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Cardiometabolic diseases encompass those affecting the hert and vasculature as well
as other metabolic problems, such as insulin resistance, dbetes, and non-alcoholic
fatty liver disease. These diseases tend to have common riskactors, one of which
is impaired adiponectin action. This may be due to reduced lbiavailability of the
hormone or resistance to its effects on target tissues. A sting negative correlation
between adiponectin levels and cardiometabolic diseasesds been well-documented
and research shown that adiponectin has cardioprotectiveinsulin sensitizing and direct
bene cial metabolic effects. Thus, therapeutic approache to enhance adiponectin
action are widely considered to be desirable. The complexitof adiponectin structure
and function has so far made progress in this area less than &hl. In this article we will
review the effects and mechanism of action of adiponectin orcardiometabolic tissues,
identify scenarios where enhancing adiponectin action wdd be of clinical value and
nally discuss approaches via which this can be achieved.

Keywords: adiponectin, therapeutic, small molecule, peptid e, precision medicine

Adiponectin, one of the most abundant circulating hormones hHealthy individuals, exerts
many bene cial e ects on cardiometabolic health. Adiponecfiunctions through multiple
signaling pathways that stimulate bene cial e ects on metabo, in ammation, atherosclerosis,
and cardioprotective responses. Circulating levels of adiptin decline under conditions of
metabolic stress, including obesity and metabolic syndrpand are associated with decreased
adiponectin signaling. Thus, strategies that enhance doresadiponectin action are currently
being investigated as therapeutic approaches in the treatofer@rdiometabolic disease.

STRUCTURAL FEATURES OF ADIPONECTIN

Circulating adiponectin is primarily derived from adipose tiss with lower-level expression
detected in several other peripheral tissués4j. Adiponectin monomers are oligomerized
within adipocytes prior to secretion and circulate as low nealar weight (LMW) medium
(MMW) and high molecular weight (HMW) forms. Extensive post-tdational modi cations
play a critical role in adiponectin forming these oligomerioneplexes. In particular,
the disulde bond formed via Cys39 (human)/Cys36 (mouse)dathe hydroxylation,
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glycosylation occurred on lysine residues (lys68, lysyd80, PHYSIOLOGICAL EFFECTS OF
lys104) are essential for adiponectin to form the hexameri@DIPONECTIN AND IMPLICATIONS IN
and oligomeric complexes, respectively §). The full-length CARDIOMETABOLIC DISEASE

adiponectin (fAd) oligomers can be cleaved by neutrophiltekes
to liberate the carboxy-terminal globular domain (gAd) whi  The giverse physiological functions of adiponectin in metabo

itself possesses physiological activiyd). and cardiovascular tissues has signi cant implications in
health and disease states. Multiple studies have established

ADIPONECTIN RECEPTORS AND primarily bene cial e ects of adiponectin on the regulation

