Diabetology International (2019) 10:237-244
https://doi.org/10.1007/513340-019-00409-6

REVIEW ARTICLE q

Check for
updates

Drug development research for novel adiponectin receptor-targeted
antidiabetic drugs contributing to healthy longevity

Miki Okada-lwabu™? - Masato lwabu'??3 . Toshimasa Yamauchi'* - Takashi Kadowaki'->

Received: 25 July 2019 / Accepted: 10 September 2019 / Published online: 19 September 2019
© The Japan Diabetes Society 2019

Abstract

It is well recognized that the decrease of adiponectin associated with high-fat diet and lack of exercise accounts for the onset
of insulin resistance, type 2 diabetes, the metabolic syndrome, and cardiovascular disease. Our research efforts have led to
the identification of adiponectin receptors, AdipoR1 and AdipoR2, with the former shown to activate AMP kinase in the liver
and the latter shown to activate peroxisome proliferator-activated receptor-o signaling thereby increasing fatty acid oxidation.
Again, adiponectin upregulates mitochondrial function in the skeletal muscle thereby improving glucose/lipid metabolism
and insulin resistance. These findings suggested that activation of adiponectin/AdipoR signaling could represent a viable
therapeutic approach to lifestyle-linked diseases associated with prevalent obesity thus contributing to healthy longevity in
humans. Indeed, they have led to the successful discovery of AdipoRon, a small-molecule AdipoR-activating compound.
Thus far, AdipoRon has been found not only to improve insulin resistance in mice but to prolong their lifespan shortened
by high-fat diet. Additionally, our structure-based drug discovery research has led to AdipoR being identified as an entirely
novel structure having a zinc iron bound within its seven-transmembrane domain as well as an opposite orientation to that
of G protein-coupled receptors. It is expected that increasing insight into AdipoR signaling will facilitate the structure-
based optimization of candidate small-molecule AdipoR-activating compounds for human use as well as the development
of molecularly targeted and calorie-limiting/exercise-mimicking agents for lifestyle-linked diseases.
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Introduction

Obesity is shown to continue to rise in incidence affecting
some 64,100 million people worldwide [1]. With insulin
resistance as a basis, obesity is shown to induce the so-
called metabolic syndrome consisting of diabetes mel-
litus, dyslipidemia and hypertension, thus accounting for
an increased incidence of cardiovascular disease [2, 3]. Of
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is an acute and pressing need to elucidate the mechanisms
of onset of obesity, insulin resistance, diabetes and their
complications, as well as to establish radical preventive and
therapeutic measures for these conditions based on insights
to be gained into their pathophysiology.

It is now well recognized that adipose tissue has a criti-
cal role as an organ secreting multiple hormones, i.e., adi-
pokines, involved in the regulation of wide-ranging physi-
ological functions [5-8]. Of these, adiponectin is currently
drawing a great deal of attention as a multifunctional hor-
mone [9-12]. Of note, given that the blood concentration
of adiponectin is shown to be decreased with obesity in
humans, adiponectin deficiency has come to be counted
among the major causes of lifestyle-linked diseases [13,
14]. Moreover, decreases in adiponectin levels have been
observed in obese mice, correlating with insulin sensitivity
[15]. Our research efforts have led to the identification of
the adiponectin receptors, AdipoR1 and AdipoR2, which
are both shown to be membrane proteins involved in glu-
cose/lipid metabolism and activated by adiponectin [16].
Of these, AdipoR1 has been shown to activate the AMP
kinase pathway, and AdipoR2 to activate peroxisome prolif-
erator-activated receptor (PPAR) signaling, thus improving
glucose/lipid metabolism and exerting antidiabetic effects
[17]. Thus, elucidating the mechanisms through which these
adiponectin receptors become activated is thought likely to
lead to refinements in available therapeutics as well as to the
development of novel therapeutics for the metabolic syn-
drome and diabetes mellitus.

