI 0.09 to 0.30, p < 0.001).

5.4.3. α-Glycosidase Inhibitors

Miglitol, one of α-glycosidase inhibitors, has been reported to increase serum adiponectin
levels [152]. Adiponectin levels were significantly increased by miglitol (p < 0.01), and the significant
increase in adiponectin by miglitol was inversely correlated with the ratio between the 60 minute
change in blood glucose at three months and the change at baseline (r = −0.59, p = 0.02), which
was independent of age, sex, changes in hemoglobin A1c and BMI, and the baseline concentration
of adiponectin [153]. Another α-glycosidase inhibitor, acarbose, has been also reported to lead to
a significant increase of adiponectin [154–156].

5.4.4. Dipeptidyl peptidase-4 inhibitors (DPP4i)

The PubMed, Embase, and Cochrane library databases were searched from inception to February
2016. RCTs evaluating DPP4i (sitagliptin and vildagliptin) versus placebo or an active control drug
in type 2 diabetic patients, lasting≥12 weeks, were identified [157]. Weighted mean differences in
adiponectin levels were calculated by using a fixed- or random-effects model. Ten RCTs, including
1495 subjects, were identified. Compared with the placebo, DPP4i (sitagliptin and vildagliptin)
treatment significantly elevated adiponectin levels by 0.74 μg/mL (95%CI, 0.45 to 1.03), whereas,
the difference was 0.00 μg/mL (95% CI, −0.57 to 0.56) when using an active-comparison.

5.4.5. Glucagon-like peptide-1 (GLP-1) analogues

The GLP-1 receptor agonist liraglutide did not change adiponectin levels in women with
PCOS [158]. Liraglutide reduced HbA1c and adiponectin (all p < 0.05) in patients with non-alcoholic
steatohepatitis [159]. An eight-week liraglutide therapy was associated with an increase in the levels
of adiponectin (4480 vs. 6290 pg/mL, p < 0.002) in patients with type 2 diabetes [160]. However,
liraglutide reduced serum adiponectin levels in Japanese patients with type 2 diabetes [161,162].
Exenatide significantly increased adiponectin levels after three months compared with baseline in
patients with obesity and type 2 diabetes (p < 0.05) [163]. The adiponectin level was significantly
increased by the addition of exenatide (0.39 ± 0.32 vs. −1.62 ± 0.97 μg/mL in exenatide and placebo
groups, respectively, p = 0.045) in patients with poorly controlled type 2 diabetes [164].

5.4.6. Sodium–glucose cotransporter 2 inhibitors (SGLT-2i)

The new drugs for type 2 diabetes SGLT-2i are reversible inhibitor of SGLT-2, leading to a
reduction of renal glucose reabsorption and a decrease of plasma glucose, in an insulin-independent
manner. Since SGLT-2i are proved to be significantly associated with weight loss, we have predicted
that SGLT-2 inhibitors may increase adiponectin [165]. Dapagliflozin, ipragliflozin, and canagliflozin
showed a significant increase of adiponectin [166–172].

165



Int. J. Mol. Sci. 2019, 20, 1190

5.4.7. Sulfonyl Urea

In RCTs which investigated the effects of new anti-diabetic drugs (pioglitazone, DPP4i, and
SGLT-2i) on adiponectin, glimepiride, a sulfonyl urea, has been used as a comparator [168,173–178].
Glimepiride is less likely to increase adiponectin than other oral anti-diabetic drugs. To observe the
efficacy and safety of adding glimepiride to an established insulin therapy in poorly controlled type
2 diabetes and to assess the resulting changes in the HMW adiponectin serum levels and glycemia
after glimepiride treatment, 56 subjects with poorly controlled insulin-treated type 2 diabetes were
randomly assigned to either the glimepiride-treated group (n = 29) or the insulin-increasing group
(n = 27) [179]. HMW adiponectin serum levels were significantly increased in the glimepiride-treated
group compared with the insulin-increasing group. Changes in HbA1c were inversely correlated with
changes in serum HMW adiponectin in the glimepiride-treated group (r = −0.452, p = 0.02).

5.5. Hypolipidemia Drugs

5.5.1. Statin

A meta-analysis of 12 RCTs with 16 comparisons and 1042 patients showed that serum adiponectin
was not significantly affected by simvastatin (WMD: 0.42 μg/mL; 95% CI, −0.66 to 1.50 μg/mL) [180].
In a systematic review and meta-analysis of 43 studies, a significant increase in plasma adiponectin
levels was observed after statin therapy (WMD: 0.57 μg/mL, 95% CI: 0.18 to 0.95, p = 0.004) [181].
In subgroup analysis, atorvastatin, simvastatin, rosuvastatin, pravastatin, and pitavastatin were found
to change plasma adiponectin concentrations by 0.70 μg/mL (95% CI: −0.26 to 1.65), 0.50 μg/mL
(95% CI: −0.44 to 1.45), −0.70 μg/mL (95% CI: −1.08 to −0.33), 0.62 μg/mL (95% CI: −0.12 to 1.35),
and 0.51 μg/mL (95% CI: 0.30 to 0.72), respectively.

5.5.2. Ezetimibe

A meta-analysis of 23 RCTs did not suggest any significant effect of adding ezetimibe to statin
therapy on plasma concentrations of adiponectin (SMD 0.34, 95% CI −0.28 to 0.96; p = 0.288) [182].

5.5.3. Fibrate

Out of 12 RCTs comprising 443 cases and 437 controls met the selection criteria for systematic
review, 9 RCTs (399 cases and 401 controls) were included in the meta-analysis. Quantitative data
synthesis revealed a significant effect of fibrate therapy in increasing circulating adiponectin levels
(WMD: 0.38 μg/mL; 95%CI: 0.13 to 0.63 μg/mL; p = 0.003) [183]. In the head-to-head comparison
of fibrates versus statins for the elevation of circulating adiponectin concentrations by a systematic
review and meta-analysis, monotherapies with either fibrates or statins had comparable effects on
circulating concentrations of adiponectin [184].

5.6. Anti-Hypertensive Drugs

Angiotensin II receptor blocker (ARB)

Telmisartan has been proposed to be a promising cardiometabolic ARB due to its unique
PPAR-γ-inducing property. In a meta-analysis of RCTs, the pooled analysis suggested a significant
increase in % changes of adiponectin (0.75; 95% CI, 0.40 to 1.09; p < 0.0001) among patients with
metabolic syndrome randomized to receive telmisartan or control therapy [185]. The pooled analysis
of the 11 trials (1088 patients) demonstrated a statistically significant increase in the percent changes
of adiponectin levels (MD, 15.74%; 95% CI, 4.95% to 26.52%; p = 0.004) with telmisartan relative to
other ARB therapies [186]. A systematic review of the effect of telmisartan on insulin sensitivity in
hypertensive patients with insulin resistance or diabetes was performed [187]. Eight trials involving
a total of 763 patients met the inclusion criteria. Telmisartan was superior to other ARBs in increasing
adiponectin level (MD, 0.93 μg/dL; 95% CI, 0.28 to 1.59 μg/dL; p = 0.005).
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5.7. Summary of Possible Factors Which Increase Circulating Adiponectin Levels

The summary of possible factors which increase circulating adiponectin levels are shown in
Table 1.

Table 1. Possible factors which increase circulating adiponectin levels.

1. Weight Loss

Bariatric Surgery
Sibutramine
Low Calorie Diet

2. Exercise

3. Nutritional Factors

Resveratrol
Astaxanthin
Mixed-Carotenoid Supplementation (β-carotene, α-carotene,
Lutein, Zeaxanthin, Lycopene, Astaxanthin, γ-tocopherol)
Tomato Juice
β-carotene
β-cryptoxanthin
Antioxidant Supplementation (Vitamin E, Vitamin C, β-carotene)
Omega-3 Fatty Acids

4. Anti-Diabetic Drugs

Thiazolidinediones
Metformin
α-Glycosidase Inhibitors (Miglitol, Acarbose)
Dipeptidyl Peptidase-4 Inhibitors
Glucagon-Like Peptide-1Analugues (Liraglutide < Exenatide)
Sodium-Glucose Cotransporter 2 Inhibitors

5. Hypolipidemia Drugs

Statin
Fibrate

6. Anti-Hypertensive Drugs

Angiotensin II Receptor blockers (Telmisartan)

6. Conclusions

Adiponectin reduces inflammatory cytokines and oxidative stress, which lead to an improvement
of insulin resistance. Adiponectin-induced improvement of insulin resistance and adiponectin itself
reduce hepatic gluconeogenesis and glycogenolysis and increase the utilization of glucose and
FA by skeletal muscles, resulting in lower glucose levels. Adiponectin has also β-cell protective
effect. A great number of previous studies demonstrated that adiponectin increases HDL and
decreases TG. Adiponectin increases ABCA1 and LPL and decreases hepatic lipase, which may
elevate HDL. Increased mass and activity of LPL and VLDL-receptor and reduced apo-CIII may
increase VLDL catabolism and result in the reduction of serum TG. Further, adiponectin has various
anti-atherosclerotic properties such as reduction of scavenger receptor in macrophages and increase of
cholesterol efflux. These findings suggest that high circulating adiponectin levels can protect against
atherosclerosis. Weight loss, exercise, nutritional factors, anti-diabetic drugs, hypolipidemic drugs,
and anti-hypertensive drugs have been associated with an increase of serum adiponectin levels.
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Abbreviations

ABCA1 ATP-binding cassette transporter A1
AMPK adenosine monophosphate-activated protein kinase
AOX antioxidant
ARB angiotensin II receptor blockers
BMI body mass index
CAD coronary artery disease
CI confidence intervals
CRP C-reactive protein
CVD cardiovascular diseases
DPP4i dipeptidyl peptidase-4 inhibitors
GLUT-4 glucose transporter-4
G6Pase glucose-6-phosphatase
eNOS endothelial nitric oxide synthase
FA fatty acid
FFA free fatty acids
GLP-1 glucagon-like peptide-1
HDL high-density lipoprotein
HMW high-molecular weight
HL hepatic lipase
HOMA-IR homeostasis model assessment of insulin resistance
HR hazard ratio
HSL hormone-sensitive lipase
IDL intermediate-density lipoprotein
IL interleukin
iNOS inducible nitric oxide synthase
LDL low-density lipoprotein
LPL lipoprotein lipase
MCS mixed-carotenoid supplementation
NADPH nicotinamide adenine dinucleotide phosphate
NF-κB nuclear factor-κB
NO nitric oxide
PCOS polycystic ovary syndrome
PPAR peroxisome proliferator-activated receptor
PEPCK phosphoenolpyruvate carboxy kinase
RCTs randomized controlled trials
S1P sphingosine 1-phosphate
Sd-LDL small dense LDL
SGLT-2i sodium–glucose cotransporter 2 inhibitors
SMCs smooth muscle cells
SMD standard mean difference
SR scavenger receptor
TNF-α tumor necrosis factor-alpha
TG triglycerides
VLDL very low density lipoprotein
VLDL-R very low density lipoprotein receptor
WMD weighted mean difference
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Abstract: Adiponectin, an adipokine secreted by adipocytes, exerts favorable effects in the milieu
of diabetes and metabolic syndrome through its anti-inflammatory, antifibrotic, and antioxidant
effects. It mediates fatty acid metabolism by inducing AMP-activated protein kinase (AMPK)
phosphorylation and increasing peroxisome proliferative-activated receptor (PPAR)-α expression
through adiponectin receptor (AdipoR)1 and AdipoR2, respectively, which in turn activate
PPAR gamma coactivator 1 alpha (PGC-1α), increase the phosphorylation of acyl CoA oxidase,
and upregulate the uncoupling proteins involved in energy consumption. Moreover, adiponectin
potently stimulates ceramidase activity associated with its two receptors and enhances ceramide
catabolism and the formation of its anti-apoptotic metabolite, sphingosine 1 phosphate (S1P),
independently of AMPK. Low circulating adiponectin levels in obese patients with a risk of insulin
resistance, type 2 diabetes, and cardiovascular diseases, and increased adiponectin expression in
the state of albuminuria suggest a protective and compensatory role for adiponectin in mitigating
further renal injury during the development of overt diabetic kidney disease (DKD). We propose
AdipoRon, an orally active synthetic adiponectin receptor agonist as a promising drug for restoration
of DKD without inducing systemic adverse effects. Its renoprotective role against lipotoxicity and
oxidative stress by enhancing the AMPK/PPARα pathway and ceramidase activity through AdipoRs
is revealed here.