SIGNALING of metabolism, immunity, in ammation, cardiac remodeling

vasculature control and cancef 28-30). The anti-diabetic

Adiponectin action is mediated primar”y through adiponectin actions of adiponectin include insulin SenSitiZing and insul
receptors 1 (AdipoR1) and 2 (AdipoR2), which are non-mimetic actions in liver and skeletal muscle, as well as primtect
G-protein-coupled receptors containing seven transmembranagdainst beta cell destruction in the pancreas)(In addition
domains, but with an internal N-terminus and external C- tO this, increased glucose transport and GLUT4 translocatio
terminus @). Both adiponectin receptors are rather ubiquitouslyPy adiponectin in skeletal muscle is regulated by AMPK or p38
expressed a|th0ugh some Variations do occur, such as moWPK aCtiVatiOn G.7).Adip0nectininCI’easeSfattyaCid OXidatiOn
abundant AdipoR1 expression in skeletal muscle and highdhrough PPAR enhanced expression of target genes in the liver
AdipoR2 expression in livery( 10). In vitro experiments in (20, 22 23) or through increased mitochondria biogenesis in
C2C12 myocytes utilizing sSIRNA demonstrated that suppressiofkeletal musclel@).
of AdipoR1 reduced gAd binding while AdipoR2 suppression The cardioprotective e ects of adiponectin can be attributed
primarily reduced fAd binding, and their respective downstme  in part to e ects on cardiac metabolism, apoptosis, autophagy
signaling and functional e ects9j. The functional roles of and hypertrophy §2). Additional cardioprotection is mediated
adiponectin receptors have been examined in transgenic dy the anti-in ammatory, antioxidant, and vasorelexant
knockout mouse models of AdipoR overexpression created bgroperties of adiponectin as well as its ability to inhibit
di erent research groups. Yamauchi et al. reported undetdetab atherogenesis3(). Initial in vivo studies examining the e ect of
levels of adiponectin specic binding and action in AdipoR adiponectin on atherosclerosis demonstrated that adenovirus
1 and 2 double-knockout mice leading to glucose intolerancenediated overexpression of adiponectiBand gAd treatment
and insulin resistance in these animals. Both AdipoR1-nul{23) in apolipoprotein (apo) E-de cient mice resulted in reduced
and AdipoR2-null mice exhibited similar phenotypes with bothatherosclerosis. Systematic review and meta-analysisroéaihu
strains showing increased adiposity and insulin resistdfide  clinical trials suggests an important role of adiponectin firet
A consistent phenotype of insulin resistance was observed mevelopment of atherosclerosis, as hypoadiponectinemia was
AdipoR1 de cient mice {2, 13), however studies in which associated with early carotid artery atherosclerosis lesions
AdipoR2 was deleted have reported opposing phenotypes imealthy and metabolic disease populatior@s)( It should be
terms of glucose tolerance and susceptibility to diet-irelic noted that this association was weakd( and not consistent
insulin resistancel(1-14). across all studies3g) but in vitro experiments as well as animals
Adiponectin binding to AdipoRs initiates a cascade ofstudies have reported data supporting the anti-atherogenic
downstream signaling through the interaction of AdipoR to properties of adiponectin. Adiponectin inhibits multiple steps
intracellular adaptor proteinsl) with APPL1 (adaptor protein involved in the development of atherosclerotic lesions idiig
containing pleckstrin  homology domain, phosphotyrosinethe reduction of macrophage lipid accumulation, inhibition
binding domain, and leucine zipper motif 1) acting as theof macrophage to foam cell formation, suppression of pro-
primary adaptor protein mediating the metabolic e ects in ammatory cytokines release and lymphocyte migration,
of adiponectin (6). Adiponectin stimulation results in the inhibition of leukocyte and endothelial cell interactionnd
binding of APPL1 to the cytoplasmic domain of AdipoR1 andsuppression of vascular smooth muscle proliferation through
AdipoR2 via the phosphotyrosine binding (PTB) and coiledthe inhibition of atherogenic growth factors3{, 36). In the
coil (CC) domain of APPL1 X7). Subsequent translocation early development of atherosclerosis, adiponectin has been
of LKB1 to the cytosol as well as calcium release from thdemonstrated to inhibit monocyte-macrophage migrationiish
endoplasmic reticulum through phospholipase C activateseducing the attachment of monocytes to injured endotheléls
calcium/calmodulin-dependent protein kinasely 18 19). and the formation of macrophage foam celts(38). In addition
AMPK activation is the central mechanism whereby adiponectiro this, adiponectin can downregulation scavenger receptor
stimulates metabolic e ect$(7, 10, 13 17, 18 20-26), induces A (SR-A) and acyl-coenzyme A: cholesterol-acyltranséeras
NO-dependent vasodilation, inhibits the production of reaet (ACAT1) expression, both of which are important regulators of
oxygen species (ROS), and modulates mTOR signaling. macrophage lipid accumulation and foam cell formati@®,(40)
addition to AMPK activation, several AMPK-independent Adiponectin can also inhibit foam cell formation by modulagin
pathways exists whereby adiponectin is able to regulateimsullipid metabolism and cholesterol e ux in macrophage$l( 42)
sensitivity, in ammation, glucose uptake, and ceramidasand altering the activity of enzymes (i.e., heptaic lipase,
activity (27). lipoprotein lipase) involved in the catabolism of lipoproteins
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(41). The eects of adiponectin on foam cell formation is simulated in arin vitro model of lipotoxicity, palmitate treatment
mediated through an adiponectin-AdipoR1/2-APPL1 axis insigni cantly increased S1P intracellular concentrationdH9c2
macrophages4@3, 44). Thus, adiponectin is a critical factor cells. Addition of a synthetic adiponectin receptor agonist,
regulating the development of atherosclerosis which actounAdipoRon, to palmitate-treated H9c2 cells reduced intracellular
for its bene cial e ects on cardiometabolic diseases. concentrations while simultaneously increasing secretio®1d?