Of note, our research efforts have led to the discovery of
AdipoRon, the world’s first-ever small-molecule AdipoR-
activating compound to emerge from adiponectin research
[18]. Our structure-based drug discovery research using
X-ray-based crystal structure analysis has also led to the
AdipoR structure being elucidated as one that contains an
internal cavity within the seven-transmembrane helices
coordinating a zinc ion, which our research laboratory was
the first to identify as an entirely novel structure with an
intracellular N-terminus and an extracellular C-terminus
thus having an opposite orientation to that of commonly
known G protein-coupled receptors (GPCRs) [19].

In the years to come, it is expected that these structural
findings will facilitate the development of novel, innova-
tive, safe, effective, and curative antidiabetic drugs for use
in humans through optimization of the AdipoR agonists cur-
rently available.

Adiponectin and its role in improving glucose/lipid
metabolism

Obesity is thought to result mainly from enlargement of adi-

pocytes and lead to the onset of the metabolic syndrome. In
addition to its known role in storing excess energy in the
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form of triglycerides, adipose tissue serves as an endocrine
organ secreting “adipokines”, i.e., signaling molecules for
leptin, tumor necrosis factor (TNF)-a, and free fatty acids
(FFA) [20-24]. It has become clear that, with enlargement
of adipocytes, TNF-a, FFA and other signaling molecules
are produced in such large amounts that they interfere with
insulin signaling in the skeletal muscle thus inducing insulin
resistance.

On the other hand, of all adipokines, adiponectin is shown
to improve insulin resistance, a glycoprotein with a molecu-
lar weight of 30 kDa, adiponectin consists of signal peptide,
collagen, and globular domains [25-28].

While high-fat diet is shown to induce enlargement of
adipocytes and increase insulin resistance thus leading to
marked decreases in blood adiponectin levels in a mouse
model of type 2 diabetes [29], adiponectin replenishment
is shown to improve insulin resistance in mice with obesity
induced by high-fat diet, demonstrating that adiponectin has
a vital role to play in improving insulin resistance [13].

It is also reported that adiponectin not only promotes fatty
acid oxidation in the skeletal muscle but enhances insulin
sensitivity and inhibits gluconeogenesis in the liver thereby
lowering blood glucose levels [14, 15, 30].

Furthermore, adiponectin-deficient mice are shown to be
associated with insulin resistance, impaired glucose toler-
ance, dyslipidemia and hypertension and thus present with
the metabolic syndrome, suggesting that adiponectin defi-
ciency has a key role to play in their pathogenesis [31-34].

Altogether, these findings suggest that the decrease of adi-
ponectin associated with obesity is among the major causes
of impaired glucose tolerance, dyslipidemia and hyperten-
sion, i.e., main components of the metabolic syndrome.

Adiponectin is also found to increase the expression in
the skeletal muscle of the PPAR-a-targeted acylCoA oxidase
(ACO) genes involved in fatty acid oxidation and the uncou-
pling protein (UCP) gene involved in energy consumption.
Again, adiponectin is found not only to increase the expres-
sion of PPAR-a [13], but to enhance endogenous PPAR-a
ligand activity [35].

Furthermore, while adiponectin is shown to promote fatty
acid oxidation in C2C12 cells, an in vitro model of skel-
etal muscle [36], part of this fatty acid oxidation-promoting
mechanism is known to involve the activation and phospho-
rylation of AMPK-activated protein kinase (AMPK) [37], a
molecule thought to be activated by exercise and promote
non-insulin-dependent glucose uptake and fatty acid oxida-
tion thereby providing the energy required for exercise.

It is quite interesting to note that adiponectin is shown
to activate the AMPK pathway, as the finding suggests that
fatty acid oxidation, glucose uptake and utilization in the
skeletal muscle as promoted by adiponectin, as well as
glucose lowering with adiponectin administration in vivo,
may be accounted for at least in part by the activation of
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the AMPK pathway [36], in agreement with the report of
another research group demonstrating that globular adi-
ponectin activates the AMPK pathway [38].