Keywords: adiponectin; metabolism; AdipoRon; lipotoxicity

1. Introduction

With the advent of modern conveniences promoting increased dietary ingestion and a sedentary
lifestyle, it is inevitable that a higher proportion of the population is exposed to a state of energy excess
that contributes to the exponential growth of diabetes and obesity-related diseases [1]. White adipose
tissue stores energy in the form of triglycerides during nutritional affluence, but as its storage capacity
becomes saturated, excess fat is redirected to non-adipose tissues, entering alternative non-oxidative
pathways and promoting the organ-specific production of toxic lipid metabolites [2].

Derangements in lipid metabolism play a crucial role in the development and progression of
diabetic kidney disease (DKD). The accumulation of free fatty acids, which are otherwise used as an
energy source, in glomerular and tubular epithelial cells of diabetic kidneys indicates a state of energy
surplus. This altered energy balance leads to lipotoxicity in the kidney, which is characterized by the
deposition of fatty acid metabolites such as triglycerides, diacylglycerols, and ceramides, leading to
intrarenal toxicity and cell death [3].
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The role of adipose tissue or adipocytes as an endocrine organ secreting various adipokines,
in particular adiponectin, has come to the forefront in the fight against diabetes and metabolic
syndrome because it has been demonstrated to exert pro-metabolic effects through the modulation of
glucose and lipid homeostasis both directly, in an organ-specific manner, and indirectly, by systemic
amelioration of insulin sensitivity [4]. Indeed, the increased circulating adiponectin levels in patients
with end-stage renal disease [5] and the increased expression of adiponectin receptors that positively
correlates with serum and urinary adiponectin levels in rats with chronic renal failure [6] indicate that
there might be an intriguing link between adiponectin and the kidney in the setting of renal injury. In
this review, we deal with the molecular signaling pathways involved in adiponectin and its receptor
binding, placing an emphasis on the recent progress in research on the role of the adiponectin receptor
agonist, AdipoRon, in DKD.

2. Adiponectin in Renal Physiology: Its Association with Albuminuria and Glomerular
Filtration Rate

Adiponectin circulates in a combination of three forms: (1) low-molecular-weight trimers
that oligomerize to form (2) middle-molecular-weight hexamers that in turn agglomerate to form
(3) high-order structures of oligomers of up to 800 kDa that potentiate the strongest insulin-sensitizing
activity in hepatocytes [7]. Circulating adiponectin is primarily eliminated by the liver, and secondarily
by the kidneys [8]. Since adiponectin monomers (28 kDa) and dimers are small enough to cross the
glomerular filtration barrier, they can be detected in the urine of healthy individuals [9], whereas
high-molecular-weight adiponectin has been reported to be excreted to a considerable extent in the
urine of albuminuric and proteinuric patients, possibly as a result of leakage through a dysfunctional
glomerular filtration barrier [10].

The association between plasma adiponectin concentration and urinary adiponectin excretion rate
in proteinuric patients with or without diabetes is unclear. In those with low-grade microalbuminuria,
a study involving subjects mainly of obese and metabolic syndrome backgrounds with a preserved
glomerular filtration rate (GFR) found that urinary adiponectin and albumin excretion rates were
negatively correlated with the plasma adiponectin level [11–13]. In contrast, a study population
consisting of diabetics with reduced GFR and macroalbuminuria demonstrated a positive relationship
between circulating adiponectin levels and urinary adiponectin and albumin excretion rates [5,14].
In a subpopulation analysis, an inverse relationship between the serum adiponectin level and urinary
protein excretion rate in patients with type 2 diabetes with preserved GFR was attributed to the
decrease in serum adiponectin associated with increased insulin resistance [15], whereas an increase
in serum adiponectin levels has been established in patients with type 1 diabetes [16]. This increase
in urinary or serum adiponectin concentration is not in its receptor-bound form and thus it is not
metabolically active. Markedly increased adiponectin has been consistently reported in patients with
both chronic kidney disease (CKD) and end-stage renal disease (ESRD), and this upregulation of
circulating adiponectin has been deemed a compensatory mechanism to relieve further renal injury
and subsequent unbound form adiponectin in excess may have been filtered through loosened and
defective glomerular filtration barrier and excreted in the urine [17,18].

Several contradictory observations have been reported in the literature to date. It is hard to
interpret the adiponectin-albuminuria association in the setting of DKD since impaired GFR frequently
coexists that tends to increase circulating adiponectin level, and its impact cannot be investigated
separately from the presence of albuminuria. Moreover, the effect of antidiabetic regimen that patients
might have been following could also influence circulating adiponectin levels, further hindering
the identification of a causal relationship. Collectively, an increase in serum adiponectin together
with decreased urinary adiponectin and albumin excretion rates and decreased GFR point towards
a renoprotective role for adiponectin in decreasing its urinary loss and preserving renal function.
Nevertheless, it is important to balance these strong clinical correlations with consideration of whether
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alterations in adiponectin are always a cause or a consequence of disease states, and thus, it is likely
that the timing of targeted adiponectin therapy will be vital to its success in this metabolic milieu.

3. Expression of Adiponectin and Its Receptors and Their Implication for Renoprotection

In the kidney, adiponectin is found on the endothelium of the glomerular and peritubular
capillaries, on the smooth muscle cells of intrarenal arteries/arterioles, and proximal and distal
tubular epithelial cells [19,20]. It has been reported that a fair amount of AdipoR1 is expressed in the
cells constituting the glomerulus: endothelial cells, podocytes, mesangial cells, and Bowman’s capsule
epithelial cells, as well as in proximal tubular cells, whereas AdipoR2 is expressed to a lesser degree on
glomeruli and proximal tubular cells [20,21].

The renoprotective properties of adiponectin through binding to its receptors have been
implicated in several rodent models. Sharma et al. demonstrated that adiponectin knockout mice
exhibited increased albuminuria and segmentally fused podocyte foot processes that were restored by
adiponectin administration. In addition, albumin permeability across a differentiated podocyte cell
monolayer was reduced by the addition of adiponectin in vitro. 5-aminoimidazole-4-carboxamide-1-
β-D-ribonucleoside (AICAR), a specific activator of AMPK, reduced the permeability of podocytes
to albumin, whereas adenine 9-β-D-arabinofuranoside, a specific inhibitor of AMPK, increased
the permeability of podocytes to albumin, suggesting a protective role of adiponectin against the
development of albuminuria, at least in part, through the direct action of adiponectin-induced
activation of the AMPK pathway in podocytes. This was independent of adiponectin’s systemic
effect, since AMPK activation in podocytes was induced specifically by restoring the localization of
zona occludens-1 along the plasma membrane of podocytes, which contributed to the podocytes’
structural and functional integrity associated with tight junction adherence and the narrowing of the
slit diaphragm [21].

Rutkowski et al. generated a mouse model that allowed the induction of caspase-8-mediated
apoptosis specifically in podocytes (POD-ATTAC mice). POD-ATTAC mice lacking adiponectin
developed significant albuminuria and ablated podocytes; however, adiponectin-overexpressing
POD-ATTAC mice recovered renal function and ameliorated podocyte injury and interstitial fibrosis,
suggesting that adiponectin helped to reverse podocyte injury and restore renal function [22].

Fang et al. confirmed the hypothesis that adiponectin may attenuate the deleterious effects of
angiotensin II in renal tubular cells by showing that angiotensin II-induced nicotinamide adenine
dinucleotide phosphate (NADPH) oxidase activation and oxidative stress were attenuated by
AdipoR1 activation. Activation of AMPK with AICAR mimicked the effect of adiponectin on
angiotensin II-induced activation of NADPH oxidase. Angiotensin II-induced activation of NADPH
oxidase was abrogated by coincubation with the AMPK inhibitor compound C, indicating that
the renoprotective effect of adiponectin binding to AdipoR1 was achieved through the subsequent
activation of AMPK [23].

Yu et al. created a chronic renal failure rat model by adenine administration that exhibited
increased serum and urinary adiponectin levels that positively correlated with the intrarenal expression
of both AdipoR1 and AdipoR2. Significant upregulation of the expression of adiponectin and its
receptors might be reflective of an adaptive renal response to compensate for ongoing renal injury [6].
These data suggest that adiponectin’s effect on its specific target organ might be achieved by binding to
its receptors in the relevant tissues, independently of its systemic effect. The above-mentioned studies
investigating the renoprotective effects of adiponectin concerning podocyte recovery were carried out
exclusively in rodent experimental settings. Therefore, the relevance of these studies to the human
situation in different pathological backgrounds should be interpreted with caution.

Our study investigating the expression of adiponectin receptors in human diabetic kidneys
demonstrated significantly decreased expression of AdipoR1 and AdipoR2, even at an early stage of
CKD, that was maintained throughout the progression of CKD stages compared to that of non-diabetic
kidneys, and this down-regulation of adiponectin receptors might be in part due to the increased insulin
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resistance in diabetes [24,25]. This is in keeping with the evidence that obesity decreases not only
plasma adiponectin levels but also AdipoR1/R2 expression, thereby reducing adiponectin sensitivity
and leading to insulin resistance, which in turn aggravates hyperinsulinemia [26]. This suggests that
both upregulation of AdipoR1 and AdipoR2 expression and agonism of AdipoRs could be potential
targets for novel treatments for insulin resistance and type 2 diabetes.

4. Signaling Pathways Associated with Adiponectin and Its Receptor Binding

Adiponectin exerts its effects via binding to three receptors: AdipoR1, AdipoR2, and T-cadherin.
AdipoR1 and AdipoR2 have seven transmembrane domains and are significantly homologous, sharing
67 % amino acid identity [27], whereas T-cadherin is considered to be an adiponectin-binding protein
but its functional significance has not been completely determined. It is thought that the latter
receptor has no effect on adiponectin’s cellular signaling or function, since it does not have an
intracellular domain [28]. The binding of adiponectin to its receptors can regulate glucose and
lipid homeostasis by promoting a strong insulin-sensitizing effect, fatty acid oxidation, mitochondrial
biogenesis, and mediating anti-oxidative and anti-inflammatory effects. AMPK and PPARα are
primary targets activated by AdipoR1 and AdipoR2, respectively [29,30].