Dysregulation of cardiac energy metabolism is an importantvhich was consistent with attenuation of palmitate-induced
feature seen in early stages of heart failure. CardiomgocyROS production and cell death. Thus) vivo and in vitro
contractile energy in the healthy heart under aerobic ctinds  results suggests that through the activation of cardiaaroétase
is derived from fatty acids (70%) and glucose (30%) and activity, adiponectin increases the conversion of cerartod&l P
this balance is perturbed under conditions of cardiac stressvhich is secreted to exert autocrine/paracrine cardiopritec
such as under ischemic conditionsi5. Our group @6~ e ects (52).
48 and others {9-51) have shown that adiponectin can Regulation of cardiomyocyte autophagy is now recognized
regulate cardiac energy metabolism. Both globular and fullas an important mechanistic component of the cardioprotective
length adiponectin stimulation led to increased glucose kpta e ects of adiponectin. Examination of myocardial autophagy in
and metabolism 46) via the activation of AMPK, IRS1, and anin vivo animal model of oxidative stress induced by chronic
Aktl in primary neonatal rat cardiomyocytes. The e ect of angiotensin Il (Ang-1l) treatment showed increased LC3Il
adiponectin on cardiomyocyte glucose uptake is dependemrotein expression in the left ventricle which was signi cignt
on Rho/ROCK regulated actin cytoskeleton remodeling whicthigher in adiponectin knockout vs. wild-type mic&74), this
colocalized APPL1 to actin lamentg!®). Similar results were most likely resulting from a block of autophagic ux. J®;
observed in primary adult rat cardiomyocytes with adiponecti induced autophagic cell death in isolated adult rat ventacu
signi cantly enhancing insulin stimulated Akt phosphorylati  myocytes through AMPK/ERK activation, mTOR inhibition,
and glucose uptake4{). The e ect of lipotoxicity on cardiac and increased expression of authophagic protein. This led to
insulin signaling was examined in adiponectin knockout miceautophagasome accumulation and adiponectin pre-treatment
and a signi cant reduction in insulin stimulated Akt signay ameliorated the e ect of oxidative stress on autophagy).(
was observed in high fat fed mice compared to chow fed grou@ardiac autophagy is a dynamic process which is activated
and adiponectin replenishment was able to reverse the defeict response to stress but can become inhibited in chronic
in insulin signaling 62). Adiponectin treatment increased the pathological conditions. In studies examining the e ect of
expression of fatty acid transporter protein-1 and induced theHFD on autophagy in wild-type and adiponectin knockout
translocation of CD36 to the outer cell membrane in primarymice, a compensatory elevation in autophagy in response
neonatal and adult rat cardiomyocytes, respectively, nesuih to HFD was lacking in Ad-KO mice 58). Aortic banding
increased fatty acid uptaké{, 48). Adiponectin, via AdipoR1- to induce pressure overload cardiac dysfunction resulted in
APPL1 signaling, regulates fatty adidoxidation in primary activation of cardiac autophagy in wild-type mice but this
rat cardiomyocytes and isolated working heart through thechange was de cient in adiponectin-null mic&9). Inhibited
activation of AMPK leading to acetyl coenzyme A carboxylasautophagy was also observed in adiponectin knockout mice
(ACC) phosphorylation and enhanced fatty acid oxidatiaty,( following lipopolysaccharide challenge compared to wild-type
48). These results suggest that adiponectin isoforms regulateice which had upregulated LPS-induced autophagy through
cardiac metabolism and function leading to more e cient AMPK-mTOR-ULK1 dependent signaling(). In vitro studies
utilization of glucose and fatty acids. with H9c2 cells, revealed an important role of adiponectin in
Adiponectin attenuates cardiomyocyte apoptosis seen ithe stimulation of autophagy ux in cardiomyocytes at multiple
heart failure through several dierent signaling pathways.steps withinthe autophagy pathwaydj. In adiponectin de cient
Adiponectin treatment was protective against stress-inducemice, the normal autophagic response of cardiomyocytes to
apoptosis through Akt-dependent signalinggd in HL-1  stressors is inhibited anith vitro data suggests that adiponectin
cardiomyocytes. In cultured H9c2 cells and adiponectinknulreplenishment can correct this abnormal response. Colldgtive
mice, globular adiponectin attenuated hypoxia/reoxygemati in vitro andin vivo animal studies provide convincing evidence
induced apoptosis through the reduction of reactive oxygemf multiple mechanisms in which adiponectin can enhance cell
species{4, 55. Adiponectin stimulation of ceramidase activity survival and metabolism through the regulation of autophagy
plays a vital role in cell survival through ceramide degramtat Cardiac hypertrophy can be a normal physiological
and production of sphingosine 1-phosphate (S1P) both of whiclesponse which occurs secondary to pressure overload,
protected primary mice neonatal ventricular cardiomyocytesiowever under specic circumstances hypertrophy can
from palmate-induced apoptosi$€). Our group has recently become pathological and lead to cardiac dysfunctic®).(
demonstrated the importance of ceramidase activity in thédiponectin has been demonstrated to protect against
cardioprotective e ects against reactive oxygen species (ROfthological cardiac hypertrophy in botln vitro and in
and apoptosis. High fat diet (HFD) in adiponectin knockout vivo experiments. Multiple studies have reported exaggerated
mice increased myocardial total triglyceride, ceramidmsg pathological cardiac hypertrophy in adiponectin knockout
sphingosine-1-phosphate (S1P) compared to chow-fed animatsice under experiment models of pressure overload—(
with adiponectin replenishment resulting in signi cantrecion ~ 63) with adiponectin replenishment resulting in reduced
in S1P intracellular content. When these conditions werguathologic hypertrophy €2). Experiments in isolated neonatal