Adiponectin receptors and their identification

The decrease of adiponectin as it is associated with obe-
sity is known not only to increase risk factors for diabetes
and dyslipidemia but to directly adversely affect the vascu-
lar wall [32, 39] thus causing the metabolic syndrome and
associated macroangiopathy. Thus, our research efforts have
been focused on the elucidation of the mechanism of action
of adiponectin as being critical to the development of cura-
tive therapy for diabetes and the metabolic syndrome.

With a focus on the specific binding characteristics of adi-
ponectin, our research has led to the successful identification
of the adiponectin receptors, AdipoR1 and AdipoR2 [16],
which are shown to be highly homologous (67% at the amino
acid level) and structurally conserved across various spe-
cies from yeast to humans, with the yeast AdipoR1 homolog
(YOLO002c) shown to play a critical role in fatty acid oxida-
tion [40]. AdipoR1 is found to be abundantly in the skeletal
muscle, while relatively ubiquitously expressed throughout
the body; AdipoR?2 is found to be predominantly expressed
in the liver. While AdipoR1 and AdipoR2 were predicted
to be seven-transmembrane receptors each with an inter-
nal N-terminus and an external C terminus, the topology of
which is opposite to that reported for GPCRs. Again, our

research has revealed that they are essential for adiponectin
binding to cell surfaces in cultured cells [16].

Adiponectin receptors and their physiological
and pathophysiological roles

Our research has revealed that the expression of both Adi-
poR1 and AdipoR?2 is decreased in a mouse model of obe-
sity/diabetes, demonstrating that their decreased expression
accounts in part for the onset of diabetes [17]. Furthermore,
our research has led to AdipoR1- and AdipoR2-deficient
mice being genetically engineered toward elucidation of
the pathophysiological roles of AdipoR1 and AdipoR2. Our
research revealed that adiponectin binding and action are lost
in AdipoR1/AdipoR2-double knockout mice, demonstrating
that the AdipoRs are essential adiponectin receptors in the
body [17].

AdipoR1/AdipoR2-double knockout mice are associated
with insulin resistance and impaired glucose tolerance, with
the mechanisms of their onset accounted for by increased
inflammation and oxidative stress leading to decreased glu-
coneogenesis and glucose uptake in such major metabolic
organs as the liver, skeletal muscle and adipose tissue [17].
Increasing the expression of AdipoR1 leads to the activa-
tion of the AMPK pathway and increasing the expression
of AdipoR2 leads to the activation of PPAR-a and promotes
fatty acid oxidation and energy consumption and produces
anti-inflammatory and anti-oxidative stress effects thereby
improving impaired glucose tolerance (Fig. 1) [17].
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Fig.1 Scheme illustrating the actions of adiponectin/AdipoR ago-
nist, AdipoRon, in the liver and the muscle. Adiponectin and the Adi-
poR agonist, AdipoRon participate in the regulation of glucose and
lipid metabolism through their critical effects within the liver and
muscle. In the liver, adiponectin/AdipoRon activates not only the
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AMPK pathway via AdipoR1 but the PPARa pathways via AdipoR2,
thus doubly ameliorating insulin resistance and steatosis [17, 18]. In
the muscle, adiponectin/AdipoRon regulates PGC-la through the
AMPK-SIRT1 and the calcium-CaMKK pathways to promote mito-
chondrial biogenesis via AdipoR1 [18, 41]
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Again, our research has shown that adiponectin/Adi-
poR1 signaling increases mitochondrial mass and function
and improves glucose/lipid/energy metabolism and exercise
endurance by exerting similar effects to those of exercise
[41]. The expression of PPAR-y coactivator-1a (PGC-1a)
[42] was shown to be decreased by 75%, accompanied by
decreases in mitochondrial mass and function as well as in
the proportion of type 1 fiber, leading to decreased exer-
cise endurance in the skeletal muscle of skeletal muscle-
specific AdipoR1-deficient mice newly engineered at our
laboratory [41], which showed evidence of impaired glucose
tolerance and insulin resistance. Thus, adiponectin has an
important dual role to play in the regulation of PGC-1a [41]
not only by increasing the intracellular Ca** concentration
via AdipoR1 thus elevating the expression of PGC-1a but
by activating [41] the AMPK pathway/the longevity gene
SIRT1 [43] thus contributing to the activation of PGC-1a
(Fig. 1). In other words, our research has revealed that adi-
ponectin/AdipoR1 signaling in the skeletal muscle is exer-
cise mimicking.