AMPK is a metabolic master switch that regulates downstream signals based on shifts in the
surrounding energy reservoir [31]. AMPK activation can be triggered as a result of the conformational
change incurred by an adenosine monophosphate (AMP) binding to its γ subunit and phosphorylation
of the α subunit by upstream kinases, including a compound consisting of three proteins: STE-related
adaptor (STRAD), mouse protein 25, and the tumor-suppressor liver kinase B1 (LKB1) [32]. LKB1
activation and calcium influx-induced activation of Ca2+/calmodulin-dependent protein kinase kinase
β (CaMKKβ) are triggered upon AdipoR1 activation that primarily potentiates AMPK stimulation [33].
Upon activation, AMPK signals through its downstream substrates to achieve energy homeostasis
by stimulating processes that generate ATP through actions such as glucose transport, mitochondrial
biogenesis, and fatty acid oxidation, while inhibiting those that use ATP through the opposing actions
of fatty acid, protein, and glycogen synthesis [31].

AMPK modulates glucose transport in a similar way to insulin. AMPK promotes glucose uptake
in peripheral tissues by promoting GLUT4 translocation to the cell membrane and upregulating
the expression of hexokinase II [34]. Hyperglycemia-induced oxidative stress upregulates vascular
endothelial growth factor expression in podocytes that increases vascular permeability and activates
classical pathways associated with the production of advanced glycosylation end products and the
activation of protein kinase C and aldose reductase that contribute to the development of DKD through
its characteristic pathological changes in mesangial cell proliferation and hypertrophy, exacerbated
matrix production, and basement membrane thickening [35,36]. Therefore, targeting AMPK could
ameliorate these adverse effects by enhancing insulin sensitivity at the systemic level and regulating
glucotoxicity-induced oxidative stress in the target organ as well.

AMPK is also known to mediate the intracellular signaling pathway of class O forkhead box (FoxO)
proteins. FoxO proteins are transcription factors that regulate the expression of antioxidant enzymes;
promote mitochondrial biogenesis, cell survival, and longevity in several tissues; and participate in
tumor suppression [37]. The transcriptional activity of the subfamily member FoxO3a is modulated
by AMPK in response to metabolic stress to shield quiescent cells from reactive oxygen species (ROS)
by antagonizing apoptosis, which reduces oxidative stress by directly increasing the quantity of
antioxidant enzymes such as thioredoxin, peroxiredoxin, manganese superoxide dismutase (SOD),
and catalase [38]. Therefore, when activated upon ROS exposure, the AMPK-FoxO3a signaling
pathway upregulates the expression of silent information regulator T1 (SIRT1), a well-known FoxO3a
coactivator, that is thought to mediate apoptotic and autophagy crosstalk [39]. Our previous study
investigating the effect of resveratrol suggested that resveratrol can ameliorate renal cell apoptosis
and oxidative stress via activation of the AMPK-SIRT1-PGC1α axis and its consequent effects on
the phosphatidylinositol-3 kinase (PI3K)-Akt (protein kinase B)-FoxO3a pathway, which induces
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mitochondrial biogenesis and enhances its capacity to alleviate oxidative stress in DKD [40].
The renoprotective role of human recombinant extracellular superoxide dismutase (EC-SOD) on
DKD—amelioration of hyperglycemia-induced oxidative stress, inflammation, and apoptosis through
the activation AMPK-PGC1α-nuclear factor erythroid 2-related factor 2 (Nrf2) and AMPK-FoxOs
pathways—was also demonstrated in our recent study [41].

The AMPK dependent phosphorylation of downstream target substrates involved in regulating
protein translation, cell growth, and autophagy includes tuberous sclerosis complex protein-2 (TSC2)
and mammalian target of rapamycin (mTOR) complex 1 that repress protein synthesis and deliver
their renoprotective effect by inhibiting the accumulation of extracellular matrix in DKD [42].

AMPK modulates changes in lipid metabolism via the regulation of fatty acid oxidation and
cholesterol synthesis in the target organ. AMPK phosphorylation decreases the activity of the
lipogenesis-associated enzymes sterol regulatory element-binding protein-1 (SREBP-1), acetyl CoA
carboxylase-1 (ACC-1), and hydroxymethylglutaryl CoA reductase (HMGCR), which in turn limit
malonyl CoA production, attenuating the inhibition of carnitine palmitoyl transferase-1 (CPT-1) activity
that potentiates the transport of fatty acids into the mitochondria for beta oxidation and interrupts
fatty acid synthesis [43].

Moreover, AdipoR2-induced activation of PPARα promotes fatty acid catabolism by upregulating
genes involved in fatty acid transport, binding and activation, and peroxisomal and mitochondrial
fatty acid β-oxidation. PPARα-mediated gene transcription upregulates the PGC1α and ERR1α axis
that enhances mitochondrial oxidative capacity to reduce oxidative stress and further contributes to
decreased lipid accumulation in the target organ [44]. As a result, the increased endothelial nitric
oxide synthase (eNOS) level is expected to neutralize ROS, reduce adhesion molecule synthesis,
and suppress cell proliferation, which collectively help to confer protective effects on endothelial cells
against albuminuria development in the kidney [24]. We recently unraveled a causal relationship
between lipotoxicity and lymphangiogenesis using the PPARα agonist fenofibrate that improved
intrarenal lipotoxicity and secondary lymphatic proliferation through PPARα-AMPK-pACC signaling
in DKD [45].

Adiponectin modifies the effects of toxic ceramide accumulation by binding to AdipoR1/2,
which increases ceramidase activity, catalyzing the conversion of ceramide to sphingosine and
subsequently sphingosine-1 phosphate (S1P), independently of AMPK [46]. Ceramides consist of
sphinosines and fatty acids that make up sphingomyelin, one of the major lipids in the bilayer of
the cell membrane. In addition to its original role as a structural element, sphingomyelin acts as a
cellular signaling molecule and regulates the differentiation, proliferation, programmed cell death,
and apoptosis of cells [47]. Among its different subtypes, ceramide (C)16, C18, and C24 are associated
with adverse clinical outcomes with their fatty acid components accumulating in the target organ
promoting cell apoptosis and insulin resistance [48]. Surplus fatty acids in target organ cells stimulate
the transcription of enzymes involved in ceramide biosynthesis that disrupt the association between
inhibitor 2 of protein phosphatase 2A (I2PP2A) and protein phosphatase 2A (PP2A) [49]. PP2A impairs
NO bioavailability by promoting the dephosphorylation and inactivation of Akt and B-cell lymphoma 2
(Bcl-2), leading to endothelial dysfunction and apoptosis, respectively [50,51]. Consequently, increased
ceramidase activity results in a net increase in the S1P to ceramide ratio that promotes three key
metabolic effects: it provides sphingosine and free fatty acids as ligands for PPARα, promotes the
formation of the pro-survival factor S1P, and decreases ceramide accumulation that further increases
insulin sensitivity and NO production. This is in line with our recent finding that AdipoR activation
may ameliorate intrarenal triglyceride accumulation and endothelial dysfunction through increased
ceramidase activity and the subsequent normalized ceramide to S1P ratio in DKD [25].

The studies discussed above are only a handful of many that describe the activation of AMPK,
PPARα, and enhanced ceramidase activity through AdipoR binding. Highlighting the concept of
lipotoxicity as a main contributor to the development of DKD, it is noteworthy that AdipoR1 and
AdipoR2 serve as receptors for globular and full-length adiponectin that are primarily involved in
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cellular signaling pathways promoting mitochondrial oxidative capacity and fatty acid oxidation.
This raises the potential for AdipoR activation via adiponectin binding as a therapeutic target for
optimizing lipid metabolism in DKD.

5. Adiponectin and Adiponectin Receptors as Therapeutic Targets for DKD

5.1. Strategy for Upregulation of Adiponectin and Its Receptors

The general consensus based on the available literature indicates that adiponectin is renoprotective
and, therefore, it seems a logical approach that antidiabetic therapy should be aimed at enhancing
adiponectin effects by increasing the plasma level of adiponectin itself or by activating adiponectin
receptors to increase adiponectin sensitivity, which subsequently would render pleiotropic metabolic
effects via their downstream signaling pathways.

Pravastatin therapy significantly improves insulin sensitivity and increases plasma adiponectin
levels in patients with hypercholesterolemia and in those with coronary heart disease with impaired
glucose tolerance. The mechanism involving HMG-CoA reductase inhibition may account for the
reported increased plasma adiponectin level via which this particular statin delivers its therapeutic
effect [52]. Blocking the renin-angiotensin-aldosterone system (RAAS) by either physiologic or
pharmacologic modulation of RAAS activity, e.g., by using enalapril or valsartan, increased adiponectin
production and upregulated circulating adiponectin. Valsartan blocks the constitutive angiotensin
II type 1 receptor activity involving the nuclear factor κB (NF-κB) pathway that limits PPARγ
activity in mature adipocytes, thus attenuating the proinflammatory response and enhancing the
insulin-sensitizing activities of mature adipocytes, which may underlie the beneficial metabolic impact
of angiotensin II receptor blockers (ARBs) [53]. Increasing the level of adiponectin using RAAS blockers
might improve the anti-inflammatory response in DKD by activating the AMPK and cyclooxygenase-2
pathways, and decreasing tumor necrosis factor-α (TNF-α) activity. Adiponectin has also been shown
to inhibit angiotensin II–induced activation of NADPH oxidase via the AdipoR1-mediated activation
of both AMPK and cAMP-Epac pathways [54]. Tesaglitazar is a PPARα/γ dual agonist that exerts its
favorable effect by increasing plasma adiponectin levels. It not only improved insulin resistance and
lipid metabolism at the systemic level, but also prevented albuminuria and renal glomerular fibrosis in a
diabetic mouse model, proving its potential as a promising antidiabetic agent for DKD [55]. Fenofibrate
has been reported to increase adiponectin expression in adipose tissue and serum adiponectin levels
through PPARα activation and the elevation of high-density lipoprotein levels [56]. Salsalate treatment
demonstrated metabolic improvements in terms of increased insulin sensitivity and lipid profiles
in obese Hispanics by significantly increasing serum adiponectin levels, which occurred without
alterations in adiposity [57]. Thiazolidinediones (TZD), e.g., pioglitazone and rosiglitazone, have
been shown to directly upregulate adiponectin gene transcription via activation of PPARγ in adipose
tissue, thereby promoting adipocyte differentiation and/or increasing the number of small adipocytes
that are more sensitive to insulin [58,59]. However, whether the TZD-induced increase in the plasma
adiponectin level is causally involved in the TZD-mediated insulin-sensitizing effects has not been
addressed experimentally. Rosiglitazone, a PPARγ agonist, not only improved metabolic parameters
encompassing plasma adiponectin, fasting glucose, glucose metabolic clearance rate, and TNF-α, but
also alleviated albuminuria, suggesting its potency as a renoprotective agent for T2D patients [60].
It has also become clear that a fasted/starved state, caloric restriction, and/or weight loss lead
to increases in circulating levels of adiponectin, and that SIRT1 increases adiponectin or inhibits
inflammatory cytokines by deacetylating PPARγ [61].