Frontiers in Endocrinology | www.frontiersin.org 3 December 2019 | Volume 10 | Article 842


https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org
https://www.frontiersin.org/journals/endocrinology#articles

Liu et al. Adiponectin-Based Therapeutics

rat ventricular myocytes treated with angiotensin Il to imce  levels and all-cause mortality and major adverse cardmas
hypertrophy illustrated that the primary anti-hypertrophic events (6).
mechanism of adiponectin occurred through AdipoR1-APPL1- This adiponectin paradox has been proposed to occur
AMPK activation resulting in suppression of nuclear factorsecondary to adiponectin resistance, a hypercatabolic state or
kappa-B-induced hypertrophic growth signaling4-66). These in response to elevated natriuretic peptides which are found in
studies suggest that adiponectin can protect against cardiaclvanced CVD. In particular, both human and animal studies
hypertrophy and lack of adiponectin can lead to development ofiave suggested that adiponectin resistance as a consequence
more severe pathological hypertrophy. In summary, evidence tof AdipoR1 downregulation may be present in severe CVD
date illustrates that the cardioprotective e ects of adipdiec and thus hyperadiponectinemia is a compensatory mechanism
are mediated through e ects on multiple cell types (e.g.(85 86). The wasting theory proposes that the hypercatabolic
endothelial cells, vascular smooth muscle cells, cardbmytgs, state in severe heart failure leads to increased adiponetiich
broblasts, macrophages) involved in cardiac metabolismis consistent with the inverse relationship between adiptine
survival and remodeling. and fat mass §7). Supporting this theory are observations
showing hyperadiponectinemia only in the presence of cachexia
in heart failure patientsq8). Cardiac natriuretic peptides, atrial
THE ROLE OF ADIPONECTIN AS A natriuretic peptide (ANP) and brain natriuretic peptide (BNP),
BIOMARKER are important mediators in the crosstalk between heart and
adipose tissue. This was demonstrated in transgenic mice Isode
Adiponectin circulates at high concentrations in humans andvhere whole body as well as adipose tissue specic deletion
rodents ¢7) and hypoadiponectinemia is associated withof the NP clearance receptors, resulting in enhanced ANP
metabolic syndrome across dierent ethnic group34(68- action, protected mice from diet induced obesity and insulin
70). Adiponectin levels in humans are inversely related taesistance9). In human cultured adipocytes, ANP stimulated
BMI and fat mass with reduced adiponectin mRNA expressionljpolysis ©0) and promoted the “browning” of white adipose
HMW adiponectin secretion and total serum levels observedissue through enhanced energy expenditure via upregulatfon
in obesity, insulin resistance, T2DM, CVD, and metabolicmitochondrial biogenesis, respiration and UCP1 expressidh (
syndrome 84, 68 71-73). Human studies have reported an Unpublished data from our group suggest that defective cardia
inverse correlation between adiponectin levels and the oisk autophagy leads to reduced ANP-mediated inter-organ catisst
cardiovascular morbidity and mortality. Hypoadiponectiniam leading to impaired glycemic control. Increased natriuceti
has been associated with early carotid artery atherossitero peptides release is an indicator of cardiac stress and is used
lesions in humans 34, 74), while higher serum adiponectin as a clinical biomarker of heart failure. Both ANP and BNP
levels are correlated with favorable cardiovascular risklgs  were found to enhance the expression of adiponectin mRNA
in both males and females’%§, 76). Higher adiponectin levels and secretion from primary human adipocyte®2. This
were also associated with a reduced risk of developing typedbservation was reproducible in human studies with infusion
diabetes and the subsequent risk of cardiovascular events of ANP resulting in increased total and HMW adiponectin
a large population of healthy patient§ 4. Consistent with concentrations in healthy mer9@) and patients with chronic
these cardioprotective e ects are studies demonstrating aheart failure 02). Clinical studies have also provided evidence for
association between persistent hypoadiponectinemia follpwina positive, independent association between adiponectifisieve
acute myocardial infarct with increased risk of future mrajo and BNP in healthy subject84) and in men with ischemic heart
adverse cardiovascular events3(79. In contrast, multiple diseaseq5). Concomitantly elevated proBNP was associated with
studies have reported increased adiponectin levels in patien¢levated adiponectin levels observed in patients who dewelope
with advanced cardiovascular disease. In a prospective stuligart failure in an 8.5 years follow-up prospective study of
of men and women without initial diagnosis ischemic heartsubjects without initial diagnosis of heart disea®@ (Thus, both
disease or HF, higher adiponectin levels was directly catedl ex vivoandin vivo analyses have provided evidence supporting
with increased risk of heart failure8(). The EXAMINE trial the idea that hyperadiponectinemia in advanced CVD can be
found a direct relationship between adverse cardiovasculariven by elevated natriuretic peptides.
outcomes and higher adiponectin levels in type 2 diabetic pttie Overall, the clinical value of adiponectin as a biomarker
with recent acute coronary syndromel). In patients with remains highly promising, especially for metabolic and
chronic heart failure, high adiponectin levels were as$edia cardiovascular disease86( 97). However, published ndings
with an increased risk of mortality8¢). Clinical studies in suggest that clinical interpretation of circulating adipatia
older populations demonstrated a positive association batwedevels must be done in the context of factors, such as agdegen
adiponectin levels and mortality in patients with heart fagd83 ~ and severity or stage of CVID§ 99).
84). The paradoxical association of adiponectin levels in iahat
to cardiovascular disease was further illustrated by olsEms
from the Copenhagen City Heart Study which reported a positiveADIPONECTIN AS A BIOTARGET
relationship between high adiponectin and decreased ristofa
for CVD in patients without initial CVD disease. This samedjyu Research studies to date have proven the signi cant potential o
also found a positive direct correlation between adiponectiradiponectin as a biotarget for the modulation of metabolic and
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cardiovascular disease. However, the exogenous adnaitiistr and sleeve gastrectomy in obese women and this was negativel
of recombinant adiponectin has proven to be dicult due correlated with body weight and waist circumferenci4).
to the challenges associated with producing stable mulitner Both gastric bypass and very low calorie diets led to improved
recombinant adiponectin isoforms. Further complicating theadiponectin levels in obese type 2 diabetic subjedt39(
process of establishing a therapeutic dose is the high endogen Exercise training leading to weight loss in overweight, sebe
concentration and the relative shorin vivo half-life of and diabetic subjects was associated with increased adifjione
adiponectin (04 107). The therapeutic success of adiponectinlevels (06-109. These ndings support the idea that sustained
thus lies in approaches aimed at enhancing endogenous ldvelsveeight reductions through lifestyle modi cations can emica
expression as well as strategies to target adiponectin Bigraadd ~ adiponectin levels.
its downstream e ector pathways. Thiazolidinediones (TZD), prescribed for the treatment
of diabetes, are perhaps the most extensively characterized
regulator of adiponectin expression. TZDs, such as pioglitazo