Discovery of adiponectin receptor agonist
(AdipoRon)

It is assumed that enhancing adiponectin/AdipoR signaling
brings about qualitative changes in the metabolic capacity of
an organism thereby normalizing its metabolic environment.
Thus, adiponectin/AdipoR enhancers and AdipoR-activating
drugs are likely to represent “exercise-mimicking agents”.
When successfully developed, exercise-mimicking agents
are strongly expected to represent not only radical thera-
peutic options for the metabolic syndrome, type 2 diabetes,
and atherosclerosis but also effective treatments for patients
with some medical or locomotor disease who may find it
difficult to exercise.

In our drug discovery research, an originally developed
method has been employed in screening candidate com-
pounds available at the Chemical Library, University of
Tokyo Drug Discovery Open Innovation Center [currently
Drug Discovery Initiative (DDI)] and other resources, which
has led to the successful discovery of a small-molecule adi-
ponectin receptor-activating compound (adiponectin recep-
tor agonist; AdipoRon) [18], which has been shown to bind
directly to AdipoR1 and AdipoR2, thus activating AMPK
in C2C12 cells, a skeletal muscle cell model, and enhanc-
ing mitochondrial function [18]. Furthermore, AdipoRon
has proven to be an oral compound capable of improving
glucose/lipid metabolism thus exerting antidiabetic effects
via AdipoRs (Fig. 2) [18]. AdipoR1 and AdipoR?2 signaling
mechanisms in macrophage and white adipose tissue are not
well understood, future research efforts should elucidate the
molecular mechanisms by which adiponectin/AdipoRs func-
tions in these tissues.

@ Springer

Role of the adiponectin receptor agonist AdipoRon
in prolonging lifespan

Adiponectin activates the AMPK pathway via AdipoR1
thereby improving insulin resistance in the skeletal muscle
[16, 17, 36, 41]. Again, adiponectin/AdipoR1 elevates the
NAD*/NADH ratio in the skeletal muscle thus activating
the longevity gene SIRT1 [41]. It is also shown that adi-
ponectin upregulates via AdipoR2 the expression of ACO
and UCP which are shown to be involved in fatty acid
oxidation and energy consumption, respectively [16, 17].
An examination of the ACO and UCP genes each shown
to be equipped with a PPAR response element (PPRE)
revealed upregulated endogenous PPAR-« ligand activity,
with the expression of PPAR-a also shown to be upregu-
lated [16]. These results demonstrate that adiponectin/Adi-
poR2 signaling upregulates the expression of the catalase
and superoxide dismutase (SOD) genes thereby reducing
tissue oxidative stress [17].

Again, while caloric restriction is shown to prolong lifes-
pan [44], AMPK, mechanistic target of rapamycin (mTOR)
[45], and SIRT have been shown to be partly implicated in
the mechanism involved. It is known that over-expressing
the AMPK-a subunit in nematodes leads to prolongation
of their lifespan [46, 47]. It is also reported that the AMPK
pathway inhibits mTOR signaling and reduces protein syn-
thesis thereby inhibiting cancer cell proliferation and neo-
angiogenesis. Furthermore, many reports are available to
show that inhibiting mTOR signaling in yeasts, nematodes,
and Drosophila leads to prolongation of their lifespan, as
well as in mice whose lifespan is shown to be prolonged
when treated with the mTOR inhibitor rapamycin [45]. Tis-
sue oxidative stress is shown to be increased in obese organ-
isms thus adversely affecting their aging process or lifespan,
while over-expressing the oxidative stress-reducing catalase
gene or SOD is shown to prolong their lifespan [47—-49].