However, there are significant side-effects associated with chronic adiponectin upregulation.
Notably, mice genetically engineered to overexpress adiponectin and those treated with molecules that
stimulate adiponectin secretion, such as thiazolidinediones and fibroblast growth factor 21, showed
reduced bone density [62]. Heart damage—left ventricular hypertrophy in particular—was one of
the other adverse effects that has been observed in rodents upon chronic increase in adiponectin
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production [63,64]. Adiponectin may also promote adipogenesis and angiogenesis associated with
weight gain and the growth of tumors, respectively [65]. Lastly, infertility can be triggered by
chronically elevated adiponectin concentrations [66]. The mechanism by which chronic adiponectin
exposure mediates detrimental effects on various tissues is unclear. However, experimental evidences
indicate that its innate properties to self-associate into higher-order structures with high turn-over
rate and sexual dimorphism may attribute to the yet unraveled defaults associated with chronic
adiponectin exposure [8]. Moreover, in case of its association with reduced bone mass, it is implicated
that circulating adiponectin especially in its full-length form, rather than globular form, indirectly
inhibits bone mass by increasing insulin sensitivity and inhibiting the action of insulin in tissues [67,68].
These potential pitfalls will need to be addressed with deliberation when establishing a strategy
exploiting the upregulation of adiponectin and its receptors.

5.2. Development of an AdipoR Agonist, AdipoRon

Okada-Iwabu et al. identified several molecules that activate adiponectin receptors and focused
their in-depth analysis on devising an orally active synthetic compound called “AdipoRon.” AdipoRon
binds, at a low micromolar concentration, to both AdipoR1 and AdipoR2. It is capable of producing
the pro-metabolic effects of adiponectin by binding to both AdipoR1/2 and subsequently activating
AMPK, PPARα, and the transcriptional coactivator PGC1α, which boost mitochondrial proliferation
and energy metabolism [69]. When diabetic mice fed a high-fat diet were treated with AdipoRon,
the metabolic improvements, including enhanced glucose and lipid metabolism and insulin sensitivity,
were conferred in the liver and skeletal muscle, which ultimately increased their exercise endurance
capacity and extended their life span [69]. Overexpression of the oxidative stress-relieving genes
catalase and SOD might have led to the increase in lifespan [70]. Despite the aforementioned concerns,
AdipoRon did not promote weight gain in mice, and the reported observation of a prolonged life span
in diabetic mice helps to obviate some of these concerns, even though many of these effects require a
more chronic exposure to be manifested. Although the studies described focused on the endocrine
effects of AdipoRon, it is again important to consider the potential local effects of AdipoRon in the
target organ that is the diabetic kidney.

5.3. Role of AdipoRon in DKD

In human diabetic kidneys, the expression of AdipoR1, AdipoR2, and CaMKKβ, and the number
of phosphorylated LKB1- and AMPK-positive cells significantly decreased when compared to those
of controls and the extent of glomerulosclerosis and tubulointerstitial fibrosis correlated with renal
functional deterioration. In a diabetic mouse model, AdipoRon directly activated intrarenal AdipoR1
and AdipoR2, which increased CaMKKβ, phosphorylated Ser431LKB1, phosphorylated Thr172AMPK,
and PPARα expression independently of the systemic effects of adiponectin. AdipoRon also decreased
intrarenal ceramide species and restored the activity of acid ceramidase, the concentration of S1P, and
the ratio of ceramide to S1P. In vitro studies confirmed that AdipoRon increased the intracellular Ca2+

influx that activated the CaMKKβ/phosphorylated Ser431LKB1/phosphorylated Thr172AMPK/PPARα
pathway and downstream signaling, thus decreasing oxidative stress and apoptosis and improving
endothelial dysfunction in human glomerular endothelial cells and murine podocytes treated with
high-glucose- and palmitate-media. Adiponectin receptor agonism recovered podocytes’ structural
integrity as demonstrated by increased slit-diaphragm diameter and decreased foot process width,
and glomerular basement membrane (GBM) thickness in electron microscope (EM) findings. We also
confirmed favorable impact of AdipoRon on renal phenotype; it ameliorated features of DKD through
decreased intrarenal fibrosis, inflammation and apoptosis as shown by decreased mesangial fraction
area and expression of collagen IV, TGF-β, and F4/80 on PAS and immunohistochemical staining.
Collectively, AdipoRon treatment exerted renoprotective effects by improving diabetes-induced
oxidative stress and apoptosis by ameliorating relevant intracellular pathways associated with lipid
accumulation and endothelial dysfunction. Our study results suggest that AdipoRon may be a
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promising drug for the restoration of diabetic nephropathy by reducing lipotoxicity through the
activation of adiponectin receptors and downstream targets through stimulation of the intracellular
Ca2+/AMPK-LKB1/PPARα pathway and also by increasing ceramidase activity [24,25].

6. Conclusions and Future Perspectives

The rationale for targeting adiponectin is based on the well-documented beneficial physiological
actions of adiponectin spanning diabetes, inflammation, and metabolic diseases, and it is expected
that studies in animal models will translate well to human physiology in the case of adiponectin.
An excess intake of fatty acids can promote lipotoxicity and lipoapopotosis in several target organs,
including diabetic kidneys. The binding of adiponectin to AdipoRs exerts renoprotective effects by
regulating fatty acid metabolism; it enhances beta oxidation and ceramidase activity. AdipoRon
can activate AdipoRs without affecting the systemic adiponectin level. It ameliorates lipotoxicity
in DKD by increasing intrarenal AdipoRs that promote ceramidase activity and activates their
downstream signaling, including the intracellular Ca2+-CaMKKβ/LKB1-AMPK/PPARα pathway
(Figure 1). The discovery of the small molecular compound AdipoRon is an attractive therapeutic
option that would mimic or enhance the established pro-metabolic actions of adiponectin but without
the detrimental side effects due to chronic adiponectin exposure. Our recent studies highlight that
targeting adiponectin receptors with low molecular weight agonists is a viable strategy, and that
developing higher-affinity agonists with improved pharmacokinetics with a tissue- or cell-specific
delivery approach should be pursued in the future.

Figure 1. Signaling pathways associated with adiponectin and its receptor binding. AdipoR1 increases
calcium influx to activate Ca2+/calmodulin-dependent protein kinase kinase β (CaMKKβ) and
subsequent downstream kinases. AdipoR1 also activates liver kinase B1 (LKB1) and AMPK that
can increase peroxisome proliferator-activated receptor (PPAR) gamma coactivator 1 alpha (PGC-1)
expression. Activation of associated downstream pathways exert prometabolic effects by enhancing
fatty acid oxidation and mitochondrial biogenesis. AdipoR2 activate PPARα to increase fatty acid
oxidation and insulin sensitivity. AdipopR1/2 has ceramidase activity and can catalyze the conversion
of ceramide to sphingosine, which produces sphingosine-1-phosphate (S1P), subsequently increasing
S1P to ceramide ratio that further ameliorates endothelial dysfunction through increased NO level.
Insulin-stimulated FoxO1 phosphorylation through PI3K and AKT can reduce hepatic gluconeogenesis.
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Abstract: Adiponectin (APN), released mainly from adipose tissue, is a well-known homeostatic
factor for regulating glucose levels, lipid metabolism, and insulin sensitivity. A recent study showed
that human hair follicles express APN receptors and the presence of APN-mediated hair growth
signaling, thereby suggesting that APN is a potent hair growth-promoting adipokine. Previously,
kojyl cinnamate ester derivatives (KCEDs) were synthesized in our institute as new anti-aging or
adiponectin-/adipogenesis-inducing compounds. Here, we tested the activity of these derivatives to
induce endogenous APN secretion. Among the derivatives, KCED-1 and KCED-2 showed improved
activity in inducing APN mRNA expression, secretion of APN protein, and adipogenesis in human
subcutaneous fat cells (hSCFs) when compared with the effects of Seletinoid G, a verified APN
inducer. When human follicular dermal papilla cells were treated with the culture supernatant of
KCED-1- or KCED-2-treated hSCFs, the mRNA expression of APN-induced hair growth factors
such as insulin-like growth factor, hepatocyte growth factor, and vascular endothelial growth factor
was upregulated compared with that in the control. Taken together, our study shows that among
kojyl cinnamate ester derivatives, KCED-1, KCED-2, as well as Seletinoid G are effective inducers
of endogenous APN production in subcutaneous fat tissues, which may in turn contribute to the
promotion of hair growth in the human scalp.

Keywords: adiponectin; adiponectin inducer; kojyl cinnamate ester derivative; adipogenesis; hair
growth-related factor; human follicular dermal papilla cell

1. Introduction

Adipose tissue, an active metabolic and endocrine organ, plays important roles in physiological
and pathological processes by secreting a variety of soluble factors [1]. Particularly, subcutaneous fat,
a white adipose tissue beneath the skin dermis and the largest adipose tissue in the body, is involved
in regulating body temperature and skin elasticity in normal states. However, its dysregulation
is associated with abnormal states including obesity, which has impacts on skin physiology, skin
manifestations, dermatologic diseases, and lipodystrophy [2–4], indicating the important functions of
adipocytes or adipocyte-derived factors in skin pathophysiology.

Adiponectin (APN), along with leptin, is a key hormone that is exclusively released from white
adipocytes including those in subcutaneous adipose tissue and is involved in regulating glucose levels,
lipid metabolism, and insulin sensitivity [5,6]. Three types of receptor for APN have been verified:
adiponectin receptor 1 (AdipoR1), AdipoR2, and T-cadherin. AdipoR1 and AdipoR2 are integral
membrane proteins possessing seven-transmembrane domains; the N- and C-termini are internal
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and external, respectively. Both receptors bind to APNs, which exist in a trimer, a hexamer, and
high-molecular weight 12- to 18-mer by combining via collagen domain at the N-terminus, and activate
p38 MAPK, AMPK, and PPARα, thereby mediating APN-induced biological functions such as increased
fatty acid oxidation, increased glucose uptake, and decreased gluconeogenesis [5,7]. T-cadherin is
suggested to be important for APN-mediated cardioprotection [7]. Besides its roles in regulating
energy metabolism, APN was recently reported to decrease ceramide and increase sphingosine-1
phosphate, thereby protecting from apoptosis [7,8], and to display in vitro hair growth-promoting
effects on human hair follicles that express three types of APN receptors [9]. APN promotes hair shaft
elongation in organ culture, and this effect is comparable to that of minoxidil, a representative drug for
promoting hair growth. Although the stimulation of APN-associated hair growth signals via APN
receptors has been suggested as a potential clinical strategy, synthetic APNs are expensive, thereby
necessitating alternative methods.

Previously, we synthesized kojyl cinnamate ester derivatives (KCEDs) via the sequential reaction of
kojic acid (KA) with thionyl chloride and then with 3,4-(methylenedioxy) cinnamic acid (CA), generating
Seletinoid G (SG; Compound 4b) [10,11], which shows anti-aging activity and promotes APN production
in adipose tissue-derived stem cells (ADSCs) [11,12]. Similar to SG, two derivatives (Compounds 4a
and 4c) were verified to show improved activity for APN production during adipogenesis, importantly
indicating that an α,β-unsaturated carbonyl ester structure and intact KA moiety in the derivatives are
essential for promoting adipogenesis. Because of the insoluble nature of the three verified derivatives,
we further screened new KCEDs that harbor an α,β-unsaturated carbonyl structure with KA moiety
but were estimated to show high solubility. Finally, we selected two derivatives, KCED-1 and KCED-2,
and in this study examined their potential to induce APN expression and adipogenesis using human
subcutaneous fat cells (hSCFs). Furthermore, we investigated whether these two compounds could be
used to promote APN-associated hair-growth signals in human follicular dermal papilla cells (hDPCs).