CURRENT KNOWLEDGE AND FUTURE and rosiglitazone increase adiponectin expression through t
APPROACHES FOR HOW ADIPONECTIN activation of proliferator-activated receptor gamma (PRAR
CAN BE TARGETED THERAPEUTICALLY (119 117). Pioglitazone treatment for 16-weeks increased

adiponectin levels in an obese population of Chinese subjects
Increase Circulating or Local Levels with diabetes and this correlated with improved insulin
As summarized inFigure 1, overcoming the reduction in secretion and insulin sensitivity1(2. Clinical studies in
circulating adiponectin levels observed in disease states) subjects across dierent ethnic, age and metabolic disease
as obesity and diabetes has potential to be bene cial. kifest groups have consistently observed increased adiponectits leve
interventions are an e ective strategy to increase ciréotpt with pioglitazone (13-115 or rosiglitazone {16 treatment.
adiponectin levels. Interventions, such as exercise, icaloimportantly, TZDs up-regulate both total expression and HMW
restriction, pharmacological drugs, or gastric bypass teadi oligomers content in botlin vitro as well asn vivo animal and
to weight loss have consistently shown a positive e ect ofiuman studies §, 117 119. However, the adverse side e ects
adiponectin levels. Weight loss induced by a combinatiowhich have unfortunately blighted use of TZD51Q 120 limit
of lifestyle and pharmacological (phentermine/topiramate)their utility as a go-to agent to increase adiponectin levels
interventions resulted in an increase in adiponectin levels Specic dietary supplements have been recognized as
in patients with metabolic syndromel(2 103. Circulating regulators of adiponectin expression. Evidence fiamitro and
adiponectin levels signi cantly increased following gashypass in vivostudies suggests that vitamin E can upregulate adiponectin

Lifestyle interventions

Telmisartan

< SEEESSSh

Telmisartan

FIGURE 1 | Interventions that enhance adiponectin receptor expressin Adiponectin receptor expression can be increased by lifgtyle interventions, such as diet and
exercise as well as through pharmacological therapies as stwn.
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expression, also through the activation of PRARreatment white adipose tissue (WAT) of male KKAy mice, AdipoR1
with g- and a-tocopherol, vitamers of vitamin E, enhancedand AdipoR2 expression was upregulated following treatment
adiponectin expression in 3T3-L1 adipocytes and mit8l( with the PPAR agonist Wy-14,643149. AdipoR2 but not
and was able to ameliorate the suppressive e ects of @+  AdipoR1 mRNA expression was increased by PRARI PPAR)
adiponectin expression in 3T3-L1 adipocyte?. Both sh  agonist in primary human and THP-1 macrophage$5().
oil (123 and omega-3 (24 125 supplementation increased Rosiglitazone increased both AdipoR1 and AdipoR2 mRNA in
adiponectin levels in human studies. St. John's WBIstfericum  isolated adult rat ventricular cardiomyocytes1). In humans,
perforatum (126 and Groundsel BushBaccharis halimifollp  pioglitazone treatment increased both AdipoR1 and AdipoR2
extract (L27) induce 3T3-L1 adipocyte di erentiation leading to mRNA in muscle biopsies from type 2 diabetic subjedtS1y.
enhanced adiponectin expression. Additional supplements thatelmisartan, an ARB with selective PRA&tivity, was observed
have been shown to increase circulating adiponectin in husnarnto correct the reduced ventricular cardiomyocytes AdipoR2
and animals include grape-seed extratP&130 green tea and aortic AdipoR1 in diabetic rat to comparable levels as
extract (L31, 132, walnuts (L33 134, a-linolenic acid (L35, control animals (52. Metformin, a rst-line pharmacotherapy
resveratrol {36-139, and Radix Astragalisolated compounds for treatment of diabetes, is a potent activator of AMPK with
(astragaloside Il and isoastragalosidell}9). insulin sensitizing e ects. Studies in ZDF rats demonstrated
Targeting the renin-angiotensin  aldosterone systenthat metformin can upregulate AdipoR1 and AdipoR2 receptor
through angiotensin-converting enzyme inhibitor (ACEi) expression in muscle and AdipoR1 in WATX3. In addition
and angiotensin receptor blockers (ARBs) have consistentlp e ects on adiponectin levels, exercise training in animald an
increased adiponectin levels in humans through PBARhumans is associated with enhanced AdipoR expressiof).(
activated adiponectin gene transcription and enhancedtudies in obese and diabetic animal models consistently tepor
adipogenesis 140. The ACEi inhibitor temocapril also upregulation of skeletal muscle AdipoR1 expression in response
signi cantly increased adiponectin expression in patientshwi to di erent exercise programslf4 155. In humans, AdipoR1
essential hypertensioriL{l). Ex vivoexperiments with human and AdipoR2 expression in skeletal muscle increased in response
omental (OM) preadipocytes from healthy women showedo endurance exercise programss@ 157). Collectively, these
signi cantly higher adiponectin mRNA expression in adipocytes ndings further support the bene t of lifestyle interventianin
di erentiated in the presence of ARBs vs. TZOgH). Finally, it  enhancing adiponectin action.
was suggested that enhanced adiponectin expression wascspeci

to PPARy ligand ARBs (e.g., irbesartan, telmisartan) via StUdieReceptor Agonists—What's Available and
in 3T3-L1 adipocytes anéx vivoepididymal fat from Zucker Future Developments

fa/farats (L42). . . . .
Incretigs a[eg glucagon-like peptide 1 (GLP-1) GLP_IAdlpoR agonists Kigure 2 have been an intense focus of
N ’ epharmaceutical drug development programs in metabolic and