Of note, adiponectin/AdipoR signaling is shown to acti-
vate the AMPK/SIRT1 pathways and thus positively regulate
the catalase and SOD genes thereby reducing tissue oxida-
tive stress [43, 50], which has led us to examine AdipoR-
deficient mice for their lifespan, which may be found to be
shortened. Indeed, AdipoR1-/AdipoR2-deficient mice given
high-fat diet have been found to have a shorter lifespan than
their wild-type counterpart, and AdipoR1/AdipoR2-double
knockout mice have the shortest of all [18]. Again, high-fat
diet is shown to markedly shorten lifespan in a mouse model
of obesity/type 2 diabetes compared to standard diet, while
administration of the AdipoR agonist AdipoRon has been
shown to reverse the shortening of lifespan associated with
obesity in these mice despite being given high-fat diet [18].
Thus, all these observations combine to suggest a poten-
tial role for AdipoR-activating approaches in prolonging
lifespan.
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Fig.2 Scheme illustrating the mechanisms by which a typical Adi-
poR agonist increases insulin sensitivity and glucose tolerance lead-
ing to healthy longevity. In the liver, AdipoRon is shown to suppress
the expression of genes involved in gluconeogenesis, increase fatty
acid oxidation, and reduce oxidative stress and inflammation [18]. In
the muscle, a typical AdipoR agonists is assumed to increase mito-
chondrial biogenesis leading to increased exercise endurance, while at
the same time increasing the levels of expression of genes involved in

Therefore, AdipoR-targeted approaches have the potential
to improve insulin resistance upstream, positively affect ves-
sels, improve atherosclerosis, and effectively treat lifestyle-
related diseases and their complications that are increasingly
associated with obesity, thus bringing healthy longevity
within reach [51]. This potential appears to provide the
rationale for optimization of AdipoR agonists including
AdipoRon for use in humans.

Structure and function analysis of AdipoR1
and AdipoR2

The mechanisms of activation of GPCRs have begun to be
unraveled through structural analysis of their downstream
GP complexes. While adiponectin receptors were predicted
to contain seven-transmembrane helices with an intracel-
lular N-terminus and an extracellular C-terminus whose
orientation was opposite to that of GPCRs, the structures
of AdipoRs remained unknown. This spurred efforts at our
research laboratory to unravel their structures.

Our research efforts led to the development of antibodies
capable of recognizing the structures of AdipoRs as well

fatty acid combustion, oxidative phosphorylation, and oxidative stress
reduction [18]. In white adipose tissue (WAT), AdipoRon is shown
to reduce oxidative stress and inflammation as well as inhibit the
accumulation of M1 macrophages. Enhanced activation of the Adi-
poR pathways is assumed to improve insulin resistance and normalize
lipid metabolism [18]. Drugs targeted at the AdipoR pathways may
have beneficial effects on obesity-linked diseases and healthy longev-

ity

as to the crystallization of AdipoR/antibody fragment (Fv)
complexes using lipid mesophases [52]. Based on the crys-
tallized AdipoR/Fv complexes thus obtained, the structures
of AdipoR1 and AdipoR?2 were thus determined at 2.9 A and
2.4 A, respectively [19].

AdipoR1 and AdipoR2 have been shown to be quite simi-
lar in structure, with each consisting of an N-terminal intra-
cellular region, a short intracellular helix, a seven-transmem-
brane domain, and a C-terminal extracellular region [19].
The Fv used for AdipoR structure recognition was shown to
have recognized the N-terminal intracellular region in Adi-
poR1 and AdipoR2. The seven-transmembrane domains in
AdipoR1 and AdipoR?2 were each shown to have an opposite
orientation to that of microbial rhodopsins or GPCRs which
are each shown to have an N-terminal extracellular region
[19]. Furthermore, the structural characteristics of the trans-
membrane helices in GPCRs, such as proline-induced kink,
were not found in those in AdipoR1 and AdipoR2 [19]. It
was thus concluded that the structures of AdipoR1 and Adi-
poR2 are distinct from those of GPCRs and therefore novel.