2. Results and Discussion

2.1. Selected Kojyl Cinnamate Ester Derivatives Show No Significant Effect On hSCF Viability

To determine the appropriate non-cytotoxic concentration of various compounds including SG and
newly selected derivatives (KCED-1 and KCED-2) (Figure 1), hSCFs were treated with each compound
and cell viability was measured at 24 and 72 h. KA and cinnamic acid (CA), which are structural
moieties for KCEDs [10], and glibenclamide (GC), a well-known adiponectin inducer [13], were used
as negative or positive controls. These control compounds did not cause severe changes in cell viability
at tested concentrations (Figure 2). SG increased cell viability at concentrations ≤ 10 μM when treated
for 24 h but decreased significantly at concentrations ≥ 5 μM at 72 h (Figure 2A). Compared with SG,
KCED-1 and -2 increased cell viability at concentrations ≥ 10 μM at 24 h (Figure 2B,C). In particular,
KCED-1 increased cell viability at concentrations of 25 μM and 50 μM even at 72 h, whereas SG and
KCED-2 did not increase or decrease cell viability (Figure 2B,C), suggesting that KCED-1 and -2, and
particularly KCED-1, are less toxic to the cells than SG. Although SG and KCED-2 showed significant
cytotoxicity at some concentrations, according to ISO 10993-5, substances eliciting a cell viability above
80% are considered to be non-cytotoxic. Therefore, various concentrations (10 μM, 25 μM, and 50 μM)
of these three compounds were applied for examining cellular effects.

Figure 1. The structures of the kojyl cinnamate ester derivatives Seletinoid G, KCED-1, and KCED-2.
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Figure 2. The effect of SG, KCED-1, and KCED-2 on cell viability of human subcutaneous fat cells
(hSCFs). The hSCFs were treated with (A) SG, (B) KCED-1, and (C) KCED-2 for 24 or 72 h, after which
the cell viability was analyzed. The data are presented as the mean ± SD (* p < 0.05). KA-400, kojic
acid-400 μM; CA-30, cinnamic acid-30 μM; GC-30, glibenclamide-30 μM; CTL, control.

2.2. Selected Kojyl Cinnamate Ester Derivatives Induce mRNA Expression of APN

It is known that APN is released into the medium when adipocytes mature by forming lipid
droplets in the cytosol [11,14]. To validate whether newly selected KCED-1 and -2 are effective in APN
production and secretion, we treated the differentiated hSCFs with the compounds and examined the
mRNA expression levels of APN. SG has the ability to differentiate adipocytes and promote APN
production [11]; therefore, we compared the activities of the selected compounds with that of SG.
The mRNA expression of APN gene (ADIPOQ) in hSCFs was greatly upregulated by treatments
with SG, KCED-1, or KCED-2 in a dose-dependent manner compared with that of GC, the positive
control for APN induction (Figure 3). KA and CA did not induce the mRNA expression of ADIPOQ
significantly, and KCED-2 showed the strongest effect on increasing ADIPOQ levels at concentrations
of 25 μM and 50 μM.
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Figure 3. Upregulation of ADIPOQ mRNA expression by SG, KCED-1, and KCED-2 in hSCFs.
The hSCFs were treated with the indicated concentration of each compound for 14 days, and the mRNA
expression of ADIPOQ was analyzed by qRT-PCR. The data are presented as the mean ± SD (n = 3;
* p < 0.05, ** p < 0.01, and *** p < 0.001). KA, kojic acid; CA, cinnamic acid; GC, glibenclamide.

2.3. Selected Kojyl Cinnamate Ester Derivatives Promote APN Secretion and Stimulate Adipogenesis in hSCFs

Inspired by the dramatic increase in ADIPOQ mRNA levels, we determined the secreted protein
levels of APN after treatments with SG, KCED-1, and KCED-2 during differentiation of hSCFs.
Compared with the non-treated control, treatments with KA and GC, but not CA, increased the
secretion of APN weakly but significantly (Figure 4A). Compared with GC, SG, KCED-1, and KCED-2
dramatically increased the APN secretion at concentrations of 25 μM and 50 μM. Consistent with
the result in mRNA expression, KCED-2 treatment increased the APN secretion significantly at
concentrations as low as 10 μM, which is one-third of the GC concentration, and showed the strongest
effect on APN induction. APN is an essential factor in regulating lipid metabolism by inducing
adipogenesis, fatty acid oxidation, and mitochondria biogenesis, thereby protecting obesity, insulin
resistance, and type 2 diabetes [15–17]. We examined the degree of adipocyte differentiation by staining
the lipid droplets formed after treatment with each compound. Compared with the non-treated control
cells, where the lipid droplets were barely formed and stained, hSCFs treated with KA, CA, or GC
showed weak but increased signals in Oil Red O staining, with GC showing the strongest signal
among the three (Figure 4B). Compared with the effects of these compounds, hSCFs treated with SG,
KCED-1, or KCED-2 showed remarkably increased signals in lipid staining in dose-dependent manners,
indicating the increased formation of lipid droplets and strong adipogenesis by the KCEDs. Consistent
with the results observed with induction of APN mRNA and protein levels, KCED-2 showed the
stronger effect in inducing adipogenesis than SG and KCED-1, when considering the signal intensity at
identical concentrations.
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Figure 4. SG, KCED-1, and KCED-2 promote adiponectin secretion and stimulate adipogenesis in
hSCFs. The hSCFs were pre-cultured for two days and differentiated for another 14 days using
the differentiation medium supplemented with each compound. (A) The secreted APN levels were
quantitatively determined using ELISA assay kit. The data are presented as the mean ± SD (n = 3;
* p < 0.05, ** p < 0.01, and *** p < 0.001). (B) Lipids droplets were stained with Oil Red O dye. Scale bar,
200 μm.

2.4. APN-Containing Culture Supernatants Induce the Expression of Hair Growth-related Factors in Human
Follicular Dermal Papilla Cells

Based on the previous report that APN shows hair growth-promoting effect on human hair follicles
in vitro and ex vivo organ culture [9], APN has been suggested as a potential hair growth-promoting
adipokine. Therefore, we investigated whether the hSCF-derived, APN-enriched conditioned media
after treatments of SG, KCED-1, or KCED-2 could influence the expression of hair growth-related
factors in hDPCs, which are known to express APN receptors [9]. Synthetic APN peptides were used as
positive control and the treatment of these peptides significantly upregulated the mRNA expression of
insulin-like growth factor 1 (IGF-1), vascular endothelial growth factor (VEGF), and hepatocyte growth
factor (HGF), which were previously verified to be increased by APN in cultured hDPCs [9], compared
with that seen in non-treated control (Figure 5). In contrast to these growth factors, transforming
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growth factor beta-1 (TGF-β1) was not significantly affected by APN peptides in our culture system,
although it was reduced by APN treatment in hDPCs in previous study [9]. We treated hDPCs with
various concentrations (5%, 10%, and 50%) of SG-, KCED-1-, or KCED-2-treated hSCF conditioned
media for 48 h and examined the mRNA expression of hair growth-related factors. As expected, hDPCs
showed increased mRNA levels of IGF-1, VEGF, and HGF in a concentration-dependent manner and
the effects were comparable to those seen after APN peptide-treatment (Figure 5). TGF-β1 mRNA
levels were prone to be decreased weakly but relatively by the treatments of KCED-1-, KCED-2-treated,
or 50% of SG-treated hSCF conditioned media compared with control treatment. These results suggest
that SG-, KCED-1-, or KCED-2-treated hSCF media could contribute to hair growth promotion in vitro
by stimulating hDPCs similar to treatment with APN.

Figure 5. The SG-, KCED-1-, or KCED-2-treated hSCF media increase the mRNA levels of hair
growth-related growth factors in hDPCs. The hDPCs were treated with different volumes of 50 μM
SG-, KCED-1-, or KCED-2-treated hSCFs media for 48 h. The mRNA expression of hair growth-related
growth factors was analyzed by RT-qPCR using respective Taqman probes. The data are presented as
the mean ± SD (n = 3; * p < 0.05, ** p < 0.01).

Based on the APN amounts released by treatment of hSCFs with 50 μM SG, KCED-1, or KCED-2
(Figure 4A), the APN concentration in hDPC culture medium treated with 50% hSCF-conditioned
medium was estimated to be in the range of about 1.5 to 2.5 ng/mL, which was comparable to those
of APN peptides effectively upregulating the expression of hair growth-related factors (Figure 5).
Besides APN, other secretory factors might be induced by SG, KCED-1, or KCED-2 treatments in
hSCFs and contribute to hair growth promotion in hDPCs. Whether the enriched APNs in SG-,
KCED-1-, or KCED-2-treated hSCF media are mainly involved in inducing mRNA expression of hair
growth-related factors in hSCFs remains to be addressed using neutralizing antibodies or siRNAs
against APN receptors. At least, SG, KCED-1, and KCED-2 did not seem to affect hair growth-related
factors by themselves in hDPCs based on our preliminary examination.

There are several items of literature claiming that hair follicles (HFs) interact strongly with
adipocytes in dermal white adipose tissue (dWAT) located in the superficial layer of the subcutaneous
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adipose tissue (sWAT) and that HF cycling correlates with spatiotemporal behavior of these adipocytes,
i.e., it has different ratio of proliferation (preadipocyte) and differentiation (mature adipocyte)
states [18–21], suggesting close interaction between HFs and dermal and subcutaneous WAT. Therefore,
dermal adipocytes have been suggested as a potential target not only for counteracting skin aging
but also for hair growth [21,22]. Interactions between HFs and adipocytes are expected to involve
various soluble factors including microRNAs and possibly APN secreted from adipocytes from dermal
and subcutaneous WAT. Extracellular vesicles containing exosome derived from skin adipocytes are
also considered to be potent mediators reflecting local WAT contents, i.e., immature and mature states
of adipocyte during the hair cycle [21]. Considering the three-dimensional structure of HF, which is
surrounded by the epidermis, dermis, vessels, sebaceous gland, hair erector muscle, and dermal and
subcutaneous WAT, the effects of APN and APN-enriched conditioned media derived from hSCFs on
hair growth may be worthy of being evaluated via human HF organ culture. A schematic diagram for
the roles of the kojyl cinnamate ester derivatives SG, KCED-1, and KCED-2 in adipogenesis and hair
growth is illustrated in Figure 6. Given that intrinsic or extrinsic aging is known to correlate with a
continuous reduction of WAT [22], we expect that kojyl cinnamate ester derivatives, as well as APN,
could be also used as anti-aging agents by promoting adipogenesis of dermal and subcutaneous WAT.

 
Figure 6. Schematic diagram illustrating the roles of kojyl cinnamate ester derivatives in adipogenesis
and hair growth. Kojyl cinnamate ester derivatives including SG, KCED-1, and KCED-2 can
promote adipogenesis and induction of APN mRNA levels and secretion of APN protein from
human subcutaneous fat tissue. The secreted APN can promote hair growth via APN receptors.