ﬁ)n?rl]%?:aég%'ncl:gﬁ:ug%?\]/aﬁ:gm tphz[ggmacgiloglct% I?jgi;:igtsdeus cardiovascular diseaseX)(159. Ligand binding receptors are of
y [€.9., dipeptidy ps course recognized as the logical targets for activatihggiting

4 (DPP4) inhibitors] upregulate adiponectin expression . . . : o -
in 3T3-L1 adipocytes 143 as well as in clinical trials that signaling pathway. Given the diculties in producing

(144. Evidence from systematic review and meta—analysig'omglcauy active adiponectin and optimizing the exact dsa

. - . : and route of administration for this recombinant protein,
of randomized controlled trials suggests that statins cendase Lo . . . : .
. . . g . . designing agonists to activate adiponectin receptor-mediat
adiponectin concentrations despite its negative e ect on limsu

sensitivity (45 and risk for developing diabetes mellitus4(@. doyvnstrea_rrll S|gnal|n_g is a highly desirable strategy to mizd
O ) . adiponectin's bene cial e ects. Several small moleculeshorts
Empagli ozin, a diabetes pharmacological agent that works

through the inhibition of sodium-glucose cotransporter-2 peptides have been discovered for this purpose since Kadowaki's

was been reported to increase adiponectin levels in mice 2UP identi ed AdipoR1 and AdipoR2).

through an unknown mechanism1¢7 148. Together, these

studies suggest that multiple pathways can regulate ciioglat ADP355/ADP399

adiponectin expression either through direct stimulatiorgehe

expression or through mechanisms that enhance adipogenedibe C-terminal of adiponectin (residues 105-254) that forms

and insulin sensitivity. gAd is well-established to induce potent biological e ects in

various studies 41, 159. By screening 66 small peptides

L . . overlapping each other by 10 amino acids and covering

Alter Level (or Localization) of Adiponectin the entire sequence of the globular domain of adiponectin,

Receptors or Signaling Pathway Proteins Otvos et al. discovered that the peptide sequence between

Regulation of AdipoR expression and downstream signalingesidues 149-166 retained biological activity similar tddg

e ector proteins are clearly prime candidates which have bee(iL60). A patent was led (US9,073,965) indicating the potential

targeted to enhance adiponectin action and several compounad developing this sequence into a receptor agonist. After

have been identied as possible regulators of adiponectimadditional pharmacological modi cations and structurerittion

receptor expression. PPAR agonists have been reported assays, a short peptide namA®P355(H-DAsn-lle-Pro-Nva-

enhance AdipoR expression in various cell types. In epididymaleu-Tyr-DSer-Phe-Ala-DSer-NH2), was formed acting as an

Frontiers in Endocrinology | www.frontiersin.org 6 December 2019 | Volume 10 | Article 842


https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org
https://www.frontiersin.org/journals/endocrinology#articles

Liu et al. Adiponectin-Based Therapeutics

e
ADP355 |( ADP399 |
J !

= |
GTDF | [ ADP-1 J AdipoRon | |
e S - {

|
PEGlycated BHD1028 |

S
Osmotin |

Activation of signaling pathways

AMPK
P38-MAPK
PPAR-alpha

FIGURE 2 | Adiponectin receptor agonists. Binding of full-length andjlobular adiponectin to adiponectin receptors with sevenransmembrane spanning domains (left
side) normally activates downstream signaling pathways,ueh as AMPK, p38MAPK, and PPAR-alpha. Multiple adiponectineceptor agonists have now been
identi ed to also bind adiponectin receptors and induce theg downstream signaling cascades.

active adiponectin receptor agonist. Follow upvitro activity —available. In 2013, via screening chemical library compsund
assays including cell proliferation assay and western ldot tprovided by the Open Innovation Center for Drug Discovery
monitor the activation of key signaling molecules (AMPK,in University of Tokyo, Kadowaki's group successfully idext
AKT, STAT3, ERK1/2 etc.) in various cancer cell lines, reageal AdipoRON as the most potent agonist for AdipoR'$60Q).

e ects of ADP355in the concentration range 100 nMLO During the screening assay, the phosphorylation of AMPK,
uM comparable to or exceeding those of gAt6(). A bolus the key targeted signaling molecule for adiponectin, was used
injection of 5-50 mg/kgADP355displayed excellent stability as the readout for evaluating the activity of all chemical
and minimum toxicity in-vivo. Furthermore, a 1 mg/kg/day compounds in the screen. In C2C12 myotubes, comparing to
ADP355 treatment via intraperitoneali.p.) injection for 28 the treatment of native adiponectin protein, AdipoRON induced
days signi cantly inhibited the growth of human breast canc a comparable and dose-dependent phosphorylation of AMPK
xenograft in mousel(61). With the initial success, Otvos et al. within the concentration of 5-50 uM. AdipoRON was identi ed
continued to explore ways to pharmacologically enhance thas agonist for both AdipoR1 and AdipoR2. An intravenous
agonist activity oADP355 In considering adiponectin normally injection of AdipoRON, in the dose of 50 mg/kg, induced
circulates in its multimeric forms, the second generatidrite  the phosphorylation of AMPK in both skeletal muscle and
peptide, a linear branched dimeADP399 and an octapeptide liver of wt mice, however, this phosphorylation was abolished
(ADP400, was formed. The dimeric peptiddDP399exhibits in AdipoR1 and AdipoR2 double knockout mice&2. One
almost 20-fold increased cellular activity in comparison tokey advantage of a small molecule receptor agonist in the
the monomeric peptideADP355 However, surprisingly, at the pharma industry is oral administration. To test the therageut
similar concentrationADP400acted as an antagonist rather than potential of AdipoRON in alleviating metabolic disorders, 50