Again, a zinc ion has been shown to be present, bound
within the seven-transmembrane domain in both the

@ Springer
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key drug targets in obesity-linked diseases. Of the small-molecule
AdipoR-targeted compounds, AdipoRon, was reported in 2013, and
the crystal structures of AdipoRs (© Protein Data Bank Japan [PDB;j]

AdipoR1 and AdipoR?2 structures [19], with the zinc-binding
site being located at a distance of 4 A from the intracel-
lular layer of the membrane and with the zinc iron being
coordinated by three His residues at a distance of 2.1-2.6
A [19]. In addition, a water molecule has been found to be
present between the zinc ion and the side-chain carboxyl
group, and these three His and Asp residues of AdipoR1
and AdipoR?2 have been found to be conserved in the homo-
logues found across species [19]. Again, an examination of
AdipoR1/AdipoR2 activity through substitution of the zinc
ion-coordinating amino acid residues with Ala suggested
that the zinc ion found within AdipoR1 may not be directly
required for AMPK activation but may be in place to help
maintain the AdipoR1 structure as such [19]. In contrast, it is
shown that the zinc ion within AdipoR2 may not contribute
to the maintenance of its structure but may directly affect
AdipoR?2 signaling.

Additionally, an internal cavity containing a zinc ion has
been found within the seven-transmembrane domain in both
the AdipoR1 and AdipoR?2 structures, and unidentified elec-
tron densities have also been found to be present within the
cavity [19]. Given the presence of the water molecule, this
suggested that AdipoR1 and AdipoR2 may have hydrolytic
activity with the electron densities possibly serving as sub-
strates for this activity or their products [19]. Of note, Vail-
iaukaité-Brooks et al. recently reported that AdipoR1 and
AdipoR2 exhibit extremely low ceramidase activity, while
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licensed under CC-BY-4.0 International) were determined in 2015.
Elucidation of the crystal structures of AdipoRon-AdipoR complexes
should prove crucial for the development of first- and best-in-class
drugs for type 2 diabetes and obesity-linked diseases [18, 19, 35, 41,
51]

also noting that further research is required into their activ-
ity as well as their substrate specificity [53]. To demonstrate
their hydrolytic activity, the substrates involved as well as
their hydrolytic characteristics and products, remain yet to
be elucidated. Again, given that, alongside their potential
hydrolytic activity, AdipoR1 and AdipoR2 may also have
further functions that remain to be identified, and further
developments in adiponectin research are eagerly awaited
[54].

Conclusions

It has now become clear that the decrease of adiponectin
secreted from adipocytes and its receptors is among the
major causes of obesity/diabetes. Our research has demon-
strated that AdipoR-deficient mice are associated with insu-
lin resistance and impaired glucose tolerance, thus reveal-
ing adiponectin/AdipoR signaling in the liver. Furthermore,
our research has shown that, as with exercise, adiponectin
and AdipoR1 enhance mitochondrial function and exercise
endurance in the skeletal muscle thereby improving glucose/
lipid metabolism. Subsequent research has also led to the
discovery of a small-molecule compound that binds and acti-
vates AdipoRs, which has been shown not only to ameliorate
diabetes but to reverse the shortening of lifespan associated
with obesity thus prolonging lifespan. Again, with a focus on



Drug development research for novel adiponectin receptor-targeted antidiabetic drugs. .. 243

structure-based drug discovery, our research laboratory has
successfully crystalized AdipoR1 and AdipoR?2 and has been
the first in the world to elucidate the structures of AdipoR1
and AdipoR2. Furthermore, our structural analysis of Adi-
poR1 and AdipoR2 has also revealed that AdipoR1 and Adi-
poR2 are distinct in structure and function from GPCRs and,
therefore, represent a novel class of receptors. The elucida-
tion of AdipoR1 and AdipoR2 structures is thought likely
not only to provide insight into the mechanisms of AdipoR1/
AdipoR?2 signaling but to have significant implications for
the optimization of the small-molecule AdipoR-activating
compound AdipoRon for use in humans as well as for the
development of first-in-class and best-in-class AdipoR-
activating compounds (Fig. 3). It is expected that AdipoR-
targeted therapy will prove an effective radical therapy for
the metabolic syndrome and diabetes and bring within reach
healthy longevity in humans.
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