3. Materials and Methods

3.1. Compounds

Seletinoid G [IUPAC name: (5-hydroxy-4-oxo-4H-pyran-2-yl)methyl (2E)-3-(2H-1,3-benzodioxol-
5-yl)prop-2-enoate; Patent #, KR2016-0116831], kojyl cinnamate ester derivative-1 (KCED-1)
[IUPAC name: 3-(3,4,5-Trimethoxy-phenyl)-acrylic acid 5-hydroxy-4-oxo-4H-pyran-2-ylmethyl ester]
and KCED-2 [IUPAC name: 3-(2,6,6-Trimethyl-cyclohex-1-enyl)-acrylic acid 5-hydroxy-4-oxo-4H-
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pyran-2-ylmethyl ester] were synthesized and supplied by R&D Unit, Amorepacific Corp. (Yongin,
South Korea). The structure of each compound is described in Figure 1. KA, CA, and GC were
purchased from Sigma-Aldrich (St. Louis, MO, USA). Human adiponectin was purchased from ProSpec
(Rehobot, Israel).

3.2. Cell Culture, Differentiation, and Compound Treatment

Human subcutaneous fat cells (hSCFs) representing subcutaneous preadipocytes (#SP-F-2) and
Subcutaneous Preadipocyte Media were purchased from ZenBio Inc. (Research Triangle Park, NC,
USA) and cultured in a humidified 5% CO2 incubator. To induce differentiation, hSCFs in a confluency
≥95% were cultured in Dulbecco’s modified Eagle’s medium (DMEM; Lonza, Walkersville, MD,
USA) supplemented with 10% fetal bovine serum (FBS; PAA, Pasching, Austria), 10 μg/mL insulin
(Sigma-Aldrich, St. Louis, MO, USA), 0.5 mM 3-isobutyl-1-methylxanthine (IBMX; Sigma-Aldrich,
St. Louis, MO, USA), 1 μM dexamethasone (DEX; Sigma-Aldrich, St. Louis, MO, USA), and 1 μM
troglitazone (Sigma-Aldrich, St. Louis, MO, USA) for two days. The cells were further incubated in
DMEM supplemented with 10% FBS and 10 μg/mL insulin with or without compounds for additional
14 days. The medium containing compounds was replaced every other day. Human follicular
dermal papilla cells (hDPCs) and the culture medium were purchased from Cefobio Co. (Seoul, Korea).
The hDPCs were cultured in a humidified 5% CO2 incubator according to the manufacturer’s instruction.

3.3. Cell Viability Assay

The hSCF viability was measured using EZ-Cytox Cell viability assay kit (MTT assay, Daeil lab
Service, South Korea) according to the manufacturer’s instructions. In brief, hSCFs were cultured
for seven days and treated with various concentrations of each chemical (SG, KCED-1, KCED-2)
for 24 and 72 h. EZ-Cytox solution (10 μL) was added to each well and incubated at 37 ◦C for 2 h.
Absorbance at 450 nm was measured using a spectrophotometer (Synergy H2, BioTek., Winooski, VT,
USA). All experiments were triplicated and the data are presented as the absorbance.

3.4. Quantitative Real-time PCR (RT-qPCR)

Total RNA was extracted using TRIzol reagent (Life Technologies, Carlsbad, CA, USA) according
to the manufacturer’s instructions. One μg of total RNA was utilized to synthesize cDNAs using the
RevertAid First Strand cDNA Synthesis kit (Thermo Scientific, Waltham, MA, USA). One μg of cDNA
sample was subjected to PCR analysis using each TaqMan® probe (Life Technologies, Carlsbad, CA,
USA), Quantitect Probe PCR kit (Qiagen, Valencia, CA, USA), and the 7500 fast real-time PCR system
(Life Technologies, Carlsbad, CA, USA). Each TaqMan® probe was as follows: Adiponectin (ADIPOQ;
#Hs00605917_m1), insulin-like growth factor 1 (IGF-1; #Hs01547656_m1), vascular endothelial growth
factor (VEGF; #Hs00900055_m1), hepatocyte growth factor (HGF; #Hs00300159_m1), transforming
growth factor β-1 (TGF-β1; #Hs00998133_m1), and glyceraldehyde-3-phosphate dehydrogenase
(GAPDH; #4352339E). All data were acquired from three independent experiments and are presented
as a fold change relative to the GAPDH control.

3.5. ELISA Assay for Secreted Adiponectin

The hSCFs were treated with various concentrations of each chemical (SG, KCED-1, and KCED-2)
and differentiated for 14 days. The culture medium was collected and centrifuged at 13,000 rpm for
15 min to remove any debris. The secreted adiponectin was measured using adiponectin ELISA kit
(Enzo Life Sciences, Farmingdale, NY, USA), following the manufacturer’s instructions.

3.6. Oil Red O Staining

The differentiated hSCFs were washed twice with cold PBS and fixed with 3.7% formaldehyde
(Sigma-Aldrich, St. Louis, MO, USA) for 1 h. The fixed cells were washed with 60% propylene glycol
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(Sigma-Aldrich, St. Louis, MO, USA) in PBS and were stained with a working solution of Oil Red O
(ORO; 0.3% ORO in 60% propylene glycol; Sigma-Aldrich, St. Louis, MO, USA) for 30 min. The cells
were washed with 85% propylene glycol thrice and rinsed with tap water. Lipid droplets stained with
ORO dye were visualized with an IX71 microscope (Olympus, Tokyo, Japan).

3.7. Statistical Analysis

All data are presented as the mean ± SD. Two-tailed Student’s t-tests were used to analyze
the differences between pairs of groups, and the threshold for statistical significance was set at
0.05 (* p < 0.05). Multiple groups were analyzed with one-way ANOVA.

4. Conclusions

We demonstrated that the kojyl cinnamate ester derivatives including SG, KCED-1, and KCED-2
induce APN production in vitro and stimulate adipogenesis in hSCFs. In addition, SG-, KCED-1-,
or KCED-2-treated hSCF media increased the mRNA levels of hair growth-related growth factors
in hDPCs. Based on our observations, we propose that SG, KCED-1, and KCED-2 are potent APN
inducers and could be used in cosmetic and dermatological products for regulating adipogenesis in
subcutaneous fat tissue and for promoting hair growth through stimulation of APN-associated hair
growth signaling.
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hSCFs Human subcutaneous fat cells
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hDPCs Human follicular dermal papilla cells
SG Seletinoid G
ADSCs Adipose tissue-derived stem cells
KA Kojic acid
CA Cinnamic acid
GC Glibenclamide
IGF-1 Insulin-like growth factor 1
VEGF Vascular endothelial growth factor
HGF Hepatocyte growth factor
TGF-β1 Transforming growth factor β-1
HF Hair follicle
dWAT Dermal white adipose tissue
sWAT Subcutaneous white adipose tissue
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Abstract: Both adiponectin and secreted protein, acidic and rich in cysteine (SPARC)
inhibit platelet-derived growth factor-BB (PDGF-BB)-induced and basic fibroblast growth factor
(FGF2)-induced angiogenic activities through direct and indirect interactions. Although SPARC
enhances nerve growth factor (NGF)-dependent neurogenesis, the physical interaction of NGFβ
with adiponectin and SPARC remains obscure. Therefore, we first examined their intermolecular
interaction by surface plasmon resonance method. NGFβ bound to immobilized SPARC with the
binding constant of 59.4 nM, comparable with that of PDGF-BB (24.5 nM) but far less than that of
FGF2 (14.4 μM). NGFβ bound to immobilized full length adiponectin with the binding constant of
103 nM, slightly higher than those of PDGF-BB (24.3 nM) and FGF2 (80.2 nM), respectively. Treatment
of PC12 cells with SPARC did not cause mitogen-activated protein kinase (MAPK) activation and
neurite outgrowth. However, simultaneous addition of SPARC with NGFβ enhanced NGFβ-induced
MAPK phosphorylation and neurite outgrowth. Treatment of the cells with adiponectin increased
AMP-activated protein kinase (AMPK) phosphorylation but failed to induce neurite outgrowth.
Simultaneous treatment with NGFβ and adiponectin significantly reduced cell size and the number
of cells with neurite, even after silencing the adiponectin receptors by their siRNA. These results
indicate that NGFβ directly interacts with adiponectin and SPARC, whereas these interactions
oppositely regulate NGFβ functions.

Keywords: adiponectin; AMPK; BIAcore; extracellular signal-regulated kinase (ERK); matricellular
proteins; neuritogenesis; NGFβ; PC12 cells; Secreted protein; acidic and rich in cysteine (SPARC)

1. Introduction

Adiponectin, a member of the C1q/tumor necrosis factor (TNF)-related proteins, is secreted
exclusively by adipocytes. Circulating adiponectin exists in several homo-oligomeric forms consisting
of elemental homo-trimeric subunit with a collagen-like triple-helical structure [1–4] and its levels
are lower in obese subjects compared with lean subjects [5]. Subjects carrying a missense mutation in the
adiponectin gene associated with hypo-adiponectinemia exhibit the phenotype of the metabolic syndrome,
including insulin resistance and coronary artery disease [1–4,6]. Administration of adiponectin has been
shown to be beneficial in animal models of diabetes, obesity and atherosclerosis [1–4,6].

The hallmark of atherosclerosis is the uncontrolled proliferation and migration of vascular smooth
muscle cells, resulting in thickening of the vascular wall [7]. Physiological concentrations of adiponectin
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significantly suppress both the proliferation and migration of vascular smooth muscle cells induced
by platelet-derived growth factor (PDGF)-BB, through direct interaction between adiponectin and
PDGF-BB [8]. Moreover, it was also shown that adiponectin binds with basic fibroblast growth factor
(FGF2), thereby precluding the biological activity [9].

Matricellular proteins are defined as extracellular matrix (ECM)-associated proteins that have
no structural roles in ECM-like collagens and laminins. Secreted protein, acidic and rich in cysteine
(SPARC), also known as osteonectin and BM-40, is a collagen-binding matricellular protein that
regulates tissue remodeling and repair, morphogenesis and angiogenesis in vivo [10,11]. SPARC also
plays pivotal roles in altering cancer cell activity and the microenvironment of tumors as well as in the
pathologies of obesity and diabetes [12–14]. Some SPARC functions are mediated by its binding to
target molecules and alterations in their biological functions. For example, like adiponectin, SPARC
binds to PDGF-AB and PDGF-BB, resulting in inhibiting the ligand binding to their receptors [15].
However, SPARC influences biological activities of FGF2 not through their direct binding [10,16].

SPARC protein has been detected in the brain, mainly in glia and astrocytes [17]. Although
no obvious neural defects were observed in SPARC null mice [18], recent findings suggest that
SPARC is involved in synaptogenesis [19] and synapse elimination [20] as well as nerve growth factor
(NGF)-dependent neurite outgrowth [21,22] and axon regeneration [23]. However, it remains unclear
whether SPARC directly interacts with NGF.

NGF is a member of a family of neurotrophic factors, which is responsible for the survival,
development and function of basal forebrain cholinergic neuron in the central nervous system and
of peripheral sympathetic and embryonic sensory neurons [24]. NGF gene is also expressed in
white adipose tissues [25]. NGF expression and secretion in 3T3-L1 adipocyte culture are markedly
increased in response to inflammatory cytokine such as TNF [25]. Moreover, circulating NGF levels
are upregulated in a group of women with obesity and metabolic syndrome, which are related to a
low-grade systemic inflammation [26,27]. As NGF modulates various immune cell functions [28,29],
it is likely that NGF plays roles as an inflammatory mediator in adipose tissues, in addition to roles as
a neurotrophic factor.