an agonist to AdipoRslE0). mg/bodyweight of AdipoRON was given to diet induced obese
mice via oral administration for 8 days. AdipoRON e ectively
ADIPORON improved insulin sensitivity and restored glucose homeadstda

the activation of AdipoR1-AMPK-PGGiland AdipoR2-PPAR
AdipoRON, a synthetic small molecule that can be administeredignaling pathwaysl¢?. AdipoRON treatment also mimicked
orally, is the most well-studied AdipoR agonist currentlyadiponectin's established anti-diabetic e ects68 and ability
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to enhance cellular capacity for mitigating oxidative-stre Others identi ed that a short region of adiponectin protein N-
(162 1649, enhancing lipid/glucose oxidation in mitochondria terminus @, 15-35) can act as agonist to AdipoRs and activate
(162 1649, anti-in ammatory responses162 164-167), life- the downstream signaling pathways to promote cell viability
prolonging e ect (L62 163, anti-cancer e ects 168 169, pro- and proliferation, thus maintaining pancreatic beta cell mass
cell survival and anti-apoptotic e ectl(/Q 171, neuronal- (72, and preventing the development of diabete<9§). Another
173, reno- (L74 175, and cardio-/vascular-protective e ects orally active AdipoR agonist named6-C-b-D-glucopyranosyl-
(165176-179. However, exciting AdipoRON research in animal (2S,3S)<C)-5,7,39,49-tetrahydroxydihydro avonol (GTDF) was
models has not been translated to establishment of a druglenti ed and its biological e ects characterizedq?), followed
for human use and the search continues for additional smalby identi cation of a 13-amino acid residue segment located
molecule AdipoR agonists which have little or no toxicity. in the collagen domain of adiponectin (ADP-1) as another
potent AdipoR1 agonist199. The corresponding functional
studies have revealed that GTDF can bind to both AdipoRs,
OSMOTIN with a preference for AdipoR1, and activate associated signali
pathways to improve metabolic health, including glucose uptake,
Osmotin, a plant protein, that was found to be structurally 8an  lipid pro le, beta cell survival, reduced steatohepatitis ehd
to adiponectin, can also induce the phosphorylation of AMPK inbrowning of adipose tissué §7, 199.
C2C12 myotubesiB0. Interestingly, the adiponectin receptor, Many e orts have been invested in identifying and optimizing
AdipoR1, is the mammalian homolog of the osmotin receptorAdipoR agonists as a class of therapeutic drugs, however, none
PHO36 (180. Based on these observations, it was proposedf them has reached the stage of being adopted in clinical
that osmotin could function as an agonist for AdipoR18().  practice yet. This may due to the interpersonal variants in
Indeed, an osmotin peptide with nine residues (CTQGPCGPTgndogenous adiponectin and adiponectin receptor expression
was synthesized and its molecular interaction with AdipoRlevels and the complicated cross-reactive molecular netsvork
was modeledin silica Functional analyses revealed similarformed around its signaling pathway. Besides, itis also ingurt
biological e ects, evaluated as the induction of IL-6 prodaot to realize that the development of adiponectin resistance in
in synovial broblasts, of fAd (5 ug/ml) and osmotin peptide certain disease states, possibly due to the reduced expressio
(5 ug/ml) (181, 189). Studies within-vivo, in-vitro treatment of altered post-translational modi cation of adiponectin rgxters
osmotin also revealed its adiponectin's memetic e ect towarar adaptor proteins, such as APPL1, could also signi cantly a ect
obesity, diabetes and related fatty liver, cardiovasatiseases the e ectiveness of AdipoR agonistd(( 199-201). However,
(183-186. The activation of AdipoRs mediated downstreamwith recent advances in high throughput and high content
signaling pathways including AdipoRs/PPAR(185 and drug discovery technologie®(2 203 and the establishment
AdipoR1/PI3K/AKT (183 upon osmotin treatment, further of AdipoR crystal structure to facilitate rational drug dgsi
con rmed the agonist activity of osmotin peptide to AdipoRs, in (204, it is possible to expect further re nement of small
particularly to AdipoR1 {87). Interestingly, a group of Korean molecule AdipoR agonists for the treatment of metabolic and
scientists led by Dr. Kim MO have conducted series of studiesardiovascular diseases.
and revealed the neuroprotective e ect of osmotin, in partéul
to Alzheimer disease. Firstly, they shown the preventive te e TURE CONSIDERATIONS
of osmotin on amyloid beta-induced synaptic de cits,bA
accumulation,b-secretase expression and tau phosphorylatiof\ Personalized Approach to Maximizing
via reduced phosphorylation of PI3K, Akt, and GSK inEffectiveness of Adiponectin Therapeutics
mice (189. Secondly, they identied AdipoR1/TLR4/XB, There clearly is huge potential for implementing use of
AdipoR1/AMPK/SIRT1/SREBP2  signaling, and AdipoRladiponectin-based therapeutics, and when the time comes we
interfered Nogo-receptor 1 (Ngl) signaling are threemustalso make progress in stratifying ways to better depleir th
key pathways that responsible for osmotin diminishedyse. Here, we list several possible directions that could llmnfo

neuroin ammation and A accumulation while improved to maximize health impact of future advances in adiponectin-
neurodegenerative disease related, synaptic de cits, itogn related drug discovery.