It currently remains unclear whether adiponectin affect biological activity of NGF through physical
interaction. Therefore, we examined the interactions of adiponectin and SPARC with NGF using a
surface plasmon resonance (SPR) method and their effects on NGF-dependent morphological changes
in PC12 rat pheochromocytoma.

2. Results

The interactions of PDGF-BB and FGF2 with SPRAC were examined using the SPR method.
Infusion of different doses of two growth factors on the surface of immobilized SPARC increased RU,
reflecting their binding to the ligand, while the cessation of this infusion decreased RU, reflecting their
dissociation from the ligand (Figure S1). An analysis of binding kinetics revealed that KD of PDGF-BB
was 24.3 nM, while that of FGF2 was 14.4 μM, triple-digit difference from the former (Table 1). On the
other hand, the infusion of increasing concentrations of NGFβ gave clear sensorgrams with a KD of
59.4 nM, comparable with that of PDGF-BB.

Table 1. Summary of analyte binding to SPARC.

Analytes Association Constant (ka) Dissociation Constant (kd) Binding Constant (KD = kd/ka)

PDGF-BB 3.71 × 104 9.03 × 10−4 2.43 × 10−8

VEGF-165 7.58 × 104 4.13 × 10−3 5.44 × 10−8

FGF2 1.35 × 102 1.95 × 10−3 1.44 × 10−5

TGFβ1 7.90 × 102 1.92 × 10−2 2.43 × 10−5

NGFβ 1.86 × 105 1.10 × 10−2 5.94 × 10−8
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Interactions of PDGF-BB and FGF2 with full length adiponectin were also examined and found
the KD of PDGF-BB and FGF2 were 24.5 nM and 80.2 nM, respectively (Figure S2, Table 2). Infusion
of NGFβ but not the boiled protein, increased RU in a dose-dependent manner. The KD of NGFβ
to adiponectin was 103 nM, comparable to those of PDGF-BB and FGF2. To determine whether the
interactions of growth factors with full length adiponectin occurred through its globular region, the SPR
analyses with globular adiponectin-immobilized chip were performed. Both PDGF-BB and NGFβ
bound selectively to the chip with KD of 70.4 nM and 1260 nM, respectively (Figure S2, Table 2).

In order to investigate the effects of the NGFβ and SPARC interaction on NGFβ-induced neuronal
differentiation of PC12 rat pheochromocytoma, we initially examined the NGFβ-dependent activation
of p44/p42 MAPK (ERK1/2) as its phosphorylated state. In the cells, among the neurotrophin receptor
genes, mRNAs of TrkA, TrkC and p75NTR but not TrkB were detected (Figure S3A). Addition of NGFβ
to the PC12 culture for 10 min dose-dependently induced the phosphorylation of ERK1/2, whereas
neurotrophin (NT)-3 and NT4 failed to stimulate its phosphorylation (Figure S3B), suggesting that
NGFβ activates the ERK signal through a TrkA neurotrophin receptor. Addition of SPARC alone
did not change the phosphorylated state of ERK1/2 (Figure 1A). However, simultaneous addition of
SPARC with NGFβ enhanced NGFβ-induced ERK1/2 phosphorylation. Similar to this short-term
synergistic effect of SPARC and NGF, simultaneous addition of both for 96 h enhanced NGF-induced
neurite outgrowth; however, SPARC alone did not influence neuritogenesis (Figure 1B).

Figure 1. SPARC enhances NGFβ-dependent ERK activation and neurite outgrowth in PC12 cells.
(A) PC12 cells were treated with NGFβ (1 ng/mL) in the presence or absence of SPARC (0.1 or 1 μg/mL)
for 10 min. Representative results of Western blots for ERK and its phosphorylation are shown in
the upper panel, Results from four independent experiments are summarized in the bottom panel.
(B) PC12 cells were treated with or without NGFβ (0 or 1 ng/mL) either in the presence or absence of
SPARC (0.1 or 1 μg/mL) for 96 h. Representative results of cells with neurites are shown in the upper
panel and results (total neurite length per cell) from three independent experiments are summarized in
the bottom. The length of the scale bar in the picture is 50 μm. * and † indicate significant differences
(p < 0.05) between no NGFβ treatment (0 ng/mL) vs NGF treated and no SPARC treatment (0 μg/mL)
vs SPARC treated, respectively.
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Table 2. Summary of analyte binding to adiponectin.

Analytes Association Constant (ka) Dissociation Constant (kd) Binding Constant (KD = kd/ka)

(ligand: full length
adiponectin)

PDGF-BB 1.15 × 103 2.82 × 10−5 2.45 × 10−8

FGF2 7.16 × 102 5.76 × 10−5 8.02 × 10−8

NGFβ 5.76 × 104 5.97 × 10−3 1.03 × 10−7

(ligand: globular
adiponectin)

PDGF-BB 1.05 × 105 7.38 × 10−3 7.04 × 10−8

NGFβ 1.15 × 104 1.45 × 10−2 1.26 × 10−6

We next examined the interaction between NGFβ and adiponectin in the physiological condition.
PC12 cells treated with NGFβ induced neurite outgrowth as well as enlargement of cell size, while the
cells treated with full length adiponectin or globular adiponectin alone did not (Figure 2A). The cells
treated simultaneously with NGFβ and full length adiponectin induced morphological changes of
the cells but the degrees of neurite outgrowth (Figure 2B,C) and cell enlargement (Figure 2D) were
significantly decreased, compared with those of low-dose NGFβ alone (e.g., 1ng/mL). It is interesting
to note that full length adiponectin failed to suppress high-dose NGFβ (20 ng/mL)-induced number
of cells with neurite (Figure 2A,B). Simultaneous addition of NGFβ and globular adiponectin also
suppressed morphological changes of the cells in some cases but the magnitudes of suppression by
globular adiponectin, if present, were less than those induced by full length adiponectin (Figure 2B–D).

Figure 2. Adiponectin suppressed NGFβ-induced neurite outgrowth and cell swelling. (A,B) PC12
cells were treated with increasing concentration of NGFβ either in the presence or absence of full-length
adiponectin (fADPN, 1 μg/mL) and globular adiponectin (gADPN, 1 μg/mL). Representative results
of the cells (arrowhead: neurite) are shown in A and results (percentage of the cells with axon) from five
independent experiments are summarized in B. (C,D) PC12 cells were treated with NGFβ (1 ng/mL)
either in the presence or absence of full length adiponectin and globular adiponectin (0.1 and 1 g/mL).
The ratio of the cell with axon (C) and the changes in cell body size (D) are determined and summarized
from three independent experiments. * indicates the statistically significant difference (p < 0.05) from
NGFβ treatment alone (Cont).
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RT-PCR analysis was performed on adiponectin receptors in PC12 cells. As shown in Figure 3A,
both AdipoR1 and AdipoR2 mRNA were detected. The cells treated with either full length or globular
adiponectin alone did enhance the activity-related site-specific phosphorylation of AMP-activated
protein kinase (AMPK) α (Figure 3B), indicating the PC12 cells expresses two types of functional
adiponectin receptors. To examine whether these receptors’ activation was necessary for the
adiponectin inhibition of NGFβ functions, we tested the effect of adiponectin on NGFβ-induced
neurite outgrowth in the AdipoR1- and/or AdipoR2-silenced PC12 cells. Transfection of siRNA
for either AdipoR1, AdipoR2 or both successfully silenced the respective receptors in mRNA levels
(Figure 3C) and AMPK activation (Figure 3D). Treatment of PC12 cells with NGFβ, irrespective of
silencing of either AdipoR1 or AdipoR2, induced neurite outgrowth and the addition of full length
adiponectin suppressed the effect of NGFβ (Figure 3E).

Figure 3. Adiponectin suppressed NGFβ-induced neurite outgrowth independently of its receptor
activation. (A) Expression of AdipoR1 and AdipoR2 mRNA in the rat skeletal muscle (SM), liver and
PC12 cells are shown. (B) PC12 cells were treated with full length adiponectin or globular adiponectin
and the amounts of phosphorylated and total AMPK were determined. Representative results and
the ratio of phosphorylated and total AMPK are shown (n = 5). (C–E) PC12 cells were treated with
unrelated (un), AdipoR1, AdipoR2 and R1 plus R2 siRNA and (C) mRNA expression of AdipoR1 and
AdipoR2 are shown. (D) The transfected cells were treated with vehicle (cont.), globular adiponectin
(1 μg/mL) and full length adiponectin (1 μg/mL) and the state of AMPK activation are shown (n = 3).
(E) The transfected cells were treated with vehicle (cont.), NGFβ (1 ng/mL) or NGFβ plus full length
adiponectin (1 μg/mL) and the ratios of the cell with axon are shown (n = 3). The transfected cells
treated with vehicle did not induce any neurite (axon) as shown in Figure 2A and the ratio calculated
was 0 as in Figure 2B. Thus, bar for control value of each siRNA was not seen. * indicates the statistically
significant difference (p < 0.05) from cont. or NGFβ treatment alone.
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3. Discussion

In the present study, we showed the apparent interaction of SPARC with NGFβ, PDGF-BB and
FGF2 with the KD of 59.4 nM, 24.3 nM and 14.4 μM, respectively. As SPARC is reported to interfere
with FGF2-induced functions not through direct binding [16], the interaction between SPARC and
FGF2 on the sensor chip was unexpected although its KD value was a triple-digit difference from those
of two other growth factors tested. Since in vitro binding studies between SPARC and FGF2 were
performed by using the RIPA buffer containing various detergents during the washing procedure,
this weak interaction might be masked. Similarly, no apparent binding of SPARC to transforming
growth factor (TGF) β1 is reported by in vitro binding assay [30]. However, we observed weak
interaction between SPARC and TGFβ1 with the KD of 24.3 μM. This weak interaction might also
contribute to chimeric TGF-receptor II binding to SPARC, as the binding occurred only in the presence
of TGFβ1 [30]. In contrast, it is reported that SPARC prevents PDGF-induced and vascular endothelial
growth factor (VEGF)-induced biological activities through their direct interactions [31]. SPR analysis
revealed that SPARC interacted selectively with VEGF-165 with the KD of 54.4 nM. As the KD between
SPARC and NGFβ is almost the same as those of PDGF-BB and VEGF-165, direct binding of NGFβ to
SPARC might be able to influence NGF activity.

Similarly, we demonstrated that NGFβ but not denatured NGFβ by boiling, bound to full length
adiponectin with the KD of 103 nM, while those of PDGF-BB and FGF2 were 24.5 nM and 80.2 nM,
respectively. Different from SPARC, it is reported that adiponectin binds with FGF2 as well as PDGF-BB,
thereby precluding their biological activity [8,9]. As the interaction between NGFβ and adiponectin
shows comparative KD value with those of PDGF-BB and FGF2, the interaction might also modulate
NGF activity. We also showed that NGFβ bound to globular adiponectin with much greater reduction
of KD value (>10-fold), compared with its binding to full length adiponectin. As the KD values
between PDGF-BB and either adiponectin were relatively unchanged (<3-fold), it is likely that trimeric
or a much higher dimensional structure of adiponectin might be necessary for NGFβ interaction.
This lower ability to bind NGFβ may lead to weaker suppressive activity by globular adiponectin of
NGFβ function.

NGFβ binds to two different receptors: the TrkA tyrosine kinase receptor with high affinity
and the p75 NTR with low affinity [32]. In PC12 cells, NGFβ activates the ERK signal through
the TrkA, that leading to neurite outgrowth [33]. In the present study, we confirmed the NGFβ
activities, whereas SPARC alone did not change the phosphorylated state of ERK1/2 and subsequent
neuritogenesis. However, simultaneous addition of SPARC with NGFβ enhanced NGFβ-induced
ERK1/2 phosphorylation and NGFβ-induced neurite outgrowth. This synergistic effect of SPARC
and NGF on neurite outgrowth was also found in superior cervical ganglion neurons and Schwann
cells [21,22]. The basal forebrain cholinergic system is one of the target neuronal networks for NGF as
a survival factor of cholinergic neurons [24]. NGF is also involved in nurturing the peripheral nervous
system [34]. On the other hand, SPARC in the brain is suggested to facilitate cholinergic synapse
formation [35], whereas other studies show that SPARC antagonizes the synaptogenesis by having,
another matricellular protein [19] and triggers a cell-autonomous program of synapse elimination in
cholinergic neurons [20]. Collectively, the present results suggest that a direct interaction between
SPARC and NGFβ enhances the biological activity of this growth factor in the central and peripheral
nervous systems. However, the mechanism by which the SPARC and NGFβ interaction enhanced
NGF-signals remains obscure and further works are needed to clarify it.

PC12 cells treated with full length adiponectin alone did not induce any morphological changes,
while it activated intracellular signal such as AMPK. The cells treated simultaneously with NGFβ and
full length adiponectin induced neurite outgrowth and cell swelling but the degrees of the changes
were significantly less than those of NGFβ alone. In addition, increasing the concentration of NGFβ
prevented suppression by the constant amount of adiponectin, suggesting that at high concentrations
of NGF, excess unbound NGFβ is able to induce neuritogenesis. Moreover, as this adiponectin
suppression of NGFβ-dependent morphological changes were seen even after silencing adiponectin
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receptor signaling in PC12 cells, therefore our present results indicate that full length adiponectin
interacts with NGFβ, thereby inhibits NGFβ functions, possibly through interfering its interaction
with TrkA, in contrast to SPARC.

The physiological relevance of full length adiponectin and NGF interaction remains to be
elucidated. However, it is interesting to note that NGF production in adipocytes is enhanced and
adiponectin production is suppressed, by inflammatory stimuli like TNF [25]. In addition, proteases
secreted from activated monocytes and/or neutrophils cleave full-length adiponectin to generate
globular adiponectin [36]. Supportively, blood NGF levels are upregulated in a group of women with
obesity and the metabolic syndrome [26,27], while circulating adiponectin levels are lower in obese
subjects [27]. Therefore, in an adipose tissue from obese subjects where inflammation develops, it is
likely to occur that the amounts of NGF and full length adiponectin are increased and decreased,
respectively and as a consequence dominance of NGF over adiponectin becomes clear. Furthermore,
the expression of SPARC is increased in the adipose tissue of obese animals [14]. In such conditions,
NGF and SPARC interaction is expected to facilitate recruitment and activation of mast cells [37],
that sustain chronic low-grade inflammation within adipose tissue [38] (see also Figure S4). In an
adipose tissue from lean subjects, it is plausible that locally produced NGF is associated with full
length adiponectin, resulting in the masking of NGF bioactivity (Figure S4).

In summary, we showed that NGFβ interacted substantially with both SPARC and full length
adiponectin and that SPARC enhanced, but adiponectin suppressed, NGFβ-dependent function in
PC12 cells. Other than a neurotrophic factor, NGF plays roles in obesity-related inflammation as
described above, in the proliferation and survival of various cancers [39,40] and in pain control [41].
Further works should be undertaken to investigate the involvement of NGF interactions with
adiponectin and/or SPARC in each NGF-mediated process in detail.

4. Materials and Methods

4.1. Materials

Recombinant murine full-length adiponectin was purchased from Biovender Laboratory Medicine,
Inc. (Bmo, Czech Republic), while recombinant murine globular adiponectin and recombinant human
PDGF-BB were purchased from Wako Pure Chemical (Osaka, Japan). NGFβ from mouse submaxillary
glands was bought from Alomone Labs (Jerusalem, Israel). Recombinant human basic FGF was
purchased from Acris Antibodies GmbH (Hiddenhausen, Germany), while recombinant human
VEGF-165 was purchased from Becton Dickison (Bedford, MA, USA). Recombinant human TGFβ1
was purchased from R&D systems (Minneapolis, MN, USA).

4.2. Analysis of Protein-Protein Interaction with Surface Plasmon Resonance (SPR) Method

The interactions of a growth factor with either adiponectin or SPARC were examined using
the BIAcore X instrument (GE healthcare, Tokyo, Japan) and the binding kinetics were analyzed
with BIAevaluation software [42,43]. Briefly, full length adiponectin, globular adiponectin or SPARC
(Sangi, Tokyo, Japan) as a ligand was immobilized onto the carboxymethylated dextran surface of the
CM5 sensor chip, respectively. The relative responses for the immobilized full length and globular
adiponectin and SPARC were 2025, 12707 and 3574 resonance units (RU), respectively, where 1000 RU
is equivalent to 1ng of protein/mm2. The surface of the adiponectin-chip or the SPARC-chip was
perfused with HBS-EP buffer (10 mM HEPES, 150 mM NaCl and 0.005% Surfactant P20, pH 7.4) at
37 °C and then with increasing concentrations of a number of growth factors (as analytes) dissolved in
buffer at a flow rate of 20 μL/min for 105 s. Following the addition of each analyte, dissociation was
evaluated by passing the buffer alone over the chip for 120 s. If an analyte bound to a ligand, the surface
showed a change in reflected light, which was directly proportional to the mass bound and measured
in arbitrary RU. Based on the dissociation constant (kd) (s−1) and association constant (Ka) (M−1s−1)
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obtained, the binding constant KD (M) was calculated by dividing Kd by Ka. The regeneration of the
surface of the sensor chip was performed by injecting 1 M NaCl at 20 μL/min for 90 s.

4.3. Assay of Biological Activity of NGF

Rat pheochromocytoma, PC12 cells were cultured in RPMI1640 medium (Wako) containing 10%
fetal calf serum (FCS), 10% horse serum. To examine the effects of NGF on their morphological changes
(neurite outgrowth and cell swelling), the cells (5 × 103 cells) were cultured on Type I-collagen-coated
plates (Iwaki Techno Glass, Chiba, Japan) in RPMI1640 containing 1% FCS and 1% horse serum for
24 h and subsequently cultured with either NGFβ, adiponectin or both for 4 days. To quantify the
morphological changes of PC12 cells, at least 100 randomly selected cells per experimental condition
were photographed at the same scale under light transmission inverted photomicroscopy. The picture
was analyzed using Adobe Photoshop and NIH Image J, a public-domain image processing and
analysis program. Changes in cell body length were measured as a marker of cell swelling. Total
neurite length measured and number of cells with neurite which length was longer than cell body
length counted were used as an indicator of axonal elongation [44].

4.4. Expression of AdipoR1 and AdipoR2 in PC12 Cells and Their Silencing

Total RNA was isolated from PC12 cells and rat tissues by the guanidine-isothiocyanate method
using ISOgen reagent (Takara, Tokyo, Japan) and RNA (2 μg) was used for reverse transcription. Rat
AdipoR1 (GenBank accession number NM 207587), AdipoR2 (NM 001037979) and glyceraldehyde
3-phosphate dehydrogenase (GAPDH) (NM 017008) cDNA were amplified with the primer pairs as
follow: AdipoR1 (201bp) Forward: 5′-TGC TTC AAG AGC ATC TTC CG-3′, Reverse: 5′-GAA TGA
CAG TAG ACG GTG TG-3′ (annealing conditions 56 °C, 30 s, 29 cycles); AdipoR2 (206bp) Forward:
5′-TCT TCT TGG GAG CCA TTC TC-3′, Reverse: 5′-GCA CAC AGA TGA CAA TCA GG-3′ (56 °C,
30 s, 29 cycles); GAPDH (453 bp) Forward: 5′-ACC ACA GTC CAT GCC ATC AC-3′, Reverse: 5′-TCC
ACC ACC CTG TTG CTG TA-3′ (62 °C, 30 s, 27 cycles).

Expression of AdipoR1 and AdipoR2 were suppressed by treating the cells with siRNA as
essentially described by Fujioka et al [45]. In brief, siRNA specific for AdipoR1 and AdipoR2 and
unrelated siRNA were transfected with Lipofectamine2000 (Invitrogen, Carlsbad, CA, USA) according
to the instruction provided and cultured as described above.

4.5. MAP Kinase and AMP-Activated Protein Kinase Activation

PC12 cells were grown to 80% confluence in RPMI1640 containing 10% FCS and 10% horse serum
and further cultured in RPMI1640 containing 1% FCS and 1% horse serum for 24 h. Subsequently the
cells were treated with either vehicle, NGFβ, neurotrophin (NT)-3, NT-4 (Sigma-Aldrich, St. Louis,
MO, USA), SPARC or adiponectin for 10 min. The cells were then lysed with the lysis buffer [50 mM
Hepes (pH 7.5), 150 mM NaCl, 5 mM EDTA, 10 mM sodium pyrophosphate, 2 mM NaVO3 containing
protease inhibitor mixture (Complete; Boehringer Mannheim, GmbH, Germany) and 1% (v/v) Nonidet
P40], centrifuged at 12,000× g for 15 min at 4 ◦C and the supernatant was saved at –70 ◦C.

Aliquot of the lysates (15 or 20 μg of protein) were separated by SDS-PAGE (10% gel) and
transferred on PVDF membranes (Immobilon, Millipore, Bedford, MA, USA). The membranes were
incubated first in a blocking buffer [20 mM Tris/HCl (pH 7.5), 150 mM NaCl] containing 0.1% Tween
20 and 5% (v/v) skimmed milk], then in the buffer containing anti-Erk1/2, anti-phosphorylated Erk1/2
(Thr202/Tyr204), anti-AMPKα or anti-phosphorylated AMPKα (Thr172) antibody (Cell Signaling
Technology, Beverly, MA, USA) for 2 h. The bound antibody was detected with horseradish
peroxidase-linked secondary antibodies (Zymed Laboratories, South San Francisco, CA, USA) and
an enhanced chemiluminescence system (Millipore). The intensity of chemiluminescence for the
corresponding proteins was analyzed by NIH Image J.
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4.6. Statistical Analysis

Data were expressed as means ± standard errors of the mean (SEM) and analyzed by
ANOVA followed by the Tukey-Kramer post-hoc test. A p value of less than 0.05 was considered
statistically significant.

Supplementary Materials: Supplementary materials can be found at http://www.mdpi.com/1422-0067/20/7/
1541/s1.
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Abbreviations

AMPK AMP-activated protein kinase
ECM extracellular matrix
ERK extracellular signal regulated kinase
FCS fetal calf serum
FGF fibroblast growth factor
GAPDH glyceraldehyde 3-phosphate dehydrogenase
MAPK mitogen-activated protein kinase
NGF nerve growth factor
NT neurotrophin
PDGF platelet-derived growth factor
RU resonance unit
SPARC secreted protein, acidic and rich in cysteine
SPR surface plasmon resonance
TGF transforming growth factor
TNF tumor necrosis factor
VEGF vascular endothelial growth factor
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