impairment, memory loss and long-term potentiatiori§3-
192. Lastly, an osmotin preloaded magnetic nanoparticle€Crosstalk With the Microbiome
demonstrated a novel drug delivery approach for the treatmenf\s our understanding of the bio-e ects of adiponectin has
of Alzeimer (L93. developed during the last decade, so too has knowledge of
the important role that gut microbiota plays in metabolic
health @09. Like adiponectin, targeting microbiota has also
OTHERS been suggested to have therapeutic value in treating metaboli
syndrome. A large number of studies in rodents and humans
Additional AdipoR activating small molecules have also beehave now validated the concept that insulin resistance caordit
studied as potential therapeutic agents. Vidragilicoapproach, could be improved upon receiving a more healthy donor's
peptide Pep70 was identied as a potential AdipoR1 agonightestinal microbiota via a procedure called fecal micraaio
in protecting against brosis 194. PEGylated BHD1028 was transplantation (FMT) R206. Interestingly, it was found that
discovered and formulated for the treatment of diabete85. expression of adiponectin can also be modulated by specic
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changes in gut microbiota composition. FMT, especially ofArti cial Intelligence (Al) Assisted Drug
those that are enriched in Lactobacillus NK6 colony (VerDeveIopment and Use

similar to Lactobacillus taiwanensitrain BCRC 17755) can The analysis of pharmacokinetics and pharmacodynamics on
induce adiponectin expression from gut epithelial cell4.  adiponectin based drug metabolism is often long and costly,
Indeed, it has been proposed that activation of adiponectiyet arti cial intelligence using machine learning algwits are
signaling can also mediate the bene cial physiological esectnow able to assist this process. An example for Al assisted
of Lactobacillus Z09. The important role of gut microbiota drug development is analysis of the hepatic toxicity e ect of
in mediating drug absorption and metabolism has now beenerbina ne, an oral antifungal agent2(9. Nearly 20 years
recognized 09. Speci cally, one study identi ed more than after the initial safety watch regarding its hepatic toxidtect,

ve phase-l metabolites and many possible glucuronic acih machine learning algorithm trained with large dataset of
conjugated phase-1l metabolites generated upon AdipoR agoniknown metabolic pathways identi ed what no human could
AdipoRON treatment210. However, whether these metabolitespreviously: the detailed 2-step metabolic processes that led to
are generated from microbe or host mediated drug metabglisnthe breakdown of terbina ne into its toxic metabolite, TBF-
and whether there is any functional signi cance relatedliose A (213 214. Using an Al assisted computational approach
metabolites are still under investigation. Thus, futureidiés could help in forming a comprehensive understanding of
focused on developing adiponectin-based therapies mustdeclu metabolism for new adiponectin-mimetic small molecules
considering the dynamic interaction among gut microbidtast and thus assist in making logical predictions of potential
metabolism and adiponectin based drug metaboligm. pharmacological considerations.

FIGURE 3 | Enhanced adiponectin therapeutics via precision medicinapon personalized response prediction. Accumulation of lgi data will allow algorithm-based
prediction of those individuals most likely to bene t from tlerapeutic agents to either increase adiponectin levels origectly mimic adiponectin action, thus resulting in
more ef cient and improved health care outcomes.
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Precision Medicine to Maximize Impact of diseases. These pioneering studies provide an excellentiguide

Adiponectin-Based Therapeutics establishing a concept that will be applicable for future stsidie
Interpersonal variants in factors including the expressienel ~focused on adiponectin as a personalized therapeutic target.

of adiponectin and adiponectin receptors, the largely diverse [N conclusion, merging what we know about adiponectin in
life style (such as food composition, exercise frequenegpsl disease pathophysiology, and mechanisms of action with new
quality), the stage at which individuals are located amng)nderstandings of how utilizing Al can personalize medicine
the course of disease progression, ultimately determine trhd improve outcomes, it is hoped that adiponectin-based
individualized response to potential therapeutic intervent therapeutics can be tailored as the best-in-class approach for
(215-219. The reciprocal interplay between microbiota andManaging metabolic health in the futur€igure 3.

adiponectin action has also created personal variables ig dru

e ciency (209. All the above listed factors played importantrole AUTHOR CONTRIBUTIONS

on the yet not so successful translational trials on adiptinec

based drug development. In order to design the most e ectivé\" authors listed have made a substantial, direct and latélial
treatment plan according to all such variants, the concept oontribution to the work, and approved it for publication.
precision medicine is important. Several pioneering studeseh
illustrated the power of personalized pro ling in understandi
and capturing individualized characterization under thensa
clinical phenotype £13-221). For example, unique groups of Work in the corresponding authors laboratory on this topic
small molecules were identi ed as being characteristicsiach was funded by Canadian Institutes of Health Research
individual and that they di ered from the group mean. Theseand also via a Career Investigator Award from Heart &
individualized datasets can serve as early predictive sigg®  Stroke Foundation of Ontario. We would like to thank
for disease warning and allow specic preventive treatment&azoros Elizbaryan for his outstanding graphical skills in
to be planned accordingly in order to delay the occurrence ofgure design.
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